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CHAPTER I
INTRODUCTION

Although it was not generally recognized until several years after~
ward, the flourish of activity which followed Becquerel's discovery of
radioactivity was accompanied by a hagzard of internally deposited radio-~
activity equal to or of even greater importance than the external hazard
of X-rays which was vaguely reallzed at the time, Either hazard was
relatively small considering the p0pulation as a whole because of the
insignificant number of people directly involved; However, since those
times we have progressed through a peried of limited though significant
public utilizatlion or avallabllity to the present higher level of public
utilization and exposure, This trend has followed the development of
atomic energy from a laboratory phenomenon to a technique commonly used
in education, government, medicine, and industry, Publie involvement
will most certainly accelerate with the installatlon of breeder type
power reactors 1n‘popplated areas because of the incréased necessity for
transcontinental or transworld shipments of irradlated fuel elements to
plutonium extraction faeilities, This point 1s i1llustrated by the )
followlng discussion, |

The great practichl importance of plutonlum lies in its abllity to
undergo 1ndﬁced fission due to the absorption of neutrons and its
abllity to release a great amount of energy during the process,

The repeated use of plutonium, produced in a thermal reactor for



enriching fuel for the same reactor, permits a marked improvement in
the use of natural uranium, Estimates indicate thﬁt the utilization of
plutonium reduces the consumption of natural uranium to a level that
seems feasible in light of the present data and estimates of uranium
resources, The coneise analysis of the present and future energy con-
sumption in the world indicates a vital role for plutonium, Until
large scale thermonuclear power stations are commissiened, the predom-
inant role in the extension of the power industry will be played by
U-238 or actually by plutenium which is produced from that isotope,

Taking as 100 the initial load of plutonium into the fast reactor,
20 parts of the plutonium are fissioned after one full cycle; at the
same time 30 new parts of plutonium are formed, Thus after 10 fuel
cycles an amount of plutonium equal to the initial load in the reactor
is obtained, Plutonium is a fuel of greatest importance as far as the
breeding process 1is concerned because of the relatively short time
required for thls doubling of the amount of fuel (approximately sif
years)., It is evident, however, that the plutonium must be returned to
the reactor several tlmes before it can be completely utilized,

Many of the most commen internally deposited fission products are
handled routinely through whole body monitors, These products generally
tend toemit X or gamma rays of 100 KeV or greater energy with relatively
high ylelds, both of which make penetration of the human anatomy and
deyection falrly efficient, The lsotope of particular importance here,
Pu-239, unfortunately emifs electromagnetic radiations of low energies
and with relatively low yields, The production of U-235 through alpha
decay of the Pﬁ-239 of intensities 20, 70, 5.5, 2.5, and 1,5 quanta per

million alpha transitions and by X-rays of 13,6, 17.4, and 20,5 KeV of



intensities 1,2, 1,3, and 0.3 x 10~2 quanta per decay,

As for the harmful effeets of alpha emitting elements accumulated
in the bedy, medicine has had the greatest experience with radium,
During the past 60 years there have been cases of radium poisoning that
often ended in death, The similarity between the physlelogical effects
of radlum and plutonium is duevto the fact that both elements accumulate
in bones in the form of insoluble phosphates, both emit alpha particles,
and they have half lives differing only by one erder of magnitude
(radium--1540 years, plutonium--24,360 years),

The harmful effects of both radium and plutenium are increased
substantially by the concentratlon mechanism in the body, Plutonium is
absorbed by the tissues and 1s carried by the blood stream into the
bones where it is accumulated, The eritical organ for plutonium varies,
however, depending upon the solubllity of the material and upon the
mode of intake, Bone 1s the only critical organ for inhaled, ingested,
or injected plutonium in the soluble form., The lung is the ecritical
organ for inhaled plutonium in the insoluble form, The gastrointestinal
tract-(GI tract) becomes the critical organ if insoluble plutonium is
ingested, If the plutonium does eventually settle in the bone tissue
and in the marrow cavity, the alpha particles emitted attack the blood-
forming tissues directly,

