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In the past, the study of radiolabeled aerosols in.
humans has been carried out using probes, rectilinear

scanners, or conventional gamma cameras. We have applied

single photon emission computed tomography (SPECT) to

gpraviée 3-dimensional analysjs of pafticie deposition. A
- 1

*

gngc sulfur colloid, and a reservoir bag (8 %) was

interposed between the I:;Jjél:t and the aerosol generator.
The activity medlan aeradyﬁamic diameter of the particle as

sized with an Andersen Cascade impacdtor was 1.2 um and the
. r : , . X
associated geometric standard deviation was 1.8.

The subjects were scanned in the supine position by a .
[} -

GE 400T gamma camera system. Image reconstructi was -~

carried out on a PDP 11/70 computer simultaneously with data

acquisition. 1Image display and analysis HEEE‘CéfEiE§ out on

a PDP 11/34 operating on the GAMMA-11 system and with

special user written programmes. '
Subjects typically received 35 MBq of activity which

ecr:espandéd to a maximum 1ung dose of 4.5 mGy. Scan time
was 40 minutes. The tomographic reconstruction consisted of

192 frames which provided coronal, ax;al and saglttal planes

of the lung image. Slice thilkness was 6 mm. §Tamcgraphy
allewed us to ohbtain regional count information at'ahy dgpth 
"within the lung independent éfi'the Esurrgund;ng fegiansg
Accordingly, the conventiopal xenon imaging was not required

to determine regional lung volumes. .



. v
s%hiftééﬂ normal subjects?iére studied in two series.

=

. - . . A e , Lo
In the first series we found a significantly higher

-

deposition of aerosol in, the apical apd posterior basal

segments of the lower laﬁeégin both lungs than elsewhere.

From the second experimental series we ,determined that this

, i e o, .
was due, at least in part, to the positioning of the arms by

also showed higher perfusion in the apical and posterior

basal segments of the lower lobes. These findings

illustrate . the similarity in the distribution of both
aerosol deposition and perfusion.
We ' concludk that SPECT will prove to be a useful

addition to the study of particle deposition in man,

. provided that care 1is taken .to avoid the reconstruction

artifacts caused by the arms and an appropriate form of
attenuation correction is incorporated into  the

k.

reconstruction programme.

B T T T T T
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Activity - A measurable property of a particulate

population; e.g., mass, number, radioactivity, surface area.

{
égfgdynamie diameter - For any particle, the diameter of a

sphere of unit density that has the same terminal settling

velocity as the particle.

k]

Aerosol - A suspension of solid or liquid particles in air.

Activity Median Aerodynamic Diameter (AMAD) = Fifty percent
of airborne éetivity is associated with particles having

aerodynamic diameters smaller than the AMAD.

Atomizer - A device with which droplets -are produced by

mechanical disruption of a bulk liquid.

Cascade impactor An %nstfument consisting of a gseries of

impaction stages of inéreasiﬂg efficiency with whieh

particles can be segregated into relatively narrow intervals

 of aerodynamic diameters.

=

//.

Coagulation - The collision and adherence of two particles

£0 Eﬂm " giﬂgle lam Bﬂtgi By - o e Ledeen s ;;;.a‘:_,—,h___ R -a.‘ T T
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ormed in air about

Loy

Corona - A region of intense ionization
an electrode of small diameter when a sufficiéntly high

voltage is applied to it.

Diffusion - The -net movement of particles due to Brownian

= 5 5 5 2 1]
motion when a concentration gradient exists.

Elutriation - The separation of particles according to
aerodynamic diametér by allowing them to settie through a
mcviﬁg air stream.

3

Geometric standard deviation - A measure of dispersion in a

-Hatch-Choate Equations - Expressions relating the parameters
of one lognormal activity distribution to those. of another

a8

form of activity for the same population of particles.

an air stream that 1is deflected about an obsgtacle causes

them to strike the obstacle,

Lognormal distribution - A particle size distribution in
which activity is normally distributed ‘with respect to the

logarithms of particle diameters.

-

xviii



%
Median diameter - A distribution parameter such that half of

the particulate activity is associated with particles of

Monodispersed - Having a small range of diameters (og < 1.2)

Nebulizer - An atomizer that operates within a ~small

container from which only a fraction of the droplets escape.

Particle size distribution - A mathematical relationship
-expressing the relative amount of activity associated with

particles in a given element of size. 7~

Photospectrometer - An instrument for measuring the diameter
of a particle in terms of the amount of light it scatters
into a fixed solid angle.

&

o
L]

Polydispersed.” (heterodispersed) - 1Including a range

~diameters (og > 1.2). .

Rebound - _Return of partic:les to an air stream when they

L]

ail to adhere after striking a collecting surface.

oo

Re~entrainment - Return af pgrtlcles to an air gtream SQME'

3

= =i



Regpirable activity - The fraction of airborne §eﬁivity that
. e v _
will be deposited, according to one or another 1lung model,

in the pulmonary compartment.
Sedimentation - movement of particles in the direction of

the earth's center brought about by the force of gravity.

Sinclair-LaMer generator - A device for producing
monodispersed aerosols by the controlled condensation of a

-
vapor onto nuclei.

Slip factor - A correction to Stokes law made necessary by

the existence of a finite net gas velocity at a particle

asurface,

Spinning disk (top) atomizer -~ A device with which
monodispersed droplets are produced when a thin film of

liquid breaks up on being thrown from the rim of a spinning

disk.

Stokes diameter - For any particle, the diameter of a sphere
~having the same bulk density and same terminal settling
vélocity as the particle.

N\

Stokes law - A relationship describing the force exerted by
LY :
a viscous fluid of negligible inertia on a sphere moving at

a constant velocity relative to the fluid.

XX



Terminal settlingQ velocity - The equilibrium velocity
approached by a particle falling under the influence of
gravity and fluid resistance.

Wall loss - The deposition of particles on sampler surfaces

other than those designed to collect particles.

L
o
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. CHAPTER 1

THE PROBLEM




BACKGROUND TO THE PROBLEM

'?he air wé breathe is contaminated with smokes, dusts,
allergens, micro-organisms, gnd other forms of toxic
particles wﬁic@ ~ cause a wide variety of pulmonary
éisgases_ The concentration of these particles is much
higher in urban centers (1,2) and with this increase, the
likelihood of lung-related .diseases also rises (3). It has
been estimated that even non-polluted air may contain 102
particles / m3, and cities the size of Edmonton typically
have dust concentrations averaging lzgsugimB of air (4).

es, and many other non-

pulmonary diseases in man enter/ the body through the

includes tuberculosis,

measles, influenza, one fform of theplague, diptheria,

The

and many others

pneumonoccal meningitis (5).
, b T . -
respiratory tract is algs the

produce occupational lung diScase€s are silicates, metals,
respiratory carcinogens (arsenic, cobalt, asbestos, etc.),
bacteria, fungi and viruses.

There are also positive aspects to the in;alatian of
aerosols. Clinically, aerosol mists are used in treating

pharmaceutical

‘bronchospasm and allergies. By using

aerosols, it is possible to achidve Thigh 1local

concentrations of therapeutic agents direct he airways

without exposing the rest of the bédy o high systemic



concentrations. .

Many investigators. have attempted a wide variety of
experiments with the goal of enhancing tne understanding of
.the behavior of 1inhaled particles in the‘ respiratory
tract. Experiments have included the effecﬁs of particle
8ize on regional _deposition‘ (6-20)} the effects of the
breathing pattern on particie deposition (21,22), and the

relationship between deposition and lung anatbmy (23,24).

STATEMENT OF THE PROBLEM

The convenfional techniques for nuclear medicine
imaging (gamma cameras or rectilinear scanners), are
intrinsically 1limited in the information they proviée in
that they are displaying two—dimensional images of three-
dimensional space. ~ Accordingly, images from depth arei
superimposed on each other, resulting in a loss of
- resolution and detail, especially - with respect to
inhomogenous regions deep within the tissues being imaged.

In a manner analogous to the improvement of computer
assisted tomography (CAT) over conventional X-rays, single
photon emission cémputed tomography (SPECT) provides similar
advantages'to nuélegr medicine imaéing. The end result of
both  techniques is to improve the visual quality of the
images obtained ‘as well as to provide regional count density
information through the_incorporation of the 3-dimensional

display.



RESEARCH HYPOTHESIS

The purpose of this study was to determine if single

[

photon emission computed tomography could be of practical
) =

use in the investigation of regional deposition of small
particles in the human. lung.

OBJECTIVES AND RESEARCH LIMITATIONS

The study concentrated on the tgﬁcgfaphic analysis of

the deposition images obtained from the inhalation of 99Mpc
labelled sulphur colloid by a group éf néfmai volunteers.
Inhalation was be carried out in the sitting position. The
subjects were instructed on breathing patterns but there waé
_no direct eontrol over their inspiratory flow rates or tidal
volﬁmes, Aerosol generation and particle size remained
unchanged thfauéhgut the series. In addition, thé computer
progfaﬁﬁe as written by Dr. ooper remained basically
unma41fled and there was no attenuatlan corrections applied

=

to ghe data during the tomographic recon struction seq’fnces-
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INTRODUCTION

There are two basic purposes unéerlyiﬁg:%pulmanary
research into the' behaviour of aerosols. First, to achieve
a better understanding of the nature and behaviour of toxic
airborne particles which may enter our repiratory tract
during inhalation; and second, to gain information related
to the site and extent of deposition éf the medical sprays -
and mists used in the treatment of pulmonary disease.

In order to carry cué any study involving aerosol
éepositi@n in the 1lung, a tha;augh understanding of the

generation and Bgﬁgvigur Df>5mall:particles is essential.

A summary of the properties of aerosols, aerosol
g;nerati@n. particle sizing and a resume of theéﬁfesearch
that has been carried out in the field of particle

deposition in the 1lung 1is provided in the literature

survey. Emphasgis is placed on the material which is

directly applicable to the experimental section of this

thesis.



GENERAL PROPERTIES OF AN AEROSOL i

In any study of aerosols, it is important to define as
many of the particle parameters as pﬂséiblei The complete
list is extensive and ‘includes such major factors as size
and disgersiaﬁ, shape, density, electrical charge, chemical
composition, toxigity, and for liquid aerosols, the ionic
concentration, viscosity, hydrcscapi: properties. of the
solute and relative humidity in the aerosol cloud.

In the field of pulmonary medicine the single most
important parameter of an aerosol is the "size"™ of the
particle. For a given study, an aerosol would ideally be
size. For practical purposes a quantitative definition was
set forth by Fuchs and Sutugin (25) which considers an

‘aerosol to be monodispersed if the coefficient of variation
(standard deviation + mean diameter) is < 0.2, which is
equivalent to a geometric standard déviatién of 1.22 if the
particle sizes follow a lognormal distribution.

a solute-solvent mixture (such as " the bronchodilator
medications), or solid Particleé. |

A liquid drdplet can also be used as a ca::iér fei

suspension of insel¥ble particles such as cglldigig

and number .of particles in an aerosol cloud. Particles-are
removed primariiy by sedimentation, and to a lesser extent,

electrostatic effects. For small particles, diffusion plays



an important role. In addition, coagqulation within the

cloud may lead to changes in the number, concentration, and

lbutions. The operation of these factor

particle size gd

will be examined in the following discussion.

Surface charges can be pf@duceé by the so-called
triboelectric (26) effect when dry, non-metallic particles
are generated ' into the alr by such mechanisms as
elutriatian-‘(The ave:agé number of charges per particle is
related to particle diameterr(27)i' This chafge can affect
inter-particle attractions and, depending on the medium
surrounding the aerosol cloud, the rate of deposition and
sedimentation of the particles. As:sulphur colloid was used
in the experiments to be described later, particular
attention will be paid to the charge production phenomena of
atomized colloid suspensions. When a drcple; is formed by
mechanical disruption of a body of conducting liquid, it may
carry with it a net charge as a result of pureiy statistical
fluctuation of positive and negative charges within the-
valume_af the éraplet-

The absolute value of excess charge has béen shown by
von Smoluchowski (28) for a spherical volume of diameter D

(in pm) to be:

() = 8.2 x 1077 cp¥2 ¥  » Eq. (1)

=



whe:é' N is the number Jf ions of one sign per cubic
centimeter and (3] is a unit of electric charge (28).

‘The formula refers to the draplgt'vclume while still in
the bulk liquid and is related to the ionic concentration of
the'sclutiaﬁ, Discharge can occur during the formation of
the droplet as the ionic strength increases and this tends
to reduce . the charge as fealeulaéeé by the equation.
Natanson (29) found that up to an ionic concentration of
approximately 1015 iqns/cm3 there was essentially no
gdischa:ge from the droplet during its formation. Increasing
the ionic ceﬁcentratian above 1013 cmiBE the droplet charge
per ion was found to diminish continidously to reach a
-plateau at ébaut lﬂlspiansfcmE at which point

() = 5.6 D2 Eq. (2)

where D is again in microns and (J\ is the number of
‘EIEthic charges.
The induced charge can have severpl effects on the
aerosol including altering apparent pgarticle size and
lowering the vapour pressure on the' surface of the
droplet. The most significant implication is, however, its
effect in lung deposition. Despite the §act that

theoretical and experimental evidence support the view that

the respiratory tract, aerosol generation methods which

produce charged particles consistently show greater overall



deposition than eendeﬁsatiéﬁ methods which seldom yield
charged partigléé, (30)

Suspensions of colloidal or insoluble particles may

well have ionic concentrations in the region of maximum

charging effect. 1In order to neutralize the éharge on these
aerosols, it is hecessary to expose the aerosol t:t: a \rery
high blpolar concentration of ions. This can be achieved by
using radioactive sources (31) or with a corona discharge in

a suitably designed jet orifice. (32)
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) AERQOSOL GENERATION

In order to gain a better understanding of airborne

oxic particles, researchers have developed several methods

[nd

o]
Iy

generating and monitoring aerosols which allow studies to

r
]

conducted on the mechanics of deposition and lung

clearance. While it is desirable to conduct studies with

monodispersed aerosols, the nature of many studies reguires

that the generated aerosols, to some degree, be -

polydispersed. The various systems available to produce

_either mono or polydispersed aerosols will be 1looked at

briefly.’
a) Monodispersed Aerosols

Condensation Aerosols

Prabgbly the first apparatus available for producing
aercsols with-a narrow size range was done by a cént:@lled
condensation of organic vapors. Developed by Sinclair and
LaMer (33), the system utilized a boiler, a reheater, and a
cooling chimney. The boiler, containing the solution to be
aerosolized, Gas ‘maintained at ‘some fixed temperature
bétween 100 and 200°C. The .reheater was kept at a
temperaguye sufficient to vaporize all aerosol material
which entered. Droplet nuclei were then p:aéuceé by either
an elecgri: gpark or by heating a wire coated with some
inargan;cAsa;t. As the.vagar.is mixed ﬁith the nuclei id
the condensation chimney, the partiales are "grown™ to the
desired size by caréfully controlling the cooling rate.

The first monodispersed aerosol used to study

11



deposition in the huﬁan respiratory tract was produced by
the condensation of glyceﬁol vapor§ on radjoactive sodium
ghloride nuclei (34). The mean'diaméter of the different
ae?oéols fanged from‘ 0.4 to 5.8 um with coefficients of

variation less than 0.2.

Spinning Disk-Atﬁmizers

It was observed that droplets of uniform size are
thrown from the rim of a spinning disk wheﬁ a liquid is fed
at a controlled rate onto the center of the disk. The
liquid is spun off the edge of the disk when the centrifugal
force overcomes the capillary force of the liquid. Walton
and Prewett (35) found that most of the atomized liquid went

into the formation of drops of the predicted diameter, but a

small fraction of it appeared in the formfof much smaller"

"satellite"™ droplets.

May (36) improved their system by extending its range
of stable operation to 240,000 r;p;m., and providing a
simple method to femer satellite droplets, He found that
on the average there were four satéllite.droplets for each
pfimary drop with the former having a diameter about-one;
fourth larger than the latter. The system is capable of
generating liquid dfops from Zbd um down to 10 um which is
near the useful limit ofb the apparatus (37). Further
modification by Whitby et al 138). and Lippmann and Albert
(39), have allowed production of dry' particles having

diameters between 1 and 10 um .

12



A ‘summary of the performance data on the various

spinning disk generators is provided by Mercer (30).

Atomization of Suspensions of Monodispersed Particles
Monodispersed latex spheres such as those produced. by
Dow Cﬁemical can be suspended in solution Vand nebulized
using the ordinary air-blast nebulizer. if the aerosol
produced is dgied, the result will be an aerosol with the

original size of the latex spheres. Care must be taken,

h@wever;: to maintain a suffi:iEﬁtly low concentration of
particles in order to avoid the production of too many
liquid droplets ‘ccﬁtaiﬁing 2 or more suspended particles
which result in the production of multiple dry particles and
accordingly increase the geometric standard deviation.

The probability (P) that droplets of a given size will
contain x particles is given by the Poisson equation:

P(x) = m¥ » e M/x1 (3)

2]
]

Hhére m = Cp.Vs is the average number of individual
particles expected in a droplet of volume Vs from a
suspension containing Cp individual particles per unit
volume. »
Raabe (40) has derived an empifical calculation based
on this equation which takes into consideration the fact
that the droplet distribution from air-blast and ultrasonic

nebulizers 1is polydispersed. His equation gives the

13



dilution factor Y, necessary to provide a desired singlet
ratio R, which is the number of dropiets containing sihgle
particles' relative to fhe total number» of droplets
cohta;ning particles.

Y = £:07g + exp(4.5 1n%0g)-(1-0.5 - exp(lnzog)l/(l-n)oi3
| T Eq. (M)

where f is the volume fraction of individual particles of
diameter Di in the original suspension; D3§ is the volume

median diameter of the droplet distribution.

B) Polydispersed Aerosols

Air-blast Nebulizers

Thig method of nebulization is probably the most
common éystem used to provide aerosols for studies of
inhalation téxicity as yell as the method of choice in self-
administered medicinal mists. Figure 1 represents the De ‘
Vilbiss No. 40 glass nebﬁlizer, (Thei DeVillyiss Company,
- Somerset, Pennsylvania), "one of the simplest.' a’most widely
used devices of this sort.

A venturi effect at thé'pouth of the liquid inlet tube
produces a drop in pressure aﬁ’that point and causes a flow
of iiquid.up_the inlet tube and into the air stream. The
jet of air entrains a filament 6f liquid, drawing it out to

some unstable length at which point it breaks up to form

droplets of various sizes. \



i

‘Fig. 1 Diagram of the DeVilbiss model 40 nebulizer -

The air flow accelerates the droplets, imparting
"sufficient momentum to impa(:i; the  larger 6tspléts on the

throat of the nebulizer. More than 99% of the total d:aple‘t:

mass is returned to the solution in this manner with only

the remaining 1% able to follow the air flow out of the

1] ’

nebulizer. The kinetic energy that is provided by th



impacti@n cf=thexarap1 ts on the ua%l is retained as'thEFmal
energy. It is  offset by the 1loss of energy in the
evaporation of solvent which saturates the cutgaiﬁg air.
fhe nebulizer then cools until an equilibrium temperature is

reached, The e%apcfaticn of solvent causes a continuous
increase in the :cancent:atian of solute in the liquid
remaining in the nebulizef; This in turn increases the
concentration of airborne solute in the useful aerosol and
shifts the size distribution of the residual solute

particles to larger valuesi

The effect of p ning the vent on thg DeVilbiss model

40 is two-fold. Eifstp it .increases the gross output of -

useful aerosol per minute by up to a factor of 2. At the

same time, however, it also increases the mass median

Second, the added vent air does not arry away relatively as

much as the jet air S0 that there is a decrease in the

concentration of the useful aerosol. This shows that a

portion of the droplets returned to the bulk solution are -

actually within the useful size range but are not carried
away by the jet air stream.

The mass median diameter (MMD) of the dfcplet
. d;strlbutlan of useful aercsal at the time of formation,
along with jet flow rates and preaaures ts the nebuliZEE as
provided by Hercer (48, 30), are included in Fig. 2 and
summarized in Table I. The MMD values in Table I were ‘taken

from Rébbe; but conform well to Mercers data in Fiq. 2,
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Fig. '2 - Output and mass median diameter as functions of jet

 flow rate for the DeVilbiss 40 nebulizer (48).

TABLE 1
OPERATING AND OUTPUT CHARACTERISTICS OF THE DEVILBISS

NEBULIZER (VENT CLOSED) (30)

Pressure| Flow |Equilibrium Output in Volume MMD
Drop Rate Temp C° ut/2 Jet Adr { Median | (uM)
(PSIG) 1/min . Water | Droplet | (41)
‘Aerosol |Vapor | Diameter
. 1 uM L
15 12.4 10.4 15.5 8.6 4.2 3.5
20 16.0 10.0 14.0 7.0 3.2 3.2
L 4
30 20.9 9.3 12.1 7.2 2.8 2.8

*Geometric Standard Deviation 1.8-1.9
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ﬁltré Sonic Nebulizers 7

Ultra sonic nebulizers convert the vibrations Eréﬁ a
Piezoelectric crystal to a coupling liquid, then to the.
solﬁtion to be nebulized. The ultrasonic energy is intense
enough. to create a fountain of liquid- from which a fog of
very small droplets is produced.

Sollner's '(42) ;Gfk on ultrasonic atomization led him

=

to conclude that the mean size of the droplets in the fog is
a function of the freqﬁency of the c:;étali The freéuenéy
of oscillation w, of the crystal is related to the capillary

wavelength A\, on the surface of a ‘'liquid of surface tension

6, and liquid density p as follows:
A = (8ro/pw?)l/3 ‘ Eq. (5)

where 9 is 1n dynes/cm, p is in g/C’B and w is in Hz.,
Lang (43) then demanstrated that the count medlan dlameter
( og) of the droplets ‘produced is dlfectly related to the

~capillary wavelength by

o
]

0.34 ’ " Eq. (6)

This relationship has been found to hold for
frequencies between 12kHz and 3MHz (44), the range of most
commercial ultra-sonic neﬁulizers-

The concentration of particles in the aerosol cloud »



generated by ultrasonic nebulizers is generally about 100

times that of air blast nebulizers, although the aerosol

output in ml. of solution per minute is only slightly

higher. The particle size produced by most commercial

nebulizers is larger than those of the air blast system and

is generally in the range of 5 to 10 um (MMD).
There have been several papers written on performance

o

data for both air blast and ultrasonic nebulizers which

systems (45=50).

Dispersion of Dry Powders
While dry particles can be dispersed by simply blowing
air through a loose mass of powder, there is difficulty in

preventing clumping and maintaining a uniform particle

ize. The most. ‘successful systems for dispersing dry

powders involve abrasion of a plug of compacted powder

{

either by compressed air or by mechanical scrapers.
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PARTICLE SIZING

Introduction

=,

There are numerous methods évailablﬁrfor the sizing of
particles in the ra;ge of igterest in a: pulmonary study
(i.e., 0.5 to 15 um). In practice particle sizing can be
done by two methods: 1) geometr?E measurements (volume or
shapé factors) and 2) aerodynamic measurements. Techniques

used to measure particle size in the former include electron

microscopy, photometric, nucleopore and millipore
filtration, light microscopy, Coulter counting, and
ultracentrifugation. The method preferred is  the

aerodynamic measurement which relates the particle size to
its aerodynamic. properties. This measurement generally
takes into accéunt several physical characteristics of the
particle including shape, density, and resistance to flow.
It eqdates the particle to an equivalent spherical particle

of wunit density by means of analytical .or empirical

relationships.

Methods based on inertial or terminal settling velocity

give rise to the inertialb or aerodynamic size (often
- referred to as Stokes' d%ameter,- where the diameter is
calculated‘by assuming Stokes' Law). Aerodynamic diameter
is accordingly defined as the diameter of a sphere of unit
density havihg the same termipal Qelocity as the particle in
- question, regardless of its;shape, size, or density. The
Stokes' diameter is defined és the diameter of a sphere

having the same density and Stokes' drag as the particle in

20



question, or more specifically, the diameter of a sphere
with the same terminal éettling velocity and density as the
particle in question.

Merely stating the average diameter of the particles in
.any aerosol.experiment is ndt sufficient. As most aerosols

contain a wide range of particle sizes, a knowledge of the

"s8ize distribution and a mathematical expression to describe -

it -are highly desirable, especially when it is necessary to -

estimate particulate characteristics that are not measured
directly.

Many analytical relationships have been ‘pqpposed

representing the size distribution of an aerosol, notably

the Rosen-Rammler, the Roller, the Nukiyama-Tanasawa, and
the log-probability distribution. Of these, the lognormal
or lég-probability distribufioh' is most widely used in
aerosol studies and it is this relationship that'we will
discuss. Thus, the lognormal distribution is merely the
" normal distributioh applied to logarithms of the quantities
actually measured. An aerosol is said to be lognormally
distributed éf the particle distribution in which activity
(radioactive or solute concentration) is 'normally
distributed with respect to the logarithms bf the particle
diameters. )

The most convenient gethod of representing the aerosol

vdiStfibutiQh is a graphic plot on log probability paper of

cumulative percent against particle size (Fig. 3):
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Fig, 3 A lognormal plot of a particle size,éistributign_

-If the size distri butlan follows a légiprabability
?elatiénship, . the élct of cumulative »PEECEﬁt against
particle éize will yield a stfaighﬁ line. Thus, the size
distribution can be characterized by two numbers: 1) the
median dlameter. corresponding ta the 50% cumulative 5129.
‘and 2) the geometric standard deviation, ‘a number equal ta
unity for a perfectly monodispersed aerosol and given by the
ratio of either the 84.13% to the 50% or thé 50% to the

15.87% cumulative size.



The median diameter, Dm, is a measure of the qenefal
size level, whereas the geometric standard deviation (og) is
a measure of the degree of uniformity. ~ In terms of a

specific property, X, half the material is finer than the

median size (Dmx), the other half coarser. In the case of

the most common measurement, mass, a Mass median diameter

(MMD) will have one half of the mass above the specified

diameter, the other half below.

to plot number (also known as count), or surface—-area data

to determine these particle diameters. On single plot, each

o]

f the parameters would run parallel to each other and have

. the same geometric standard deviation as the number

Q.

listribution and vary only with respect to the aerodynamic
diameter value.

For illustrative purposes a schematic lognormal

distribution curve is shown in Fig. 4 to demonstrate the -

relative positions of the various particle parameters. The

same data are also illustrated on a log-probability plot in

Fig. 5. Both graphs were taken from the Handbook of Aerosols

(89).
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Cascade Impactors

Instruments employing the process of impactién have

been used . for many' years to sample toxic .airborne

particles. Early models were plagued with problems of

rebound, re-entrainment and disaggregation (S51). May (52)

fractibns, each of which coniained only particles having
sizes between more or less sharply defined limits. Since
then, the impa;tor has become one‘GE the most widely-used
instruments for the study of particle size in relation to

inhalation toxicity.

Cascade impactors allow d{feet determination. of the
CUmulativg.distribution of particle activity as a function
of aerodynamic size. The accuracy with which such
distribution can be estimated from ;ascade impactor data
depends on the degree to which the size distribution of
particles passing a given impaction 5tage'aveflapg the size
distribution of particles retained in that stage.

The Andersen cascade impactor (Andersen Samplers Inc.;
Atlanta, GA)'classifies the particlesjcallected according to
their aerodynamic diameter .within the range of 0.4 um ¢to

9.8 um. The instrument has been designed and calibrated

with unit density sphérical particles so that all;pa:ticles;

B SN e L - . . . F] e
regardless of their physical size, shape, or density, are

sized aerodynamically equivalent to the reference particles.
The ‘Andersen impactor consists of eight satages having
smaller orifices and progressively less area on each stage

[}



for the ~airflow to. traversei Accordingly, the airflow
through each stage is 1ncreased and the pafﬁicles will be

given a greater momentum on passing through each stage. If

W

they aré given sufficient momentum, they will impact on
collection plate located between each set of stages. An
absolute filter follows . the last stage té collect all
particles below 0.4 um which have escaped impaction.

Such a éyStem is'intrinsical;y limited in defining any
size distribution by the number ef stages it incorporates as
well ‘as by the reliability of the analytical method. Thus,
in practice, the system is not 100% efficient for trapping
only those particles to which it has been calébr;tedi For
'all but the 'most exacting work, however, the Andersen

impactor has proven to be quite satisfactory.

When analysis.- of the sample plates is carried out by

gravimetric methods, the sizing of the test aerosol gives

rise to a measure of the mass median aeradynamic diameter

(MMAD). For a.sphere, the MMAD is related to the MMD by ﬁhét

relationship (53):

MMAD = (particle density) 17‘2HHD : Eq. (7)

When radioactive particles are used, analysis can be carried

out by gamma or beta counting to determine the activiey = = 7

. median aerodynamic diameter (AMAD). ?rgvidiﬁg that there is
an even distribution of the radioactive agent throughout the

volume.of the droplets, the AMAD will equal the MMAD.



The Effect of Ionic Concentration on the Size of Aqueous

Aerosols

The initial composition of the liquid to be nebulized

= . i
is extremely important in the determination of the size of

particle which will enter the 1lungs.

In the case of pure

deionized .water the lifetime of the smaller droplets is

extremely short, even at high humidities as Table II shows.