On the basis ef the above observatlens, it has been accepted that
if an alpha emitting isotope concentrates in the bones like radium does,
its toxicity can be compared to that of radium, The maximum permissible
burdens for plutonium have been assessed by takling as a starting polnt
comparable studies of texicity of radium and plutonium in the bedies of

animals, From this research 1t has been found that plutenium is much



more toxie than radium, The ratio of texicities varies from 10 to 30
depending upon the duration of actlon on the body, In analyzing the
past cases of radium poisoning, a maximum permissible bedy burden of
0.1 uCl or 0,1 pg of radium has been established, The maximum permis-
sible body burden of plutonium is now established at 0,04 mCi (0.64 Pg)
which corresponds to approximately 1500 alpha disintegrations per secend,
Seme caloulations demonstrate how small the correspending quantities of
plutonium permissible in the atmosphere are, The maximum permissible
concentration in air is 2 x 10~12 uCi/em3, that is 3.2 x 10-11 ng/em3,
which means that air containing plutonium at the maximum permissible
concentration must not have more than one plutonium partic1e of’0.1/um
diameter per liter, N
Because all of these limlits are based on the dose-effect relation-
ship for irradiatlon of blologleal systems, one ef the prime censider-
atlions in evaluating the potential hazards frem internally depesited
radliolseotopes 1s the blological dese received by various ergans, In
such a determinatlon the acourate estimatlon of the activity intake, A,
1s of paramount importance, Silnce reconstruction of acute intake cir-
cumstances 1s not often pessible, the only alternative selution te the
problem 1s the estimatlon of Ay after the fact by any measure avallable,
The measures which are avallable would be better if 1t were not for
the fact that each inhalation and vietim 1s physically and physiologi-
cally different, Errors are induced in all forms of counting data by
such physical differences, Blocassay erfor is induced by physiological
differences, What is needed, therefore, is a set of data correction
factors involving these phyesical and physlelogieal wvariables, The raw

counting or bloassay data could then be treated with these facters to



yileld an accurate estimate of Ay, Attempts are presently being made to
achleve this goal, but possible results are limited beecause of the re;
striction of related research te laboratory animals or teo human phantem
studies,

In 1967 Ramsden and Davis analyzed the calibratien errers which
exist in phantom-related work and subsequently proposed experiments to
minimize these errors, It was proposed at that time that a very limited
number of experiments be carrled out using human volunteers inhaling an
aerosol of known activity, solubility, and particle size, Data from the
volunteers would be collected over a definite period of time by enough
independent means to indicate both levels and trends ecencerning aeresol
retention, excretion, transloecation, and diatribution;

It was declided at a much later date that the most efficlient imple-
mentation of these obJectives would necessitate the orderly development
along the following liness (a) development, censtructien, and testing
of a sultable aerosel generating apparatus; (b) production and exten-
sive investiga&ion of properties of a sultable aerosel; (c) sequential
inhalations by a single volunteer of aerosol tagged first with a soluble
form of a gamma emitting isotope and then with an insoluble form of the
same isetepe with subsequent compllatlien of data on the retention, excre-
tion, and distribution of the inhaled material; and (d) inhalations by
two volunteers of aerosol tagged with the insoluble form of an isotope
whighvemits both X-rays in the 13-22 KeV reglon and gamma rays in the
100-400 KeV region using a one-deep-breath-and-held breathing pattern
in one case and shallow, continuous breathing in the other with the same
data being taken as in the previously mentioned inhalatlens,

The experiments which will be discussed in this thesls are based



on the previously mentioned objectives, The first step (a) was achieved
by constructing and testing an apparatus for producing insoluble
spherical aerosol particles in the range 0.1 to 0.5 am, This method is
extremely well sulted to the case when the avallable material for nebu-
lizing 1é limited and gives an overall recovery efficiency of 25%, The
resultént particles'are diserete, inscluble, and spherical but glve a
density which varies rapidly with particle size, The apparatus can be
easily adJusted to give a high yleld of partleles of any chosen size in
this range, The lower limit of particle size would appear to be of the
order of 0,01 um,