TABLE II

»

(54)

CALCULATION OF EVAPORATION TIMES OF ISOLATED WATER DROPLETS

IN AIR OF DIFFERENT HUMIDITIES AT 21 °C AND 760 mm PRESSURE

L]

Time for Complete Evaporation at Relative

Diameter
of water Humidities of. B o
Droplet 100% . 99%. 90% 50% 0%
um Seconds. Seconds Seconds TSécqus,gﬁSgééné? _

50 16,200 69 6.9 1.38 0.69

20 1,040 11.1 1.11 0.22 [0.111

10 129 2.8 0.28 0.56 0.028

5 16.2 0.69 0.069 0.0138 | 0.0069

2 1.04 0.111 0.0111 0.0022 [ 0.00111

1 0.129 0.028 0.0028 0.00056{0.00028

Based on theoretical models, an equation can be derived

which

relates

droplet diameter

(d)

original diameter (do) at time 0.

3. 43

@ 298 K + 100% R.H.

at time

(t) to

R L v P VI E

- 13.13 um3/séc + t sec

its




The equation is valid for particles 2 0.1 um (55).

It must be pointed out that this equation is only valid

for isolated water droplets. In an aerosol cloud, thEVEr;

Reif (54) points out that the vapour pressure of the

atmosphere will rise rapidly as the smaller droplets

evaporate. This will be counterbalanced by a corresponding

decrease in the evaporation rate of the remaining larger

~-droplets as equilibrium saturation is approached within the

cloud. Table III shows that the degree of supersaturation
is only slightly above 100% R.H. for droplets larger than

10 um in.piameter.

TABLE III (54)
PER CENT SUPERSATURATION OF THE ATMOSPHERE REQUIRED TO |
HOLD, IN EQUILIBRIUM, ISOLATED WATER DROPLETS OF VARIOUS

SIZES

Diameter of ‘ Percentage Supersaturation -
[Water Droplet ] ) )
at 0 °*C at 21 °C°
um - ' I A -
50 0.00% 0.004
20 . 0.012 0.011
10 0.024"  0.021
5 y P.048 - 0.043
2 0.120 0.107
1 0.240 0.214
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'Since there are time intervals between 0.5 and 2
seconds between production and inhalation (depenéing on the

type of équipment used) of an aerosol Efam a nebulizer, one

can visualize how important it is to understand the behaviafﬁ
of the aerosol cloud during this period. Pprsténdéffer (55)

éemanstrated that- the pure water droplet size distributiopn,
from a Bird compressed air nebulizer changed considerably in

the first 1/10 second both in terms of concentration and net

' paftiéle diameter.

The behavior of an aerasalris'altered considerably by

"the introduction of substances into aqueous solution.

Por

tendorfer (55) discussed the size distribution changes
which occur in solutions containing between 0.0002% NaCl up

Interestingly, the higher concentrations

to 0.5% NacCl.
(above, say, 0.1%) have little effect on the droplet size at
t=0 from the size distribution ‘obtained from a pure water
aerosol at ﬁs@- The very low concentration of D;ODD?!
(which is rep:eséﬁtative of the ion concentration in tap
water) decreases ﬁhe mean droplet diameter by about a Eéetcr
of 10. )

Perhaps more important 1is that, in contrast to pure

with respect to time. This is due to the vapour ptegsuré(_

elevation (Kelvin effect) on the droplet's surface brought
about by the presence of the dissolved salt (55). Estimates
show that 90% of the diameter change occurs within 1071 o

103 seconds, values similar to those found for the pure



water droplets. The significance of this is that any sizing
done on the aerosol solution by conventional impactor
methods will be representative of the particle distribution
for a significant period of time after formation of the

aerosol.

m

One further factor which must be 'éeﬁsiéerea is th
effect of taking an aerosol solution to its dry state.
While it ﬁay be desirablg to reduce the particle size by
this method, Dautrebande and Walkenhorst (56) estimate that
the particle may reabsorb water as it benters the 1lung,

increasing in size by ﬁp to a factor of 7. In general, an

[

increase of dry particle size must be expected for all
aércsgl,particles which are .soluble in water.
The rate at which'this growth occurs is due primarily

to the parti

iy
(]

les® initigi size. Particles. with an
aerodynamic diameter smaller than 0.2 gmfreag; equilibrium
size in the 1lung within 0,1 ség@nds, 1.0 um paf;icles
require ab@ut: 2 seconds, and 2 um particles take 10
seconds. These figures apply to the most common salts;

however, deviations can be expected for organic compounds

(57).



PARTICLE DEPOSITIOMN

Mechanisms of Deposition

Particle deposition_in the lung 6ccurs by one ofjtheééT
mechanisms: »

1) inertial impaction

3) gravftatiénal sedimentation

3) Brownian diffusion
Th§ size of the  particle most 1likely determines the
mechanism_bybwhich a particle deposits in the normal lung.
Large particles are most 1likely to deposit by inertial
impactién. Landahl et al (58) state that there is a 33%
probability of deposition by impaction for 7 um particlesp

108 for 3 um, and 1% for 1 um. The probability of inertial -

deposition, I, is proportional to

Ve Vi . | ' .
I a t g;;n o _ ) Eq. (9)

where V i3 the velocity of +the air stream, Vt ‘is the
terminal settling velocity of the entrained particle, & is
the angle of bend, R is the radius of the airway and g is
.the gravitational constant. Accordingly, by increasing
particle size, air velocity, or bend angle or by reducing
the airway radius, you would increase the probability of
deposition by impaction. For example, if a 1 um unit-
density particle travels with an airstream moving at 0.2
m/sec (typical of center-stream air velocity in bronchi),

then a 30° change in the direction of air flow will move the



particle 0.3 pym away from its previgus streamline (59).
Particles with a density greater than that of air will
experience gravitation settling or sedimentation (the second

important mechanism in lung deposition). A particle will

ag;elefate;dcwnwarés until it reaches its terminal veglocity,

Vt, a vaiue at which the resistance to its downward matién
through the‘air is balanced by its weight. Vt is related
to o, the particle density, d, ifs diameter, y , the
viscosity of air, p, the density £, air, and g, the

gravitatigﬁal constant by the relationgdhip

(10)

<
(o d
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Again considering - a unit-density, 1 ym particle,
falling through air at atmospheric pressure and body
temperature, a terminal velocity of 33 um/sec would be

reached in 10 ps if V_ = 0. For particles less than

particle size and must be accounted for by the Cunningham
slip correction factor.

Landahl (58) uses the terminal settling velocity S, to
‘calculate the p:ababili;y _Qf deposition in the lung by
relating it to t, the time travelled along a given airway of

angle ¢ to the horizontal, and a radius R of the airway by:

(ED.Eut * t « cos ¢)/R
S = l-e Eg. (1l1)
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Sédihentation.is likely to be the most dominant factor
of deposition at the smaller bronchi and bronchioles,
affecting particle sizes down to an MMD of about 0.5 um .

On the other hand, diffusion or Brownian motion will
affect particles ranging - from 0.5 um'té less than
0.005 um and occurs principallx in the parenchyma. Brownian
. (thermal) motion of very small particles is due to ‘ﬁhe
random "jostling®™ due to collisiops between gas molecules
and the aerosol droplets. .The magnitude of this
displacement, A is a function of time, t, C,.the Cunningham
slip correction factor, { the gas viscosity, '@ particle

density, and the gas constants NRT. The relationship is

given by:
. . (RT ., Ct ;
A -_(N_ Ted Eq. (12)

A'unit—density 1 um spﬁefe would move 13 um in 1 second as a
reéult of diffﬁsion.

Thé ﬁ}obability of 'particle deposition D by diffusidﬁ
increases as the displacement ‘increéses relative to the
dimension R of thg confining space; hence, D is proportional
to A/R, and Landahl (66) developed the relationship |

-0.58 A/R

D = l-e Eq. (13)

to describe this brobability. Thus, as A increases, the

probability of deposition approaches 100%, while A increases
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with time and decreases with size. The effectiveness of
deposition by diffusion increases with decreasing particle

size, but with decreasing particle size, the prqbability of

deposition by gravitational settling decreases, and so a

parallel pulmaﬁary ventilation; however, this may not be the

case, especially in patients with lung disease. Deposition

refers to the initial processes that determine the fraction:

of the particles in the inspired air which are céught in the
lungs and fail to exit with the expi:éd'aifé- The properties
responsible for deposition of a pafticle- onto an airway
surface are only paftlyv related to tﬁe air volume within
that airway.  For small particles, factors such as
turbulence, bifurcatjon angles, and residence time in an
airway (all of which may vary regionally within the lungs)
will affe¢ct deposition, vyet be ‘independent of thé

ventilation of the region.
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Regional Deposition

One of the first requirements in dealing with a 1un§'

tract.

-following description (16);9

li

2)

3)

The Task Group on Lung Dynémics recommended the

The nasopharynx (N-P) -- this begins with the
anterior nares and extends through the anterior
pharynx, back ~and down through the posterior
pharynx (oral) to the level of the 1larynx or
epiglottis. This compartment corresonds to the
egtablished medical description of the upper
respiratory tract. -However, we regard this term
unimportant for the lung. model.

Continuing caudally, the next compartment, (T-B),
consists of the trachea and the bronchial tree

‘down to and including the terminal bronchioles.

Compartments 1 and 2 together constitute the
anatomical dead space of the respiratory tract.
Also, together they can be considered as
representing the entire epithelial area of the
regpiratory tract which is ciliated and covered
with mucus arising from two elements, goblet cells
and secretory cells.

The third compartment 1is pulmonar (P). This
region <consists of several structures, viz.
respiratory bronchioles, alveolar ducts, atria,
alveoli and alveolar sacs. The exact names and
descriptions vary somewhat according to different
authors and sources (62,63) but in all cases the
region c¢an be regarded as the functional area

. (exchange space) of the 1lungs. Its surface

consists of non-ciliated, moist epithelium with
none of the secretory elements found in the
tracheobronchial tree. Compartments (T-B) and (P)

‘together constitute what has been termed the lower

respiratory tract, but this term serves no useful
purpose in the proposed models.

The total deposition (Dy) of an inhaled aerosol is the

sum of regiomal depositions; i.e.,

Dm = : r
T = Dnp + Dpg + pp Eq. (14)



where Dyp, Dpg and Dp are the regional depositions in each
of the 3 areas preQiously discussed;

The Group has provided ; description of the regional
deposition at a given mass median aerodynamic diameter in
each compartment (Fig. 6). The range or envelépe given for

each region is the variation which can be expected when

-the og varies from 1.2 to 4.5. The data are for a tidal’

volume of 1450 ml. (No inhalation rate information was
given).
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Fig. 6 - Deposition fraction in each of the nasopharynx,

tracheo-bronchial, and pulmonary region% of the lung for a,;

given MMAD when og varies from 1.2 to 4.5 and tidal volume

is 1450 ml.

Reprinted with permission from Pergamon Press Inc. and the

Health Phyéics Society (16).
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Thefe is much better agreement in the literature on the
division of regional deposition for a given particle size
than there is for total depositian. The first studies were
carried out by Hatch and Hameon (1948)(64), Welan and LaMer
(1948)(65), Gessner (1949)(66), Brown (1950)(67) and
Beeckmans (1965)(68) who developed a theoretical model in
which airﬁays were represented by a system of branching
tubes.

More recently Stahlhofen et al (69) who claim to have
improved on Lippmann and Albert's technique conclude that up
"to an aerodynamic diameter of about 2.4 um, ©particle
deposition only occurs in the alveolated (Pulmonary) region
under normal breatﬁing conditions. They add that this
deposition is due to gravitational settling. Yu and Taulbee
(70) confirm their findings and point out that there is only
a slight increase in the tracheaﬁfcnghial deposition when
the tidal volume increases from 250 cm3 to 500 em3 and T-B
deposition remains nearly constant for tidal volume above
500 cm3. They further sfated that "any increase in total
deposition is due mainly to the increase of deposition in
the pulmonayy compartment.

For particles in the range of 0.5 to 3.0 um, Yu and

Tau;bée b:ovide a theoretical profile of the deposition
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‘fraction vs. airway generation (Fig. 7). This study was

‘done for a.tidal volume of 500 cm? and a bfeathing rate of

15 breaths/min.
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Fig. 7 - Theoretical prediction of deposition profile along
3

the respiratory tract at 500 em? tidal volume and 4-second
bfeathiﬂg pefiaé for various particle diameters.
Reprinted with permission from Pergamon Press and the

Institute of Occupational Medicine (70).

' Total Deposition of Particles in the Lung

The total depasitian of inhaled particles appears to be
the most variable of the parameters ‘relating to aerosol
deposition in.the‘;uﬁg. This is due, in part, to the Lgﬁgn
number of factors which can affect particle deposition.
These include the aerodynamic size of the particles, the

shape of the particles, especially when the shape deviates



a

considerably from spherical- (such as asbestos fibres), the

hygroscopicity, the inhalation flow rate, tidal volumes,

electrostatic forces, and the presence, e¢xtent, type, and

degree of disease in the lungs.

The expéfimEﬁtal results on total deposition were
recently reviewed and discussed by Davies (71). He ' has
rshawn there is an unacceptable amount of scatter, due not
only to the usual difficulties with aerosol experiments but
also to the uncontrolled breathing and physiological
canaiticné of the subjects.

Recent studies have attemptédd to control these
conditions more carefully. (Muir and Davies, 1967; Davies
et al., 1972; Heyden et al, 1973, 1975, unpublished, as
cited by Yu and Taulbee (70)).

In a joint study between theé aerosol groups of GSF at
Frankfurt and CNEN at Bologna (72), closely controlled
trials reduced errors to the limit of intersubject
variability. Their aerosol consisted of mcn@disperéd di-2
ethylhexyl éebacaté droplets generated by condensation of
vapours ~on ferric onuclei by the hot )wi:e technique.
Particles af,- 0.6, 1.0, and 1.5 pum (and a density of 0.91
gm/ém3) were investigated and measurements of total
'~ deposition were takéé.

" In this study sizing was carried out by at leadt two of
following methods: “electrical mobility spectrometer, a
sedimentaticé cell, or a light scattering spectrgméEEf. The

modal diameter of the monodispersed aerosols using the
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different analytical techniques always agreed within 5%.
Total éepcsiticn vas ﬁeasufed by the Bologna 'gréup

through monitoring of the particle number concentration in

the iﬁspifed and exhaled gas by photometers. The Frankfurt

group utilized a pneumataehagraph and a light Scattéring

Photometer to measure flow rates and particle concentration..

Also investigated were the effects of charge (as
generated by a corona discharge system and measured by the
electrical mobility spectrometer) on deposition. of 0.6 um
particles. The results of this study are summarized below.

1) Deposition was found to be independent of particle
material (carnauba wa; and di-2-ethylhexyl

sebacate particles).

aerosols from.their individual functional regidual

,‘ capacities, intersubject variation of deposition
was observed. At 1.5 um the range of total

deggsiti§n on 4 subjects ranged from about 13% to
25% ét-inspiratary rates of 15 t/min and Ve of 500
cm3, At inspiratory rates of 30 é/min and Vv,
l,bDD- §m3, the‘ deposition of 1.6 um particles

ranged from 17% to 30% and at rates of 15 2/min.

and V. of 2,000 cm3¢ deposition varied from 58% to

Cee o geyl
3) Deposition was not affected by 2 or 3 elementary
charges carried by the wax particles.

4) Additional charging of the particles, however, led

2) Although subjects initiated inspiration of
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to an enhanced depésitian anS this increased with
increasing charge.

This report agrees quite well with the study of Davies
and co-workers (1977)(73) whg-have developed a formula that
expresses total deposition of particles:  in the size range
from 0.5 tg 2.5 um, as a function of tidal volume, breathing
frequeﬁcy, particle size, and one parameter which is subject
specific. Withié this size range, deposition increases from
10 té_ 60% with increasing tidal volume and decreasing

breathing frequency.

Particle Clearance

It has been pointed out in the previous discussjon,
both in theoretical models and in experimental studies, that
in normals particles below a size of about 3 um demenétrate
minimal deposition in the T-B region. Accordingly, particle
clearance via the mucociliary system from this region for
the smaller particles is correspondingly low.

Regional deposition patterns shift, however, in
subjects with obstructive pulmonary disease (74,75) and, to

a -lesser extent, in smokers (20,76). The shift of

deposition from the pulmonary compartment to the T-B region

can result -in a much higher central depog!ki iction and

a marked increase in clearance from this area.
Several investigators have used gamma ¢

scintillation detectors to measure the extent and rate of T-

B clearance (20,74-78). From these measurements, imates
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of the relative deposition in the two regions were obtained
as it is assumed that mucociliary clearance is effectively
completed by 24 hours. |

Lippmann and Albert (79) iﬁvestigated deposition of
particles in the size tange 2.1 to 12.5 um (og 1.08) in
normals. "They used the prcp@:tiaﬁ of the ‘initial lung
" burden of radioactive particles removed during the first 24
hours to provide'a fur’lctianai measu:fe of tracheobronchial
deposition. They had‘insufficiznt data for particle size
below 4 um to dJdetermine the size dependence on fractional
deposition in this region. One gf their main ecnclusi@ﬁé
was that there were large diffe:enées between individual
subjects in the amount of deposition at any given particle
size, It;should be noted that the only caﬁtfalléd breathing

parameter in their study was that of breathing frequency.

Albert et al (15) conducted a study which compared

clearance in smokers and non-smokers. Again the bronchial
tree deposition was highly = variable with the smaller
particles even when breathing frequency was requlated (14
"breaths/min) and  inspiratory flow rate varied only
marginally. One study showed that for 2.5 um particles
inhaled by 5 subjects, the % retention over 24 hours varied
from about 20% to 75%. In comparing smokers and non-smokers
they noted that "By far; the most striking abnormality in
the behaviour of inhaled aerosols is cée remarkable increase
in the aerosol deposition efficiency af the bronchi in some

smokers and most bronchities (15)."
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The wide variation observed between particle deposition

in the T-B and P regions for particle sizes between roughly

2-7 um, even in experiments which carefully monitor the

breathing parameters, confirms this large inter-subject
variability. A study by Matsuba and Thurlbeck (80) on the
size of small airways in 20 normal cadavers found a
coefficient of variation of 0.24. Given this large value, a

considerable range of clearance rates can be expected

between normal individuals for reasons based solely on their -

anatomical variability. In order to maintain the inter-

subject variability at a minimum, breathing patterns and
aerosol parameters must , be controlled and monitored
7 carefully.

Regional Variations in Aerosol Deposition

Most researchers have dealt with ?regicnal’depgsiticn?

within the 1lung by referring to the distribution of

pagticles between the tracheal-bronchiole region and the

pulmonary region as defined by the Task Group on Lung
Dynamics. The general attitude is that there is a
homogenous distribution of particles in these two regions
throughout the 1lung. Both theoretical and ;nimal trials

have shown that this is not the case.

Theoretical Models
Using a silastic cast molded from a human 1lung,

Schlesigner and Lippmann (23) investigated the deposition
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patterns of 3.5 to 12.2 um particles in the lung. Although
their model only extended to the segmental bronchi, they
found that most deposition occurred at airway
bifurcations. It was also noted that while total deposition
varied with particle size (approximately 50% for 11 um
particles vs. 4% for 3.5 umiparticiés)i the areas of
impaction remained relaéively the same.

In a later paper Schlesigner and Lippmann (8l) reported

a close correspondence between relative deposition

efficiency and frequency of reported cancer at those
sites. They suggest that the depesiticn characteristics of
the airways may play a significant role in cancer
pathogenesis. Their model was again a silicone rubber cast
of the tracheobronchial tree but in Vchis» experiment it
extended down to 2 mm airways. Their particles varied from
1.7 to 12.2 um. This model confirmed their -Eirst stuéy
vhi:hAnﬂted that areas of impact were éimilar for all sizes
of particles and for different flow rates.

In another recent study, Shaw et al (24) found the peak
deposition flux is higher than the average deposition flu;
by a faéfﬂr ranging between 5 and 30, depending on particle

8ize and generation number. They also observed that smaller

did lafger ones because the particle deposition of small
(<2 um) particles is caused primarily by sedimentation which
does not create hot spots near the bifurcations. Based on

Yu and Taulbes' calculations that a 2 um particle is most
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likely to deposit around the 18th generation, Shaw indicates
a peakit@—averaée deposition ratio in this region of about 7

to 1 for this size of particle,

Animal Studies

One of tﬁe first long-term feteﬁtign measurements was
carried out by Stokinger (1l1). Using two particle sizes of
uranium dust (2.6 and 0.45 um) he found total deposition was
10 times larger for the smaller particles. Another
significant observation was that the superior segment of the
right lobe had 150 to 175% .greater deposition than any other
region. These differences were observed in all rats,

irrespective of the dust type (U30g or UOy) or particle

s8ize. Their c¢learance ﬁeasu:emEﬁts also showed two
interesting findings. First, the right ‘middle lobe had

essentially no c;earaﬂce£f§: the first lD'days post exposure
and second, there was a Easter cleargnce from the superior
right lobe. The bi@iagical half life ?DE the larger and
smaller particles was 3 months and EAmenths respective;yi
Thomas and Raabe (12) conducted a study to detérmine
7 the regional deposition of mono- and polydispersed aerosols
in two groups of Syrian hamsters. Their experiment showed
that the lung é&é@iitian expressed as a fraction of inhaled

- aerosol was the same for similar sizes of mono- and

polydispersed aerosols. In addition, in every case, the

right apical lobe had the Highest concentration of deposited

particles and the right cardiac and diaphragmatic lobes, the

/



lowest, *

This finding was confirmed by Brain's (13) group who
did testim% on both rats and hamsters. They divided the
left 1lung into six, é;pfcximately equal, sections- on both
species. The right lung was .Sectioned into l7. sections
according to its lobar regions. They abéerved that the
regions of greatest activity perlunit weight occurred in the
apical regions and decreased towards the basal regions.
Brain et al also noted that there were little deposition
differences between the two groups of rodents. (13).
. The three animal studies . reported base their

.calculations on an - activity per unit weight ‘of 1lung

tissue. None of the authors corrected for blood

concentration in their samples.
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GAMMA CAMERA EMISSION TDH@GRAPHY

There has been considerable progress made in medical

imaging over the past few decades. One of the significant

'develégments in the field of nuclear d cine has been -

single photon emlssian computed tomography (SPECT). This

*_

technique has only. recently become popular with the

introduction of commercially available rotating gamma camera
. gsystems. SPECT should, Viﬁ principle, provide better

_visualisation, and possibly quantification, of the 3-
dimensional distribution of radiotracers within gatiénts-
In most cases, this can be done without an increase in the

administered doses
13

The first rotating gamma camera system available in

ll..ﬂ‘

North America was the General Electric 400T (G.E.,
Milwaulkie, Wisconsin). The camera is capable of moving

around the patient taking a series of 32, 64, or 128 images

at equal intervals in a 360 degree.rgtaticn; Tomographic

images are usually reconstructed using a technique referred

to as filtered backprojection (82).

"The numerical data for the reconstruction programme
~ 2

* *ai = WSl * = x 3 5 N
comes from a series of "digital" images acquired during the

rgtatAng scan. The 6igital image, or matrix, is cémpgsed of

a square array of "pixel's" (picture elements). Each pixel

contains a numerical value representing the photons observed

"3

he area

fram a specific region of the gamma camera face.

feprésented by each pixel is a function of the matrix siz
l’

and field of viéw of the camera. For example, given a 64 x
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- noise can be reduced to some extent by filtering

64 matrix imaged on a camera head of 40 cm)diameter, the
theoretical width of a pixel would be 0.626 cm.

The guality of the reconstructed image obtained will
depend on several factors. These include the size of the
acquisition matrix, the number of angles used during the

acquisition and the total number of counts acquired in all
|

of the images. More practical factors which also affect

imége quality are the amount of subject movement during
acquisition, the energy of the radionuclide used, the type
and degree of filtering incorporated into the

reconstruction, and the thickness and gamma ray absorptive
characteristics of the object being imaged. o

The ultimate resaluti@n‘ obtained in the tomographic
reconstruction will depend on the above and additional
factors, such as the distance between the camera face and

the' object being imaged, the type of collimator used, and

even thé length of coaxiad cQnnecting the camera to

the computer. Depending on how these parameters vary, the
resolution (FWHM) can vary from 9 to greater than 20 mm (83)
even usiﬁé the most sophisticated reconstru ion programmes
(82).

For a variety. of reasons, nois is( higher in
tomographic 'reganstrgctian than conventional

scintigraphic views at comparable count densi\ ies. This

but such

filtering also decreases resolution.

One important consideration is that tomographic
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reconstructions do not necessarily reflect the true count
densities inside the object being scanned. Tomographic
sections are more sensitive to uniformity artifacts than are
conventional views. In one of Larsson's experiments (82),
he found that a 10% (cold) artifact produced a 12% variation
in a static anterior view but a 28% difference in ;the
tomographic section. The ccrrespanéiné values obtained with
a 22% artifact were 33 and 52% respectively. He also states

that the extent of th% variation of the artifact

measurements were strongly dependent on the gamma camera
uniformity. The G.E. 400T, however, has a built-in
uniformity correction which should minimize this source of

error in the reconstruction.
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PARTICLE GENERATION AND SIZING

Several trials were conducted, varying the operating

parameters and system design characteristics of a variety of

nebulizers. f;ije two basic systems for producing
polydispersed aerosols, namely air-blast and ultrasonic

nebulizers, were investigated and particle size measurements
were made on the aerosols produced. In addition, several
different compounds labelled with 99Mr: were screened for
possible application in either the human or animal trials.

A summary of the tests carried out on the Bendix
Ultrasonic Nebulizer 1is 1listed in Table XI of the
appendix. The Bendix Ultrasonic Nebulizer operates on a
fixed frequency of 1.26 MHz. Theoretical calculations based
of equations (5) and (6) indicate a count median diameter of
3.4 um. Using the Hatch-Choate equation (2) and knowing
the og of the particle distribution (say, 1.4) we can

calculate the theoretical MMD from the equation
In (MMD) = 1ln (CMD) + 3(lnog)? Eq. (15)

‘thch éorrespands to a value of 4.8 um.

The container from which the bulk solution was
nebulized was modified to allow smaller volumes of high
specific -activity radiaphgrnagiutieall to be used.
Containers made from 20 cc. syringe cases pf@ved adequate in

%

conducting the ultrasonic waves and in nebulizing as little

*

as 1 ml. of solution.
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, Particle diameters of the generated aerosol were
larger, and geometric standard deviations smaller than those
produced in the air-blast nebulizers. This larger particle
size would have shifted the particle deposition towards T-B

region, which in turn would have increased clearance. This

would have served no useful. purpose in these initial

experiments therefore, the ultrasonic system is not used in
the human trials. In addition, technical modifications

would have had to be incorporated in order to allow
measurements of the inspiratory flow rates and tidal
vclumés.

Three brands of air-blast atomizers were tested, again
varying the operating parameters éﬁd technical layouts of
the system. The brands tested were the Hudson, Model 1712
(Hudscn; Temecula, Calif.), Airlife Mistyneb (Airlife, Inc.;
Ubland, Calif.) and the DeVilbiss models 40 and 45. Test
summaries of the Hudson and Airlife designs are appendixed
in Table XII. Again, these two models showed no particular
advantages over the DeVilbiss model 40 which was ultimately
chosed for nebulizing the aerosol in the human trial.

The DeVilbiss model 40 was one of the more common
nebulizers on the market for many years, although it is now
being replaced by their model 45, Tests and trials with
this model were extensive and are presented in Table XIII
(appendix). i

Most tests were conducted using the bag-in-the-box té

remove the larger droplets and to allow a uniform
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- distribution of fadi@activityr to reach the 1gﬁgs_ The
" Rudolf valve was feglaéea by the cascade impactor on most
trials but on runs #12 and 14 the impactor was connected to
the mouthpiece arm of thEERudalf valve in order to duplicate
as closely as possible the experimental system as it would
be arranged in the human trials (See Fig. 9 for an
illustration of the aerosol generation system).

Aluminum is knéwﬁ to' increase the particle .size of
sulphur colloid when it is present as a contaminant (84).

Run #18 was an attempt to determine if larger particles of

ulphur colloid could be produced by adding aluminum ions as
a c@ntaminahtg Microscopic sizing of the initial solution
indicated many particles in the 2 to 5 um range; however, a
sample of the nebulizer g@lutian taken after the run showed
very few particles larger than 1 um, an observation in line
with the impactor sizing of 1.6 um. As ﬁhe indications were
that the particles produced by this method were unstable
during nebulization, it was felt this technique could not be
used for increasing particle size.

A similar situation was foynd when, mainly out of
curiosity, a solution of macroaggregated albumin (MAA) was
nebulized (run #19). The particles of MAA which are
generélly around 50 uym in diameter (85), were éized by
impactor ‘using gravimetric analysis and found to be
1.2 uym. Again a sample of the nebulizer solution indicated
nearly all aggregates had been broken up in;g particles less

than 1 pum with a few clumps in the range of 2 to 4 ym. This
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is not entirely an unexpected result, however, considering
the mechanism by which the aggregate is lumped together.
The conclusion was again that the aggregates were unable to

withstand the nebulization process.

Runs 47,8, and 9 illustrate that there is little if any

effect on the particle size if the aerosol is retained in
the bag for up to 45 seconds befa;e being inhaled (or drawn
.into the impactor). The effective output of useful aerosol
was reduced, however, by allowing the langér settling time
as many of the particles would deposit by sedimentation in
the bag during this time.

The pressure to the nebulizer was 30 PSI on most of the
trials, and ali experimental runs on the human subjects.
The flow rate at this éréssure.was measured at between 23
and 24 t/min (with the iuc air at between 20 to 25% R.H.)
by both spirometric and flow rates techniques. This
cbrrespoﬁds to a value reported by Mercer !(48) to be
20;9 2/min for the DeVilbiss at 30 PSI when operating on dry
air.