The method of generating insoluble iron oxlde aerosols in the size
range 0,1 to 0,5,am, giving hollow particles of low density, can be
applied to human volunteer inhalations while retalning the high effi-
ciency of aerosol productlon, The leaching characteristies of the tag-
ging iéltope, which depend critically on the particle size and the
chemical form of the radleactlve label, can be determined by in vitro
studies.'&?he results of such inhalatlons give a consistent pattern of
lung depoéition and blological excretion, showing a high lung retentlon
with a long, retained half period for a typical breathing pattern aimed
at maximizing pulmonary deposition.' Such deposition and retention
curves can be corrected for the leaching characterlstics of the tagged
isotope and expressed in terms of retained aerosel when conditions of

high leaching in vivo exist,



CHAPTER II
HISTORY

The history of plutonium is short in terms of years, but its role
in the modern world is of great significance, The plutonium isotope
Pu-238 was discovered in 1940 and this discovery was followed shortly
by the discovery of the more easily fissioned isotope Pu-239, Utiliza-~
tion of Pu-~239 as a source of nuclear energy proceeded rapidly, and,
consequently, plutonlium production soon became an important industry,
Out of scientific and politleal necessity, early plutonium experimen-
tatlon and experience went through phases of blologically sterile in~-
vestigations of physical and chemlcal properties to analytlcal methods
and their applications, However, prior experience with radium poison-
ing, which had occurred in radium watch dial painters and others who
had received radium either occupationally or therapeutically, had re-
sulted in an awareness of blologlcal hazards of exposure to radiocactive
materials in general., The post-war acceleration of free publlcation of

plutonium data began to contain blological hazards in the early 1960's,

Injectlon Studles

Extensive work of the Utah group and others (1, 2, 3) provided
studies of intraperitoneally and intravenously administered soluble
compounds of plutonium, Studies of the metabolism and toxlecity of

Pu=239 in small laboratory anlmals were inltiated in an effort to assess



its potential role as an industrial hazard, The basic concept employed
was to determine the relative toxicities of Pu-239 and Ra=226 in mice,
rats, and rabbits; then to use this information, the knowledge of the
effects of Ra~226 in man and the observed differences in human and
rodent metabolism of the two radionuclides, to estimate the effects of
Pu-239 in man,

Although large numbers of animals had been used, as well as several
criteria of toxicity, there, nevertheless, existed a great need for
additional laboratory studles on animals whiech have longer lifespans
than rodents and which have skeletons more like those of man, The
reasons for this were as follows: (a) Some of the principal effects
observed in human radium polsoning are bone tumors, spéntaneous bone
fractures, carcinoma of the paranasal sinuses, and other more subtle
skeletal changes, (b) Studies with Pu-239 in rodents indiecated that it
might produce bone tumors in man, (¢c) The times required for these
effects to become manifest are about 15 to 20 years in man and the
ma jor portion of lifespan in rodents, (d) Since only adults would
risk industrial exposure to Pu-239, knowledge was needed of 1lts effects
when deposited in a mature skeleton in contrast with a continuously

growing rodent skeleton,
Inhalation Studies

Short term effects, following injection or inhalatlon, relating
plutonium excretion, retention, tissue distributlon, and dose were
also found to be very important. The pioneeriﬁg investigations of
Secott, Abrams, and thelr co~workers (4, 5), which inecluded work on

plutonium fumes and smokes, were effectlive in pointing out the general



behavior of plutonium aerosols in blological systems, Studies by Bailr
and his co-workers (6), which are based primarily on insoluble forms of
plutonium, are perhaps more pertinent presently{

Using inhalation as the mode of administration and Beagle dogs as
the experimental animal, Bair has produced a large fraction of present
knowledge concerning inhalation of Iinsoluble aerosols, Hls experimental
objectives have been to investigate the fate of plutonium taken into the
body with inspired air, This information is required to evaluate the
potentlal hazards of breathing air contaminated with plutonium and to
ald in the establishment of permissible limits, Specifically required
are knowledge of the fractlon of plutonium inhaled that is deposited in
the resplratory tract and the duration of i1ts residency at the sites of
deposition and in other tlssues where plutonium 1s translocated, This
information is helping to identify the tissues lrradlated and té
indicate the dose delivered, Knowledge of the relationship between body
burden of plutonium and levels in blood and excreta are alding in
evaluating personnel exposures, because plutonium is not easily detected
by external counting procedures,