A minimum value of abeu; 1l ml. remains in the nebulizer
after nebulization. This is due to the fact that this
amount  is in the upper portion of the nebulizer (in the

spray or on the walls) at any .given time durinq generation

and, is  accordinq1y.' unavailable to the inlet Eube for

aerosolization. This 1 ml. is in effect the "dead volume”
of the system and one of the primary reasons such a large

initial activity must be used in the nebulizer.



A modification was made to the sulphur colloid solution

towards the end of the human trials. One of the chronic
difficulties experienced with the generation of sulphur
colloid particles was the low efficiency of the nebulization
of radioactive particles to the lung. Some particles were
unavoidably lost to the bag-in-the-box, tubing, and the
Rudolf valve, but even more significant is the 1loss of
paftiéles in the nebulizer itself. Often up to 80% of the
initial activity would be found on the throat of the
nebulizer where the mainstream of particles impacteé on the
'wall_ As these particles did not wash off with the stream
of liquid returning back to the bulk solution, they would be
effegtiéely lost from the solution. What was even more
distressing was that éhe amount of activity which would
stick to the wall on any given run was highly varigblé and
unpredictable.

It was recently discovered that the addition of 0.05 ml

of 25% human serum albumin (HSA) to 2 ml of sulphur colloid

would considerably decrease this "sticky" tendency and
increase the zefficiency of transfer of cclicid to the
subjects. The albumin also appears to mop up any free TcO0,~
remaining in the colloid solution. (There is generally 2 to
4% free pertechngﬁa;e remaininé after the 1abellinggaf the
sulphur colloid preparations).

Through the addition of this small amount of HSA, we
are now able to reduce our initial activity in the nebulizer

by a factor of 50 t8 70% and still end up with the same
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activity in the lungs. Since the addition of the albumin,

activity output has remained consistent between runs,

ranging from 30 to 35% of the original solution specific
activity. A small change in the particle diameter, an AMAD
of 1.30 and og of 1.68 accompanies this technical change in

the solution preparation. This change should not effect the
deposition pattern or behavior of the aegascl to any
observable degree.

It should be pointed out that péfticles, once deposited
in the nén—giliateé':ggicns of the lung, do not change their
lacaéian within the time frame in which scanning was carried
out. In nearly all cases, measurable lung clearance via thé
mucocillary system was completed within two hours. For the
8 subjec;s who received scans at 6 hours, the amount of
clearance ave:ageé less than 54%. Successive scans on
seve:alléubjects revealed no distinguishable change in the
activity | distribution when compared to the initial
tomographic scan, indicating no change in the particle

distribution over short time periods (6°hours).



CALIBRATION OF THE CASCADE IMPACTOR

As there appeared to be some discrepancy between the
observed particle diameter (AMAD of 1.2 um) and the
literature value of 2.8 um (MMD, see Table I) for the.

izer, two checks were run on the Andersen

et

DeVilbiss nebu

caseade'imgactar to attempt to rule out any error in the

-

impactor or in the measuring technique.

[ |

he impactor is designed to operate at a flow rate of 1

cubic foot per minute (CFM) or 28.32 t/min. To insure that

this flow rate was properly set, a calibration graph was
constructed on a flow meter (Cole-Parmer, Chicago, 1Ill.).
Uéing a kigl;'rissat spirometer as the calibration standard,
air flows at various rates were monitored around the region
corresponding to a flow rate of 28 t/min on the scale of the
flow meter. The calibration graph obtained c¢orresponded
~nearly exactly to the graph supplied with the instrument.
The flow meter settings based on spirometry measurements
indicated ‘a setting of 72.6% vs 72.5% on the calibration
graph obtained from the data sheet. . ,

As a further check on the calibration of: the impactor,

ﬁangdisperseé latex spheres (Coulter Electronics, Miami,

Fla.) of a known diameter (MMD = 1.875) were nebulized by
the DeVilbiss 40 nebulizer. As appeﬁaixes in Table XIII,
run $#28, the particles, sized by gravimetric analysis, had a
MMD of 2.03 um and a geometric standard deviation of 2.25.

The geometric standard deviation, which  should

theoretitally be 1.0, is high Ecr‘ possibly two reasons.



First, although one could see large quantitites of particles
on stages 4 énd 5 (correspénding to end cutoff diameters of
2.1 and 1.1 respectively) and nothing on any other stage, it
is suspected that there were a large number of impurities in
the submicron size range. This is a possibility confirmed
by Mercer (30) who, in referring to the produétion of latex
particles, states that "residual particles create a nuisance
background that is especially troublesome when 1light
scattering methods of analysis are being used®. Second, it
is possible that multiples formed by coagulation during
nebulization“cause depssition on the upper stages of the
impactor. The combination of these two factors would
undoubtedly have played a role in shifting the size

distribution of the true particles and accordingly produce a

larger geometric standard deviation than expected.
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PHANTOM MEASUREMENTS

Introduction -

In addition to fufnishing measurements of resolution of
the ‘imaging system, the phantom trials provided data
critical in ‘thg analysis of two parameters c§ the human
study. The first of these was to provide numerical values
which- could be used taldeducerthe variance or experimental
error inherent in the measurements taken from the
tcm@éraphic reconstruction. The second was to determine the
exteﬁt and effects of attenuation, both from the internal
absogbence factor as well as attenuation due to the patient
couch.

A glass phantom was constructed from cyliﬂdfical'glass
tubing having an outside diameter of 178 mm .aﬁd wall

thickness of 4 mm. The length of the phantom was 275 mm

, v
(OD) and the volume, when filled, was slightly over 6 1

(6.075 1). Six hollow spheres were placed inside to
simulate lesions (Fig. 8). They were connected to _the

outside of the cylinder by 4 mm hollow tubing to allow
access for filling. The spheres, arranged in 3 groups of 2,
were pléced at disﬁances aé 70, 120, and 170 mm from one end
leaving about 100 mm free at the other. Each pair of
spheres was spaced 30 mm 4+ 1 mm center to center from each
other with the upper sphere located at the center of the
cylinder. |

The sgizes andl relative positions of each sphere are

summarized in Table 1IV.



Fig., 8 - 6 % glass phantom with hollow spheres.

TABLE

=

\

SIZES OF THE SPHERICAL "LESIONS®" IN THE GLASS PHANTOM.

lst Pair mﬁ;pdf?air,  _3rd Pair

Upper Sphere OD 20.0 10.0 10.0
diameter (mm) ID 18.5 8.5 8.5

Lower Sphere OD 10.0 _ 10.0 5.0

diameter (mm) ID 8.5 ‘8.5 3.0

Resé;utigg

= ' On each of the 4 rotating scans carried out on the
Phantom, the orientation was the same ji.e., the cylinder was
rotated to position each sphere over ijts counterpart in the

Z plane and the largest (20 mm) - sphere located towards the

= L]
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Expériments were carried out to image the spheres both
35'cclé spots on a hot background, and as hot spots on a
warm background. In all cases the background material was
water and the Emaging agent was gngcﬂg-; The phantom was

siliconized to reduce any attraction to the glass surface by

the pertechnetate.

assumed to be evenly distributed throughout the phantom.
It was realized that the size (or more accurately, the
volume) of the spﬁe:és was only one consideration in

determining the effective contrast between these artificial

rr

"lesions® and the background. Perhaps the most significan
factor in detecting these abnormalities is the difference in
concentration between the balls and the background.

In the run which best illustrated the hot spot to
background ratio, the ratio of specific ;ctivity was 46:1.
fhe 6.00 2 water background had a total activity of 20

HBQ- In the reconstrugted programme the 20 and all four 10

mm balls were clearly visible; however, the 5 mm ball could
not be visually éeégcted.
A summary of the resolution obtained with the different

spherea at various spheres to background activity ratios is

provided in Table V.



TABLE V

.RESOLUTION OF THE SPHERES WITHIN THE PHANTOM AT VARIOUS

SPHERE TO BACKGROUND RATIOS.

Sphere to Spheres Resolved
background 20 mm 10 mm 5 mm
Ratio Static Tomo Static Tomo Static Tomo
100:1 - ' Yes - Yes - Yes
62:1 Yes Yes Yes Yes No No
46:1 Yes Yes Yes Yes No No
27:1 Yes Yes No Yes No No
19:1 Yes Yes No No No No

One run was carried on the phantoimn to determine the
ability to wvisually resolve a <cold spot on a hot
~background. In this case, the spheres were left empty and
0.5 GBq of activity was added to the 6.00 t of water in the
phantom. The 20 mm sphere was the only sphere resolved in
this experiment. The best image of the ball was provided by
adding two axial frames. The numerical data (counts per
pixel) for a double width horizontal profile through the
region of the sphere 1is shown in Table VI. On this
horizontal slige of the.axial image, frame % 1 was on the

left and frame 64 oqbthe right.
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TABLE VI
COUNT DENSITY DATA THROUGH THE COLD 20 mm SPHERE TAKEN FROM.

THE RECONSTRUCTED PHANTOM SCAN

Frame Counts Frame Counts Frame Counts Frame Counts
1 0 17 655 33 319 49 5
2 0 18 650 34 4813 50 0
3 0 19 669 35 671 51 0
-4 0 20 679 k13 735 - 52 0
5 0 21 668 37 745 53 0
6 0 22 712 38 751 54 0
7 0 23 734 39 751 55 0
8 0 24 665 40 736 56 0]
9 0 25 589 41 730 57 0
10 0 26 617 42 792 58 ° 0
11 0 27 690 43 852 59 0
12 0 28 679 44 781 60 0
13 32 29 617 45 596 61 0
14 196 30 570 46 371 62 0
15 417 31 443 47 145 63 0’
16 590 32 313 48 12 64 0

Comparison of Regional Count .Densities and the Effects of

Attenuation

To determine the extent of attenuation within the

reconstructed phantom, the axial slices from the previously

length of the phantom. Horizontal and vertical profiles 2
pixels wide were taken from these images. Plates 1 and 2
illustrate these profiles, and the numerical count density

information is summarized in Table XIV of Appendix 4. This
data allows us to calculate the effective count reduction
across the cylinder due to attenuation.

63



Plate 1

Distribution of activity
planes of the phantom.

acrggs the summed axial

.
.
IS
.
-
-

Plate 2

Distribution of activity down summed axial planes
of the phantom.
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Expressed ‘as a percentage of the peak count at the edge
of the phantom, there .is a drop of about 20% at the center
of the cylinder. The . hammock shape of the curve is
charactéristic of the influence of attenuation on ECT. The
fairly uniform deviation in ‘the central region explains why
; good images can Se obtained without performing corrections
for attenuation (82) provided one 1is workipg with an
approximately cflindrical, homogenecus object.

If we examine the data from the vertical profile, two
asymmetries are evident. The height of the phantom taken at
half maximum values is 29.5 pixels; down from the horizontal
measurement of 31.5. considering the lowest count, 14385,
to be the centre of the cylinder, there are 16.0 pixels
between the centre and the posterior edge (HM) vs 13.0
pixels from the centre to the anterior edge (measurements

are taken from graphs to the nearest half pixelsi

The main reason for this discrepancy 1is that the
phantom Qés filled to a volume of 6.00 2 and not to its full
capacity. Accordingly, the vertical height should not be
the same as the horizontal width. Measurements indicated

that the surface was 1.0 cm below the top of the cylinder.

The water level plateau across the top of the cylinder,

would p}oduce an asymmetry about the horizontal plane of the
‘phantom. Using the observation that there are 16.0 pixels
between the centre of the cylinder and the p@steriaJ edge,
and knowing the internal diameter of the cylinder to be 170

‘mm (hence a radius of 85 mm), we can calculate that the

]



reconstructed images provide a relationship which produces a
factor of 5.3 mm/pixel in the vertical or 2 axis.

In é similar manner, the width at half max taken from
the horizontal slice in Appendix 1 has a value of 31.5
pixels. Relating this to the diameter of the cylinder we
can calculate that a pixel in the X axis is equivalent to
S.4 mm.

An estimate of the pixel length along the Y axis can be
obtained by looking at the number of pixels along the
longitudinal axis of the cylinder. Summing the coronal
planes and taking a vertical profile down the centre
provides the data for Table XVI in Appen?ix 4. Again using
the width at half max values to estimate the boundaries of
the phantom, it was determined that 45 pixels corresponded
to the 275 mm leﬁgth} Accordingly, a pixel along the Y axis
is equal t@\ﬁ;l mm .

In addition to the intrinsic attenuation caused by
absatptian within .-the object being imaged, the patient couch
further adds to the attenuation component whe% it is located

between the camera and the object being scanned. It is this

factor which explains thk second non-uniformity observed in
" the vertic;l profile of tRe phantom, i.e. the decrpase in
the peak edge count on the sterior side of the phantom.
The extent of attenuatjon caused by the patient couch
'was calculated by comparing the total counts in the top 3
frames of the f@ﬁating scan (63,64 and 1) to the total

counts obtained from the bottom frames (31,32 and 33). The

L4
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ratio of these counts inéiéatea that the patient bed is
responsible for a reduction in counts of 7.5%.

Due to the averaging effect of the tomographic
reconstruction, this value will be reduced on the
reconstructed image. To calculate the effect of absorption

by the bed on the distribution of <counts in the

reconstructed image, the following method was used. Two

square regions of interest (ROI) 16 pixels in area were
located anteriorly and posteriorly on axial slices two
frames thick. To insure both regions were located at a
similar distance from the edge, each ROI was moved 1 pixel
up or down to obtain the maximum count rate. This technique
' insures that any variation was not due to positioning of the
regions. It a}sc compensates for any non-uniformity dhe to
camera aligﬁment or positioning aé the phantom on the bed.
In no case was it necessary to vary the ROI more than 1
pixel unit from its reﬁerence‘ location. Table XVII
(Appendix 5) summarizes the data obtained from this scan.
The last slices at both ends were not included in the tabled
information or averaging calculations. The average and SD
for the 20 regions in each of the anterior and posterior
views is 384 % 21 and 369 % 23 respectively. Thus the
average reduction in-cbuﬁts in the posterior region of the
tomographic scan was appraximgtely 4%, although the large

standard deviation negates the signifigance of this value.
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METHOD AND DESCRIPTION OF THE HUMAN TRIALS

The study, divided into two series, consisted of scans
carried out on a total of 13 healthy volunteers, 2.of whom
were female (DH and LO). Ten of the subjects had never

smoked, and of the remaining three, two (DJ and JH) were ex-

smokers. LO was a very light smoker of approximately 2
pack-years. None of the group had any respiratory
symptoms. The pulmonary function data on the group is

summarized in Table XVIII of the appendi#, and generally
shows normal overall lung function.

The first series of scans was carried out with the
subjects lying suéine, arms along the side and hands folded

.across the waist. All rotating scans were taken with the

subjects in this position. In the second series, the

.

volunteers had scans done in two positions: supine, with

the arms by the sides as in the first series; and supine.

with the arms clasped behind the head.
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AEROSOL ADMINISTRATION

A schematic of the aerosol delivery system is shown in
Fig: 9. The DeVilbiss Model 40 nebulizer is attached to the
bag-in-the-box by a short piece of silastic tubing. Two
mls. of sulphur colloid labelled with 99m’I‘c were placed into
the nebulizer and the vent was plugged. Cempressed air at
30 PSI was used to nebulize the colloid into the bag. The
subjects were seated comfortably and placed on ‘thé
mouthpiece. The 3-way valve was initially set to seal the
box and allow the subjects to breathe room air while the
nebulizer was generating the aer&sol.' Aerosol was generated
until the volumes of the bag was 6 to 8 1. The‘ompresae&d

air was turned off and the 3-way valve set to permit the

subject to breathe from the bag.

AEROSOL DELIVERY SYSTEM

RUDOLPH VALVE
3-WAY VALVE

NEBULIZER

COMPRESSER
AIR IN

Fig. 9 - Schematic of the Aerosol Delivery System.
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The bag-in-box system, first reported by Muir (86),

served two purposes. First, it allowed the larger dfoplets

to settle out in the bag thus avoiding more central
deposition of these particles in the airways. Second, by
connecting the airtight box to a spirometer: it was possible
to monitor inspiratory volumes and flow rates during
inhalation.

When the bag volume was exhausted, the 3-way valve was
again turned to allow the patient to breathe room air while
the nebulizer was turned on to fill the Sag. This process
was repeated about four times or until sufficient activity
- had been inhaled to provide adequate counts. fhe subjects
were monitored by a Geiger counter during inhalation to
provide an estimate of retained activity: Inhalation time
was typically in the order of S minutes. Following aerosol
inhalation, the subjects were taken to the room in which the
scanning was carried out.

*Ten of the thirgeen normals were instructed to inhale
from FRC to slightly over tidal volume:Athe remaining were
instructed to breathe somewhat deeper. These latter three
subjects weére also instructed to hold their breath at the

end of inhalation for two seconds. As reported earlier,

¢

these two maneuvers should only increase total deposition

e

ey
_and have no‘\q/(f*on regional deposition.
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RADIOACTIVE LUNG BURDEN DUE TO AEROSOL INHALATION

Direct calculation of the amount of radioactivity
retained by the 1lungs is a difficult task. Simply
substracting the amount remaining in the nebulizer from the
initial activity is of course not adegquate since some

activity 'is lost to the Douglas bag, the bag-in-the-box, and

the tubing. It is not possible to accurately count these

was used ta,previég an estimate of the subjects dose.

The tecﬁnique employed was to compare the‘caunt rate:

observed from injecting a known activity of MAA éﬁd
comparing this to the count rate gqbserved Erom the aerosol
inhalation. Since the distribution of %he two eéﬁpéuﬁég is
quite similar, it was felt this was é valid ;émpagigcni The
also received the aerosol, They were seated for posterior
static scans. Using a LEAP collimator and a 15% window
setting, 37 MBg of injected activity corresponded to 3;076
"cps % 220 counts. The range of count rates observed in all
of the aerosol trials was from 460 to 4600 cps with mean and
standard deviation of 2,480 % 1,300 cps. The calculation
then indicates a mean burden delivered to the patient of 30
MBq.

Using the MIRD (87) tablés and assuming no clearance of
particles from the lung, the maximum radiation dose to the
lungs from the aerosol is 0.12 mGy/Héqi or 3.6 mGy for the

average dose to a patient in the series. The maximum dose
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to the subject who had a 1 sec. count of 45@0 would be 6.7
mGy. This value is comparable to the lung burden for the
standard injection of 110 MBg of MAA for a perfusion 1lung
scan which exposes the 1lungs to 6.3 mGy (88). If the
“'aerosol were given to patients with\ COPD, considerable
clearance would normally be notiéed and the lung burden due
to the aerosol exposure would be reduced; however, the dose
to the tracheal epithelium and GI tract would

correspondingly rise.
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QUALITY CONTROL IN THE RADIOCOLLOID PREPARATIONS

The technetium labelled sulphur colloid preparations
were reported by the Edmonton Radio Phafmaceutiéal Centre
(85) to contain 5% or less free pertechnetate on those days
in which our experiments were carried gut; Some samples
were taken of the sulphur colloid after nebulization ffém
both the bulk solution remaining in the nebulizer, as well
as from the plates in the cascade impactor. The impactor
samples were redissolved in saline and analysis by thin
layer chromatography (GELMAN ITLC-SG) waa carried out.
Analysis of the strips was done on a Canberra Series 40
multi-channel analyzer (Canberra Industries Iné., Meriden,
Cénﬁeticut) connected to a Berthold model LB 2832 automatic
TLC lineér analyzer (Berthold, Wildbad, W. Germany). In one
test carried out, all samples, both in the original
preparation and diluted samples; yielded lesa than 3% free

‘'pertechnetate. Thi; applied to samples tested both before
and after nebulization.

The aﬁditicn of albumin appeared to absorb gny free
TcO04 remaining in the sulphur colloid preparati@ns,kéespit?
,the fact that no tin was used in the manufacture of th§
cailoid; No solvent front activity could be distinguished

in those solutions to which” albumin had been aﬂéed.
indicating a binding efficiency close to 100%. The binding
~of the Tc0,” to the albumin is unlikely to be as stéang

though as the Tc-sulphur colloid complex or even standard

&
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Tc-HSA preparations, due to the abSEﬁcE‘Of the tin.

The low level of free pé:technetate in the original
colloid solutions in conjunction with the .stability of the
nebulized compounds combine to make 99Mrc sulphur colloid a

suitable agent for short term radioaerosol lung imaging.

74



LUNG IMAGING AND TOMOGRAPHIC RECONSTRUCTION

"‘he camera s‘yst:em used for imaging was 't,;he ‘400'1‘ versiqn

of the G.E. Maxicamera II. Most tomographic images were

~o

obtained By acquiring 64‘frames'on the rotational scan. The
time per ﬂ\e variedefrom 27 to 47 secoﬁds depending upon
the émount of activity present in ghe lungs at the time of
the.écan. - The gamma camera was fitted %jth a iow'energy
high resolution parallel ho{? collimatofland a 15% energy

window was cehtgsed at the photopeak.

Duriné tomographic scanning, data was acquired on a PDP

11/34 computer using . a specially written program, -

Toﬁographic reconstruction Wwas garried out on a(PDP 11/70
computer connected via a Decnet 1link to. the -11/34.
\ "eeonstruction . was done simulféneous with data acquisition
and ' image gecoAStrudtion was cdmpletéd by the 11/70 within

z'yglninutes of data acqﬁisition./ The reconstructed imageé
weFe‘ then transferred back to the 11/34 for display’  and
analysis usihg both GAMMA-11 software and special user
.‘written prdbtammest Permanent . copies of all scans were

stored on magnetic tape for future reference.
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DATA ANALYSIS AND RESULTS IN THE HUMAN TRIAL SERIES 1 -

Of the 10 normal subjects im the first experimental
study, 9 tomographic reconstructions of aerosol depogition
in the lung were suitable for ‘analysis. Subject, KM, ‘was

lost to the study l;ueg to inadequate, nebulization of “the

aerosol and the resultant small amounts of aftivity in the

lungs. This was due to an e:cepticﬁally "sticky”™ batch of

: c01101d which yielded a low act1v1ty output éfflclency (~l%)

4
from the nebulizer. (It was the result GE this expaflmént

[

which led to the use ef:albumln in the ﬂEbUllZéf splution.

’ . 1
As mentioned earl;er, this increased the activity output

efficiency of the llald to about 30%). : .
Several methods of analysis were considered for

determination of the regional distributian of radioactivity
]

in the lung. The first. technique chosen- involved the use of

the sagittal planes in the reconstruction. For each lung,

L

the sagittal . frames were added together and analysis was
. ! / -

carried out by dividiﬂg the 1lung into four apgr@ximately

i

equal duadrants. The average count densities (average
~goUnts per pixel) in each of* the zfaﬁr regions were
céiculated by the Gamma-1ll programme. vPlaté 3 illust ,tes
the division of the LL into guadrants on subject JH.

This procedure was followed for all subjects.k The

average counts per cell were then expressed as a percentage

for the. lung (left or right) and this percentage was

averaged for all the subjects to provide the data for Table

VII. For the reasons presented in the discussion, this

o
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.
apprpach was found inadequate in describing the Qdistribution

. ‘. . 3 7
of activity within the lunqg. By coincidence, however, it

does show- the trend which was found to occur hy another

analytical method.

]
-
-
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pPlate 3 - Division of the  left 1lung of subject JH 1into
‘®
quadrants to illustrate regional count variations.
) ( " a .
' TABLE VII

THE DISTRIBUTION OF ACTIVITY‘IN A DEFINED GRADIENT OF THE

LUNG EXPRESSED AS A PERCENTAGE OF ;TOTAL LUNG ACTIVITY

IRe@ional ) InterSubjéct 'Regignal'! ‘| Intersubject
Region of Total Standard of Total Standard
Left Lung. Deviation Right Lung |, Deviation
A 32.1 2.6 29.7 2.4
B 25.4 1.5 24.6 1.4
C . 22.3 1.9 22.5 1.3
D 20.1 1.9 23, 2.1




L)
’

In choosing an alternate method of analysis, several

factors would havé to be considered. The ideal system would
- permit a true cépnt.per unit vglume {count per unit voxel)

and, if a valid comparisop were to be made between two
L]

. N A _
.regions, the method would have to maintain some form of

. y _ . _
symmetry to ensure minimal attenuation error. It would aiso

' be desirable to avoid the outer regions of the ‘lung which

present difficulti%s in defining the lung margins,  mainly

‘due to the regional variations in movement which occuf

- - L]
during the scan. « o ' . -

The method of+ analysis chosen which best fits the
'required criteria involved the use of two regions of

interest (ROI'E), 4 'pixels ,on' a side placed over\ the

anterior and posterior regions of axial frames of each

a

lung. They were positione#l so that they were at the edge of

»

the 1lung but contained an area which was unequivocally

‘within the lung. In addition, the axial slices were grouped
in units of two to yield a volume of 32 voxels or, based on
. earlier calculations, 5.6 cmz‘pet dual f_rame.~ .

By redrawing'the ROI's on each succéssive pair of axial
slices, it was possiﬁle to maintain regions consistent with
a relative position in the lung from the base to the.apex
and, at the same time, maintain a symmetry with’:;sgect to
the lung tissue. The choice of anterior and posterior
‘regions aiso réauced 'the chance of ‘including airways or
major blood vessels within the ROI. Plate 4 illustrates the

positioning of these regions in lower and upper axial slices

of the lung (subjects LO and KH respectively).
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Plate 4 - Positions of the ROI in the lower (left) and upper

b 4
(right) sections of axial slices of the lung.
: .
o AN -
The data obtained using this method .on subject MY is
illgptrated in Table VIII. In the axial planes, the fram{f
. il B F *

numbers refer to the Y axis of the reconstruction with the

lower frame numbers representing the base of the lung. The
antériqt counbte start at a higher frame number due to the
shapé'e?ﬁthe lungs.

ft?%hculé be pointed out that the numbers obtained do

not fepfésent absolute counts. During the reconstruction,

the pixel which contains the highest count is scaled dcwq“EQ

the maximum value of 255. All other cells are then scaled

down by a similar ratio to maintain linearity. In-
calculating the expected variance for a series of regions,

using the observed numerical values would lead to an over-

@stimate of the variance. As the true variance is not only (



-

» |

'
.

8. . . i
a3 function of the absolute counts used in the reconstruction
- 4 . N

-but other . factors. such as 'signal to noise and filtering

- 1

J
was based on the n er1ca1 values obtained from . ae -

trial.

&
\ ol ..

TABLE VIII

by

.I

-

COUNTS (ARBITRARY UNITS) OF ANTERIOR ANT

. /
-+ RO} FROM AXIAL FRAMES OF SUBJECY « .

- .
- . . »

i . o

Frame Right Lung Letr Luna
Number Antgrior Posterior . ~ Anter.ior Posterior
86 112 | ‘rlel

88 208 |, 0 282 | ..
90 303, 183 ©348
92 . 353 259 437
94 "248 ¢ 358 | 254 - 296
96 276 336 ™ 240 355
98 244 327 233 245
100 252 333 261 340
102 259 312 278 . 346

104 259 302 280 350
106 271 ) 269 | 288 . 338
. 108 291 273 " 315 310
110 290 281 .290 331
112 300 261 257 267
114 281 241 239 228
116 212 209 195 195
L 2
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It may  be recalled that the average anterior and
posterior ROI's from the axial slices had values of 384 and
369 with respective standard deviatiorns of 21 and 23. The

coefficient of variation for these two values are 5.5 and.

6. 2%, Based on this data, the best variability that could

be egpé:ted in a completely uniform distribution would have

* t

" approximately this, coeffigient of variation. To insure that.

any ‘conclusions would not be over-biased to favour the

experiment, the coefficient of variation was set at 7% for

. . - A & EN
§1l calculations. At )

Two fnt&resting factors emerged from the analysis.

LI

Most sttiki%giwas the observation thit in roughly the lower

half of the lung there was a marked difference -in deposition

of the aerosol between anterior and posterior regions. A

similar pattern was noticed in both lungs. Of the 9 .scans

-analyzed (and no attenuation correction applied ¢to the.,

difference significant at the 5% level was noted in all

cases except one (HY, right lung only). The levels of

significance for each gatieﬁt are tabulated in Table IX.

Incorporating the 4% attenuation correction to the pas%gri@t

region would increase _the level ‘of significance to. 1% in

T . = £

most cases. S ‘ T
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LEVELS OF SIGNIFICANCE BETWEEN ANTERIOR AND POSTERIOR ROI

. IN THE LOWER AREAS OF THE LUNG

‘ Left Lung ' Right Lung -

Subject _ Level of . - Level of
Significanceg (%) Significance (%)

pM 0.01 2.0 ‘

MY 0.1 , 0.01

HY 0.1 - . 10.0

DR : 0.1 . 0.1 _

KH - 0.5 L 2.0 )

DH: | ,  <0.1 T 5.0

DJ 0.1 0.2

Lo 0.1 0.001

JE | 5.0 ' . ~ 0.1

¥

L]

Based on a proportion of counts betwéen the posterior - .