Similar experiments investigating the deposition and the fate of
deposited plutonium as a function of particle size and of the total
amount of plutonium deposited showed a marked effect of particle size
on clearance, translocation, and excretlon, Since comparisons of early
animal results involved injectlion studies, experiments were completed to
compare the behavior of inhaled and injected plutonium with the
following resultss (a) For inhaled aerosols the pulmonary clearance
process was found to be describable as a multiphasic exponentlal, (v)

The bronchizl lymph nodes and the lungs have the highest plutonium
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concentration and on the average account for 95% of the body burden,
(¢) Few extrapulmonary tissues except the gonads and lymph nodes appear

to recelve important radiation doses,
Human Studies

Human data which are available have been cocllected primarily from
accldentally exposed individuals, Langhanm (7) did conduct a Pu-239
injectlon experiment using sixteen terminal human patients, This study
8till provides much of the most useful data on the subject,

The most comprehensive compilatlon and analysis of anlimal and human
data on inhaled aerosols 1s the Task Group on Lung Dynamies publication
(8)., With the ultimate objective of translating all available data inte
useful and applicable concepts, this group has provided a great service
which would not have been possible by any other means, The ready avail-
ability of thils data with the relevant concluslons and medels has made
it possible to standardlze related research results which may be human,
phantom, or laboratory-animal based (9, 10),

It is obvious, however, that much remains to be done before pluto-
nium inhalation severity can be accurately assessed through the extra-
polation of animal data, through bloassay data, or through phantom-
calibrated whole body or lung monitor results, The limitation of the
last alternative method is the absence of the necessary phantom cali-
bration to a human standard which should precede any human calibration
to a phantom standard, Even though much progress has been made on the
design and fabrication of human phantoms many of the same problems that
inhibit accuracy iIn animal data extrapolatlon also limlt éccuracy in

phantom-to~human extrapelations,



11

Long involvement in this field of study led Dautrebande (11) to
express his concern over the data avallable at that time, and to a
large extent his statements are still true, He notices that many con-
flieting results had been published regarding the deposition of alrborne
particulates in the respiratory tract., Most of the studies, relating
eilther the mass cr number of particles deposited in the lungs, had pro-
duced exaggeratedly scattered results, 1,e.,, from 25% to 90% for mass
and from 15% to 50% for the number deposited, Among the many factors
which he says have contributed to thils situation are the omission of
consideration of such lmportant inhalatlon aspects as: changes in
particle size distribution with changing solute concentrations as
solutions are dlspersed with some nebuligzers, breathing methods and
conditions, the duration of the breathing pause at the peak of the

inspiratory phase, and the respiratory frequency and depth.
Equipment

As important as the above to the successful conclusion of an inhal-
ation experiment are the selection, operatio&, and reliability of the
aerosol production equipment and detection m;thods for the deposited
aerosol material,

Atomizing devices commonly used in generating aerosols may be
classified into three malin types, The first 1s the air blast or aero-
dynamlcal atomizer in which compressed alr or other gas is used at high
veloclty to break up liquid emerging from a nozzle, It is characteris-
tic of atomlzers of this type that they give a very wide range of drop~
let size though in some cases thils varlation 1s reduced by trapping the

larger droplets within the atomigzer,
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The second type depends on centrifugal action, the liquid being fed
onto the center of a rotating dise, cone, or top and centrifuged off the
edge, The sprayis characterized by uniformity of the main droplet size
in marked contrast to the heterogeneity of sprays produced by most other
methods,

Thirdly, there 1s the hydraulic or hydrodynamical type in which
liquid is forcéd through a nozzle and breaks up inte drdplets. Here the
disintegration depends more uponAthe éhysical properties of the liquid
and the conditions of ejection from the nozzle than upon interactlon
between the liquid and the surrounding gas, FProbably the most success-
ful hydraulic atomizer, and indeed the only one which has application
for fine atomizatlon, is the swirl chamber atomizer used in agricultural
spraying equipment, internal combustion engines, and gas turbines, The
swirl is produced by leading the liquid tangentlally into the chamber
and allowing it to spray out through a central orifice of small diameter.,