ROI to the anterior ROI in those Ezamés-with significant
differences (in the lowsr portion of the lung), the
posterior region had an average of '45% higher activity in
the left lung and an Wwerage of 38% higher in the right. If

"an attenuation correction for the patient bed waZeeaied

the posterior 'regions, these values would' rise.

further. pPlate 5 illustrates the regional count density

gradient in an axial slice (dual frame) of the lower right’

ng of subject DJ.
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Plate 5 - Copnt distrihution through. an axial slice (dual

frame) of the lower right 1lung of subject DJ to show

The lower anterior region was only paiféd_,tg its

" posterior counterpart if it féll wiﬁhiﬁ 1 étandarﬂ deviation
,af ;ﬁe average of the next 4 anterior ffamés; %he upper
half (roughly) of tﬁe lungé were ?analyzed‘ in a similar

ﬁanﬁe:J In c@ntrasé to the lgﬁer regions, the upper areas

did not show significance at the 5% confidence level betweeﬁr

anterior and posterior ROI' in any subject}‘\: For ‘each
individual, this harizantaléq:aéieﬁt'd;cppeé off rapidly in
the central region of Jthe ,luﬁg. suggesting that the
diEEEﬁiipes were pgssiblf ,éaé to 1§bar >af segmental

variations in regional &ép@sitign. These results imply that



x

activity must be evenly distributed on-a horizontal plane in
the upper regions of the lung. -
F ™

The second important finding which can be determined

&

_ , , . \ . .
from the data reflects the distribution of the aerosol in

the vertical - gradient of the anterior portion of the

% =

~lungs. It was found that there was no significant

Y , i , ) . . / . .
difference (at thE‘gi level) in any subject in the variation
of regional counts between the base and apex in the anterior

ROI of the lungs. The avg:agé variability in the counts for
-the population produced a\standard devia;ian of 1.2 in tﬁgﬁ
left !lung ané’ 1:1 in thekybight. These values "are again
based on the assumption of a caéfficiéﬁgiaf wa:iatian;z§[7%f

‘One difficulty experieéced in Ehe anélysis was deciding

the edge of the lung. The process is made difficult by

i+

h

"

fact that the !lung _moves during SGanﬁinga Although the-
ipcsiti@ning of the ROI at a level well inside the ‘lung
eliminates most of the problem, there is still ~some
uncertainty at @he'apical and basal regions. Ag the average
counts. for ‘a EDi’bggiﬁ to drop at these extremes, one must
decide whether this is due to a biological decrease in
activity, attenuation, lung @Qvemenﬁ during thg scan or the
fact that the axial slice is actg;lly leaving the region of
Vthe lung. Undoubtedly, all of these variables are probably
occurring to some degree. = The prcbleﬁ; "however, mainly
dccurs at the top 2 or 3 om of the lung and any vertical
gradient which may exist should be detected before this

height.

-
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Accordingly, to. establish a 'gchsiszehfgfpz%tern EE:

™

analysis, a pair_of frames was only included in the

k3 -

B - ) f - R _-
«~0of " the central frames. For , example, jn ‘Table .VIII the

average Qf the anterior ROI between frames .92 aﬁé 114
(inclusive) in the left l;ng ‘was 266 with a standard
deviation of 24.5. Thus the top and bottom f;;mes would
have to exceed 266-49 or 217 counts to have béen incluéed in

the analysis.™ ‘ v

The sigﬁifjicanc:e of th*e findings is’ p,resentea in the .

- %
discussion.
‘ &

average .

provided it fell within 2 standard deviations of the average
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DATA ANALYSIS AND RESULTS IN THE HUMAN .TRIAL SERIES 2

The purp::ns;eréf the second experimental series wasi to
determine the effect and deér’ee of attenuation !causéd by the
Arms on éhe reganstruc;:ed lung. images. Eivé scans were
obtained with the hanés élasped- behind the head, thus
elimin:ating the®arms from the- field of view c:f the-camera.

n four of these five expefimatsa rotating scans were also

=

obtained with the arms along tﬁe side (as in the first
serieg) to provide dé‘éa for which a comparison. could be made
between the two procedures. Two subjeg;;s (JH and KH) from
the, first seriés :Etﬁ"i‘ned’ for this SEC{:BS scan and were
joimed by three new subjects (WL,CM,CC). - E

Analysis was carried oyt using the Ax4x2 vc*(el ROI
superimposed on axial .slic:es as was utilized in. the Elfst
experimental series;‘;z\gain, with i;he arms by the siée,'a
significant difference (at the 5% level) existed between
anterior and posterior regions in the lcﬁlef lung zones of

found in the upper portions of the lungs. "
Ther results of the scans with the arms behind the head
éid; unfortynately, not provide conclusive data. Two of the
gfive subjects still demonstrated a significant hafizantél

difference between the anterior-posterior regions .in the

lower lungs; the remaining 3 did not. Once again no

significance was noted in the upper portion of the lung for

the paired regions on any individual. Even if a 4%
]

!
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did not demonstrate a sigiificant difference between. the two

regions in any of the three subjects. -

It can be pointed out, however, that there was 'still a

t terior region to be higher in

L
[

end for the "lower po

tivity. In these three subjects, the posterior ROI was
L ¢ u ‘A

a

(]

$till an average of 9% higher in counts than the anterior
| ]

region (attenuation corrections would increase this value

even more), In addition, the "hqttest® ROI's were élways,

located. posteriorly. - The'éveral;_iﬁgreése of activi;§ in
the lower pas;ériér fegiéns Eéziiheifive subjecés who were
scanned with arms behind the head, avetaééd 20% *ié& (range
3.2 to 62.1%) compared to the .avewage of 42% %lBi (fange

20.6 to 76.6%) for the subjects in. she first series.
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A COMPARISON BETWEEN REGIONAL BLOOD PERFUSION AND

AEROSOL

o

EPOSITION

Two of the twelve subjects (JE and LO) in the aerosol
trial were also given 29Mrc MAA injections, followed by
tomographic scans. One other subject (KM) not included in
the aerosol trial also receivgi the injection. MAA was
administered ° intervenously té the fqrearﬁ in  the
conventional manner except that the éubjects‘ were seated
during the injection. The fgtatianalbggans were carried out
using the same protocol as was used in the first aerosol
study (with the arms by the sides.) Inétfument settings
were identical with the possible e;cepti@n being'that the
tihe: per frame and reconstruction filter inteﬁsity weré
adjusted to optimum conditions. - Between 40 and &0 mBq of
activit§ wés. injected, roughly Ehalf of the dose normally
given to a patient in perfusion scans. ’

Analysis was cﬂce again caéfieé out using the 16 pixel
ROI areas located at antefigf and posterior edges @f thef
lung 6n the axial frames. Again the increase in activity<s%&§j
was hoted in the posterior region of the lower lung relative:
‘to the anterior region at the same level. In five of the
six cases this difference was highly significant (0.5%). As
with the aerosol, this significance disappeared in the upper

lung zones.

In these runs both the anterior and posterior regions
dropped in counts towards the apex demonstrating the

vertical gradient due to hydrostatic pressure.
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TABLE X

A COMPARISON OF THE DISTRIBUTION OF
I9Mpc MAA (PERFUSION) AND 99™ Tc SULPHUR COLLOID

AEROSOL 1IN ‘HB RIGHT LUNG OF SUBJECT LO

PERFUSION | o AEROSOL
Frame| Anterior Posterior|Signif-fAnterior Posterior éignifg
ROI icance ROI icance
% Level % Lfvel
84 188 . 231 “\\
86 329 375
88 ] 401 414 :
90 : 427 389
92| 274 " as3 | <05 | 203 363 <.05-
94 312 418 .5 228 325 1
96 287 - -390 .5 211 317 .01
98 274 365 .5 § 194 308 .01
100 | 245 340 .5 191 313 .01
102 243 - 329 .5 193 313 .01 -
104 240 - 267 N.S. 233 268 N.S.
106 | 230 217 N.S. 249 231 N.S.
108 195 171 | N.S. 250 243 N.S.
110 142 129 N.S. 230 206 N.S.
112 89 85 N.S. 162 . 156 \.s.
This information can be displayed numerically as shown

in Table X which compares the profusion and aerosol scans

for the right lung of subject LO. The significance level of

each a

level

nterior - posterior pair is also indicated. Again the

used to determine significance is .05.



—f B
In this specific case the  ratio of the posterior to

anterior counts in the perfusion scan for the lower lung

indicates a 35% higher blood flow to the posterior region

while the aerosol scan shows a 59% increase in the .same

area. Similar results were obtained for the subject's left

lung and in the other two subjects. The average difference
in the lower regions of the 1lungs in the three subjects

indicated a 34% higher blood flow to the posterior region\

13
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PHANTOM MEASUREMENTS

m

The data é:avidéd  by the tomographic scans of th
phantom confirm the basic technique of tomographic
reconstruction. The aﬂalysiseis limited, however, in ;hat
the phantom is symmetric in éhap§ and Ahas an even
distribution of aeﬁivityi In addition, it was filled with
water with a'dénsiﬁy of 1.0. Lungs, on the other hand, have
a density about 1/3 that value. Accordingly, attenuation in
the lung area would be csnsiééraply less than observed in
thg phanﬁem over the same Sistanzes-

!

Tomographic analysis of the artificial "lesions"

demonstrate that small abnormalities can be detected, even

visible on the fﬁﬁ when the cgncengratién ratio for hot spot
éé background was 62:1. The vsiﬁme,ecntained in this sphere
is 0.014 cmB, one twenty-third that of the 10 mm ball.
Accordingly, the activity contained in that volume was only
0.08 uCi (vs 1.9 uCi for the 10 mm_agd 18 géi for ﬁhe 20 mm
spheres) hardly énéugh’tc image at the best of times even in
air. Given the scan time of 22 seconds per image, the

collimator resolution and the depth of the ball in the

water, it is not surprising that the 5 mm sphere could not
be resolved under the above experimental conditions.

A similar argument applies to the ;géging of the 20 mm
sphere as a cold spot in a hot ba&kgr@ugé_ As it is located
at the center of the cylinder, it is effectively masked by

80 mm or so of water.

at a considerable depth. The 5 mm hot sphere was not



technique to delineate 2 cm abnormalities at a depth of 8 cm
in' water (or tissue of similar density).

Phantom measurements also provided an indication of the

nature and extent of attenuation on the reconstructed

images; attenuation caused both by -the imaging medium as
vell as external factors such as the patient couch.

Of the two methods used to measure the attenuation by

 posterior frames. This measured value of 7.5% corresponds

" to the published figure of 8% for attenuation by the bed for

. suggested that, as a first step, this factor of 8% be added
on to regions in those frames in which activity must pass
.through the bed to the camera. The result wauld"be_ to
Aproébce ‘a more uﬁiféfm image of the phaﬁtcﬁ and a truer
distribution of activity in the patient stuéiesggespécially

in the posterior regions of the image.

depth as illustrated in Plates 1 and 2 actually benefits the
study of human organs by providing images of higﬁ ﬁgalty
Qithout any attenua;ian corrections applied to the
program. If we assume a chest wall thicﬁness of é cm (about

4 pixels) and a density of the tissue in the chest wall of

1.0 we can see that the areas of greatest change, i.e., the
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edge of the phantom, will be eliminated. An estimate of the
change in attenuation over the next 7 cm of water (dr 21 cm

of lung tissue) would amount to about 10%.

J .
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‘effects of the arms, the heart, and the chest wall wi

-

In addition to the intrinsic attenuation of the gamma

articles. descsf§bed in the phantom trial, . scanning human

o)

subjects introduces additional problems. Specifically, the

%

=

1 all

create some artifacts in the reconstructed images. Of the

- three, the arms are suspected of having the most significant

influence on the reconstruction.

Despite the variable effects of the arms noted on the.

=

scans in the second series of experiments, the data still’

indicates an increase in activity to the lower posterior .

‘regions of the lungs.

b=

t is not entirely clear how one may relate these

observations to lung anatomy and physiology. It can be seen

in Plate 5. that the gradient between anterior and posterior

- regions is not a smooth change, but rather occurs in the

posterior third of the 1lung only. Eased'anfabservaticns of
the )GQatién of this "hot"™ region in all subjectsé the
initial conclusion was that the . regional increase in
depééiticn was a function of lobar  or, more probably,
segmental variations in deposition Qithin the | 1uﬁgi
S;écifically'it is suggested that. the api:él and posterior
basal segments of the lower lobe in the left and right lungs
receive the gféatest>depasitiaﬁ of 1 um particles per unit
vaelume within the lung. The remainder of the lung receives
a lower but evenly distributed density of aerosol

deposition. Although this is a new finding in humans, it



would seem to receive support from the observations of the
) :

animal'éxpefiments discussed in the literature survey (1ll=

13).

One possible explanation for this increase could be

that the anatomical structure of the airways is different in

this region compared to other areas of the lung. These

variations may be due to an increase in the bifurcation
angles in the lower generation of the airways of this region

or possibly due to-an increase in the relative length of the

L]
airways.

Series 1, Sagittal Analysis

The method of analysis carried out by dividing each

lung into four quadrants has several limitatiéns:desgite the
fact that it does prcqidekscme useful information.
The major limitation in this analytical technigque is
) ;

that - it does not portray a true count density. While it

accuradtely reflects the counts within the volume of each’

"ROI, it does not take into consideration that the lung
~volume within each quadrant in the depth (X) direction may
not be the same.  For example, if the lungs were to have a

uniform distribution of radioactivity throughout but be

wider at the back than the front, the posterior fégigns

would show larger average counts per pWgel on the summed
regions used to outline the lung. While the thresholding
technigue reduces this error somewhat, both inter and

intrasubject variability of the regions will be increased



making it more difficult to decide on any significant

differences which may occur.

It can be seen from Table VII, theh illustrates the 4
lung quaarants, that there is roughly a 50% difference in
the average cguﬁts per voxel befﬂeen regions A (lower
posterior) and D (lower antgri@f). fa pf@perly analyze the
51gnlficance of this differ ée we have t@ziﬁclude both the
intersubject wvariability as reflected by the standard

deviations iﬁ Table VII, as well as determine an estimate,gf

‘the intrasubject variability.

The latter was done by measuring the results of two
subjects, each of who received 4 tomographic scans after

their inhalation. It was assumed that, once deposited, the

- aerosol did not 51gn;flcantly change its distribution du:lﬁg

the interval between the first and last scans. The four
regions, once chésen, were superimposed on scans to aveoid

any bias due to redrawing of the areas. The variation in

the average counts per pixel for each of the reqicnsA was

then calculated for the two subjects. These values were

averaged to provide an estimate of the intrasubject
variability. This value, which under ideal conditions
should be 0, was found to be roughly 3% (each region, in
fact, was given its respective percentage).

When inter and intrasubject variances were added
together, it was found that only 2 pairs of the 8 regions

showed any significant differences. These regions were the

A and D areas in the left lung and the A and C (upper
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anterior) areas, also in the left lung. - The levels o

Lo ]

1

i} ”
[T

nificanc Héfe 1 and 2% respectively. Regions A, C, and
D in the ‘left lung had no Sigﬁiéiéant differences (at the 5%
level);frém'each Gthé? and none of the regions in the right
lﬁﬂg showed any significant difference at the 5% level to
any other region.

The second limitation with this method of analysis is

that the division of the 1lung into quadrants does not’

*

he true anatomical divisions found within the lung,

"
m
I
’H\
o
0
Lo
rn

ie.; region B, the uppéf pﬂétéfi@r guadrant, would include
both upper and lower lobes. It may, in fact, be a difficult
task in any analytical method to determine specific segments

or lobes within the lung as there are no distinguishable

‘anatomical markers visible in the reconstructions. In

addition, the Gamma 1l programme is not able to rotate the

tomographic images to allow planes to be drawn which would
correspond to the angles of the segmental divisions between

: : Y
inferior and superior lobes of the lung.