Outside this classificatlion, and very much less well-known, are
two additional types which may be listed as special atomizers, These
are the electrostatic atomizers which break up liquid by the action of
electrostatic forces and the acoustic atomlzer which utlizes high
intensity sonic or ultrasonic vibrations, It i1s such an ultrasonic
device which 1s used to produce all of the pérticles which will be used
in this project, The prototype of this type of nebullzer was flrst
described in 1927,
| A vast number of different materlals have been used as the primary
constituent of aerosol particles, These include everything from India
ink to human serum albumin and polystyrene to iron oxide (12, 13)., Iron

oxlde was selected as the aerosol material to be used in this project,
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Detectlion of the radioactlively labelled aerosol particles once they
are deposited in the lung can be based on whole or partial body counting
techniques or on excretion studies or occaslonally on examinations of
tissues or tissue fluid samples, Whole body radiocactivity monitors vary
considerably in design, but all are proposed for the assessment of low
level radiocactive body burdens in man (1%), In a majority of cases
these monitors consist of a steel room acting as a radlation shield, a
very sensltlive detector system, and a subject support that provides a
constant monitoring geometry, Whole body monitor measurements are
adequate to detect incorporated activitles at or below permissible levels
for a very substantlal number of nuclides, whether the levels taken are
those that apply for single intakes or for a continuing intake at a
constant rate, Partial body or local counting of the activity of a
particular area of the body gives not only the extent of internal con-
tamination but can also indicate isotope location and distribution,

Measurements of the excretion rate of radionuclides in the urine or
feces are generally profitable for nuclides of which the permissible
retained activities are low or the radiations are weakly penetrating,
These advantages are achleved because of the removal of the absorblng
medium and of the activity concentration steps which are the outstanding
characteristics of all biloassay procedures,

It was the evaluation, in terms of the equipment and methods de-
scribed, of varlous omisslons of previous lnhalation work as they apply
to operational health physics which led to the establishment of the

experiment obJjectives which will be discussed in the next chapter,



CHAPTER III
PROJECT OBJECTIVES

Since the early days of the radiation era, it has been recognized
that maximum benefits could be derived from ilonizing radlation uses only
if the individuals directly involved were physically and psychologically
safe in their occupational pursuits, Practical and experimental deter-
minations of what practices are or are not safe usually result in the
establishment of standards or limits which are designed to effect both
individuals and their tasks in such a way that neither will be predicted
to suffer adverse consequences in the light of present experience and
knowledge., In order to have the maximum effect, however, these limits
must be accurately appraisable with presently avallable instrumentation,
personnel, and techniques, Unfortunately, the evaluation of-Pu-239
internal deposition, limited by the Maximum Permissible Body Burden,
involves several intrinsic variables which tend to eliminate it from
the 1limit group of maximum effect,

Because all limits in radiation dosimetry are based on the dose-
effect relationship for irradiation of bilological systems, one of the
prime considerations in evaluating the potential hazards from internally
deposited radioisotopes iz the blological dose received by various
organs, From the equation
Aof

D% = 51,1 (;22) SEF (RBE)n x (1-6"\°fft)
o Aors™

4 h
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where DZ is the dose equivalent in rem received by an organ from time

t =0 to t following an acute intake, Ao is the activity of nuelide
deposited in microcuries, fw is the fraction of the nuclide deposited
which reaches the organ of reference,‘A of f is the effective decay
constant which considers both physical decay and biological elimination,
M is the mass of the organ in grams, and S EF (RBE)n is a comstant
related to the damaging effect per disintegration, it can be seen that
the accurate determination of Ao is of paramount importance since it is
the only varlable that is not independently determinable, If A° is not
known, then D: cannot be caleculated, no comparisons to specified limits
can be made, and no definite mode of cerrective reaction, if necessary,
can be formulated in behalf of the individual involved,

Historically, the inhalatlion or ingestion cases were of the chronic
intake varlety, Evaluation of total intake from chronic exposure can be
conveniently evaluated because the intake circumstances are usually well
known and can be readily reconstructed 1f they do not still exist, More
recently the major concern of internal dose evaluation units has been
acute inhalation victims, In these circumstances Ao is the main unknown
variable and usually accurate reconstruction is not pessible, The only
alternative solution to the problem is the estimation of Ao after the
fact by any measure available., Common techniques used for this lung
burden estimation were discussed in the last chapter,