Anterior-Posterior ROI Comparison

The reasons for, and advantages of this method in the
analysis of the deposition were previously discussed.  The
major advantage of this technique over the sagittal quadrant

analysis is that the ROI's can provide a true count density

\on for the region of 1lung in which they are
located. It can be pointed out that the size of the

regional volume (4x4x2 pixels) was chosen for practical



reasons. A larger ROI would, in some cases, necessitate
regions on or outside the lung margin, thus giving  the
‘appearance of a lower count density than may actually occur

within the lung. On the other hand, choosing a smaller

- )

region would create lower numerical values, hence increasing

the statistical error.

It may be recalled that subject- HY dié.nét:demoﬁstratgx‘

a sigﬁificaﬁt difference between the anterior and posterior
regions of his right lung. The lack of signifiéancé in this
case may _per due to the shape of thié indiviéual's lungs
rather than to some lack of consistency between the
anterior-posterior gradient noted in the other subjects. HY
‘appeared to have a liver which rested cénéiderably higher
tﬂ;n normal under his right lung. 1In fact only one anterior
ROI could be drawn in ﬁés right lung.before the mid height
of the 1lung was reached. Ac%ﬂ:dinqu, the- héfizéﬁtal
gradient for this 1lung could only be based'cn a camgarisan
in this one frame. In most subjects at least 5 frames were
usually used to establish a level of sigﬁificance between
anterior and pesterigr regions in both the upper and lower
lung regions (see Tables VIII and X). Thus, the difference
observeé in HY may be due to a structural variation rather
than a true aerosol distribution deviation from the observed
trend.

As noted earlier, the lower posterior regions of the
lung appeared to receive a higher concentration of the

1 um aerosol. While there was evidently a vertical gradient
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in the posterior ROI, there was: none iﬁ the anterior g@rticn
of  the lung. The conclusion reaéhed here ;;as that the
overall vertical. gradient seen in sta;ic scans was éue
solely to the pﬂéte:iaf’grédient. (It must be remembeféd
that the vertical gradient seen on static scaﬁs is due, in
part, to the fact that the lungs are wider at the base than
at the apex - hence there will be more activity "seen®" by
‘the camera in this lower region of the' 2-dimensional static
scan).

An approach which would tend to confirm the tomographic

findings would be analysis of anterior and posterior static

scans. The fact that 2. dimensional static scans reflect:

attenuated activity through the lung is actually beneficial

in this comparison for while it averages activity throughout

the depth of the lung, the activity in the region closest (to’

the camera will dominate the image. "Accafdingly,i if an
antefi@r vertical gradient didn't exist and a posterior
vertical gradient did, the net gradient would be more
noticeable on posterior scans.

This was indeed the céiigizithe one subject, JH, who
received static anterior and paste;Tbg\scan3; The results

of vertical slices through the right

images are illustrated in Plate 6 and the\numerical counts
are tabled in Appendix 7. A plot of thede| values over the
top 2/3 of the lung yields a. slope of -39 the anterior
scan and -80 for the posterior scan.

It is suggested that, in fact, most of thd "vertical



gradient®™ seen on the tomographic scan is due to the higher
count density on the lééer,p@steriar region’ of ‘the lung and

not to the

that the lung is wider at the base than the

apex. The end effect is to create an apparent illusign of

m

an overall decrease in count dénsitiés as one goes up th
lung. This analftical approach confirms the findings of the
tomographic reconstruction. i -
affect the reconstruction it was felt that it should have a
minimal effect on the ROI's fgfithe following reasons:

1) There was no visible ‘evidence of an arm "shadow"

on the reconstructed lung images; - .

2) The arms were positioned parallel to the baéy."

Accordingly it was felt that any effect they would have on
the ROI would act equally on both anteriors and posterior

?@rticns of the body; and

Lat]

3) The nature o
there 1s an averaging effect of the 64 frames on anj
attenuating fegicns bet;een the lungs and the camera. Thﬁsi
the absorbance caused by tissue extérnal to lung activity
would be distributed over a wider range; This w&zul?in turn
reduce the effect on lung tissue immediately posterior to
the atteryating factor (in this case, the arms).

The reason -for 2 gf the 4 igdividuals to change so
markedly in their reconstruction scans after moving their

\

arms out of the view of the camera, and the others not, is

unclear. It may relate to the shape of the chest or to the

!

the reconstruction is such that.
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Plate

(top)

JH to

6 - Vertical slice profiles through the right anterior
and posterior (bottom) statid lung images of subject

show distribution variations.

b
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exact position of the arms during the scan. It is possible -

that some individuals have a deeper chest, and the arms,
though parallel to ﬁhe body, were actually positioned quite
anterior relative to the lungs. Larger arms would attenuate
thé gamma photons to a greater extent than smaller ones.

While no measurements of chest or arm size were taken, the

buildvqf the S5 males in this study wag- quite similar with:

the major variation perhaps being in height.
As.previously mentioned £he tém@gfapﬁic perfﬁsicﬁ scans
indicated a 34% higher blood flow to the posterior lung
region relative to the ént;é;:’iﬂr region at same height; a
value somewhat less than the 42% figure found in the first
aerosol series. The: 1literature does not appear to

L}

‘quantatativeiy discuss blood flow per unit lung volume in

the human, It may turn out to be that the apical and’

posterior basal segments of the inferior lobes not only
receive a relative increase in aerosol and blood flow, but

bare better ventilated as well.



‘CHAPTER V

CONCLUSION
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The studies undertaken for this thesis have provided an

ingsight into
well as su new information on particle deposition in
ehallenglngApfgblemsg

The aerosol of 22™pc sulphur colloid has proven to be
satisfactory as a lung imaging agent. 1Its in vivg_étability

ts of lung

=

provided consistent and repraduelble measureme
rgtentiaﬁ for up to 24 hours, which was‘ﬁat;pgssible with
gngs iabelied albumin ;aer@sals. - Accordingly, sulphur
»calléid solutions !stabilized with HSA are recommended for
studiesraf aerosol deposition in the lung. It remains to be

seen - whether or not a technique for generating larger

droplets of colloid suspensions can be developed to permit

the study of particle deposi ition of 3 to 10 micron aerosols.

The aerosol delivery system was also found to perform

adequately in geﬁe:atinq the 1 um aerosocl. . Some

-modifications could be made to the apparatus. Such items as

shielding for the nebulizer and Douglas bag which would

- reduce radiation exposure to the technicians and patients, a

more integrated and adjustable valve and mouthpiece
arrangement, and better air pressure/requlator systems for

the nebulization process would all improve the technical
design of the system.
SPECT carried out on normal subjects led to the

following observations:

generation and behavior of aerosols, as



1) Topography can provide a 3 dimensional visual

display of lungs imaged with radiolabelled

aerosols.

2) We ma§ obtain count ber unit volume information
without using 133¢e to estimate lung volumes.

3) Attenuation artifacts caused by the patient couch,

-

arms, can have a marked effect on the guantative
résufts of the reconstructed scans.

4) The apical and posterior basal segments of the

| lgwer lobes receive a higher éep@sitiqn of 1 um
aerosol than do other regions of the lung. This
incfease was also noted in the MAA blood perfusion
studies.

'In order to cohfirﬁ the findings ipresenteé; . the
reconstruction programme should be modified to include
attenuation corrections. Ideally, a traﬁsmissign é?stem
should be developed which would provide measurement of
indiyiddal chest densities. This information could theﬁ be

applied in the form of an attenuation correction to the

emission data.. One suggestion put forward has been the use

of a transmission flood plate parallel to the gamma camera
on the oéposite side of the patient. This system would
create a form of CT image. If the energy of the isotope

used in the plate were sufficiently different from that of
99Mre, and a dual synchronous isotope mode incorporated into

the camera, both scans could be carried out at the same

or more physiologic causes such as the patients ~



time.  The info:méticﬁ from such a dual scan would be
subject specific and eliminate the problem of repositioning
the éubjects'for a subsequent scan. ‘

Research into 1lung deggsitian of aerosols should
continde. In the meantime, it is imperative that a protocol
be established to handle the p@s;tlanlng of the arms away
from the view of the gamma camera. When p3331ble, th;s can

be -done by clasping the hands behind the head. Other

approaches may be to extend the bed and provide a support

for the arms above the subject's head. It may even be

'possible to reverse the position of the patients on the bed

so the feet are towards the counterbalance of the camera.
Onée the ﬂbéblem of attenuation has been adequately

dealt. with, there are several areas which déserve further

investigation using the tomographic technique. Briefly,

these are:
1) confirmation and quantificaiton of regional

deposition of 1 um aerosols

2) a more thorough investigation of the distribution

of blood flow in the lungs using 29Mrc Maa

3) a comparison between blood flow and vencilétisn,
prefefably using a higher energy radioactive gas
than 13332, such as 8lgr

4) studies of aervsol deposition using ;a:ger
particles. These investigations would provide
information c@ﬁcerﬁing both regional clearance

and regional deposition. If the observations

.1a7
]
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made in this thesis are confirmed, it would be
WOrthwhile'to'determine if the increaséé regional

.»déégsitiOn in the lung isra function of particle
size.

The poteﬁtial role of single photon emission cGﬁputed
tomography as a tool in lung imaging'has been demonstrated.
With improvements in the récbnsﬁructiqn p:égrammes} SPECT
will greatly aid to our understanding of the behavior of
inhaled pérticlés as well as‘regional‘blcadzflgw patterns

and relatedilung physioloy.
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APPENDIX 4 TABLE XIV

THROUGH THE SUMMED AXIAL FRAMES OF THE PHANTOM

coL COUNTS coL COUNTS COL COUNTS COL COUNTS
1 0 17 16955 33 14313 49 36
2 0 18 17963 34 - 14915 50 1
3 0 19 17844 35 15323 51 1
4 2 - 20 16954 36 15273 52 2
5 6 21 16309 37 15316 53 0
é 3 22 - 16058 38 15717 54 0
7 2 23 15647 39 16264 55 0
8 0 24 15289 40 16705 56 0
9 0 25 - 15395 41 | 16932 | 57 =0
10 0 26 15358 | 42 17448 58 0
11 3 27 14930 43 18003 59 0
12 75 28 14436 44 17264 60 0
13 1292 29 14510 45 14170 61 0
14 5178 30 14885 46 9261 62 - 0
15 10312 3l 14802 47 4219 63 0
16 14539 32 14343 48 832 64 0
TABLE XV
VERTICAL (Z AXIS) PROFILE
THROUGH THE- SUMMED AXIAL FRAMES OF THE PHANTOM
COL ° COUNTS COL COUNTS coL COUNTS COL COUNTS
1 0 17 11293 33 14385 49 315
. 2 0 18 15054 34 14686 50 80
3 0 19 16965 35 14972 51 20
4 0 20 16976 36 14770 52 3
/:> 5 0 21 16496 37 14767 53 3
6 0 22 16094 38 15430 54 4
7 . 0 23 15402 39 15960 55 2
8 0 24 14984 40 16191 56 0
» 9 0 25 15135 41 le641l 57 0
10 0 26 15279 42 17432 58 0
11 0 27 14962 43 17927 59 0
12 0 28 14381 44 17021 60 0
13 5 29 14436 45 14172 61 0
14 209 30 14975 46 9698 62 0
15 2397 31 15055 47 5086 63 0
16 6546 32 14632 48 1767 64 0




ki

-

VERTICAL (Y AXIS) PROFILE

THROUGH THE SUMMED CORONAL PLANES OF THE PHANTOM

ROW COUNTS ROW COUNTS ROW COUNTS ROW COUNTS
1 10 17 9882 33 10801 49 9611
2 39 18 10119 34 10907 50 9912
3 76 19 10098 35 11021 51 10276
4 173 20 10566 36 10668 52 7860
5 605 21 10795 37 10768 53 - 4026
6 1961 22 10710 38 10885 54 1367
7 4413 23 11270 39 10886 55 420
8 6865 24 10929 40 10863 56 166
9 8529 25 10894 41 10530 57 59

10 8982 26 11112 42 10786 58 47
11 8898 27 10981 43 10598 59 24
12 9174 28 11059 44 11146 60 3
13 9455 29 11019 45 10497 61 0
14 9714 30 11542 46 10356 62 0
15 10439 31 11192 47 10144 63 0
16 10324 32 11076 48 9850 64 0

135



APPENDIX 5 TABLE XVII

COUNT DENSITIES FROM THE ANTERIOR AND POSTERIOR

ROI LOCATED ON AXIAL PLANES OF THE PHANTOM

FRAME ANT POST FRAME ANT POST
74 340 327 96 399 385
76 357 334 98 387 375
78 382 347 - 100 363 380
80 389 346 102 378 388
82 390 361 104 392 394

84 368 361 106 415 418
86 405 379 - 108 413 412
88 385 341 110 428 377
90 368 367 112 378 365
92 . 365 370 114 383 353
94 374 375
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APPENDIX 7

TABLE XIX

' ANTERIOR AND POSTERIOR VIEWS OF THE RIG
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VERTICAL PROFILES TAKEN THROUGH STATIC, SITTING,

HT LUNG AFTER

AEROSOL INHALATION ON SUBJECT JH

- ANTERIOR

ROW COUNTS | ROW COUNTS ROW COUNTS | ROW COUNTS
1 0 17 399 33 1949 49 1311
2 0 18 587 34 2079 50 1425
3 0 19 941 35 2129 51 1268
4 ‘13 20 1371 36 2178 52 . 1065
5 14 21 1771 37 1982 53 802
6 22 22 2092 38 2041 54 655
7 26 23 2262 .39 2038 55 393
8 35 24 2430 40 1933 56 318
9 46 .25 2449 41 1785 57 209

10 30 26 2396 42 1891 58 127
11. 58 27 2353 43 1772 59 44
12 8l 28 2336 44 1764 60 3
13 112 29 2207 45 1627 61 0
14 120 30 - 2210 46 1633 62 0
15 142 31 2174 47 1614 63 0
16 214 32 2173 48 1482 64 0
POSTERIOR

ROW COUNTS ROW COUNTS ROW COUNTS ROW COUNTS
1 o 17 440 33 2739 49 1153
2 0 18 665 34 2686 50 1104 -
3 1 19 949 35 2629 51 1037
4 3 20 1133 36 2545 52 892
5 12 21 1455 37 2693 53 703
6 18 22 . 1866 38 2387 54 555
7 9 23 2106 39 2415 55 435
8 24 24 2490 40 2107 56 320
9 22 25 2651 41 2044 57 195

10 31 26 2920 42 2026 58 144
11 45 27 2969 43 1884 59 67
12 87 28 3029 44 1756 60 14
13 125 29 2841 45 1780 61 0 »
14 168 30 2758 46 1652 62 0
15 239 31 2759 47 1423 63 0
16 307 32 2847 48 1373 64 1