These methods would be better if it were not for the faet that each
inhalation and victim i1s physiecally and physiologically different,
Errors are induced into all forms of counting data by such physilcal
differences, Bloassay error is Induced by widely varying isotope soclu-

bilities and by different individual excretion rates and patterns, What
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is needed, therefore, is a set of data correction factors involving *
physical and physiologleal varliables, The raw counting or bloassay data
could then be treated with these factors to yleld an accurate determina~
tion of Ao. Attempts are presently being made to achieve this goal, but
possible results are limited because of the restriction of related
research to laboratory animals or to human phantom studies,

The first publication of work at the Atomle Energy Establishment,
Winfrith, England, in this area was in 1962 (15). By 1967 several
important contributions to the effort of detecting Pu-239 in z;gg had
been made by the group (16, 17, 18), In this year Ramsden and Davis
(19) analyzed the calibration errors which exist in phantom-related work -
and sﬁbsequently proposed experiments to minimize these errors, Even
with the progress which had already been made they concluded that two
main scurces of error remained, the magnitudes of which were unknown but
which might well be large, These were systematic errors in the chest
phantom and errors stemming from the distribution of the contaminant
throughout the chest,

In the early stages of the work 1t became apparent that a large
systematlic error was caused b%:a gross mismatch of the soft tissue
thickness overlying the ribs Between normal individuals and the chest
phantom, Ultrasonic studies of the soft tissue thicknesses on the
chests of a group of individuals of widely varyling body build gave thenm
confidence. in being able to predict a mean soft tissue thickness of any
individual to within 2 mm, Without such a correctlon any answers
obtained by measuring the plutonium K X-rays would be in error by as
much as a factor of 4, It was found to be conceivable that-other:sourees

of systematic error also existed in the phantom, Among them were the
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relative thickness of fat and muscle tissue in the chest, the differ-
ences in soft tissue thickness beneath the rlb cage, the rib thicknesses
and relative spacings, and the size and shape of the lungs, The phantom
was constructed to be a good match to a living subject at X-ray energies
above 10 KeV, However, at best, it is only a simulation of a "standard
man,”™ and a series of cross calibrations between individuals and the
phantom would be invaluable,

Any variation in distributions was not allowed for in the phantom

calibratlions, which are based on an assumed homegeneous distribution of
acfivity throughout the lung., As the detectlon technlique depends on
counting soft X-rays (= 17 KeV) which are ?eadily absorbed in soft
tissue (half thickness = 0,6 cm of soft tissue), slight changes in
distributlon throughout the chest reglon could produce large differences
in oﬁserved counting rates, It is known that the distribution of
activity varies with time as large particles are rapidly cleared by
ciliary acfion, and small ones are only slowly trapﬁed in the lymphatiec
systém. The distribution in any incident obviously depends en several
factérs, the following of whieh they hoped to study:in the proposed
experiments: (a) the spectrum of particle sizes inhaled, (b) the
relative solubility of the particles in the chest and the ease of
movepent of the very small particles throughout thellung, (¢) the physi-
clogy and history of the individual involved,

‘It was proposed at that time that a very limitéd;number of experi-
ments be carried out using human volunteers inhaling an aerosol of known
activity, solubility, and particle size., So litt%e»is known of the dis-
tribution of activity in the lung following an inhalaéion inecident that

a cohsiderable program of work could be started in this field by varying
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some of the many parameters involved, such as particle size; particle
solubllity; inhalatlon perlod, i,e,, one breath or continual breathing;
and depth of breathing,

Two baslc experimental approaches appeared to be possibles

1. ILabelling monodispersed aerosols of known particle size with
easlly ldentifiable gamma emlitting isotopes, The inhalation of such
aerosols would enable the distribution of activity throughout the chest
to be determined thus resolving the distribution problems discussed
previously,

2. ILabelling the aerosol with isotopes that emit soft X-rays
similar to those of Pu-239 (13,6, 17.0, 20.4 KeV), The volunteer sub-
Jects would then be counted directly with the detectors developed for
the estimatlon of Pu-239 in vivo. Thls approach would resolve the
systematic errors present in the phantom but would give little indica-
tion of the distribution of activity in the chest due to the absorption
and scattering of the X-rays in bedy tissue,

A comblnatlion of both approaches would be obtalined if lsoctopes
were used which emitted both easily ldentifiable gamma rays and sultable
X-rays,

At a much later date it was declded that the most efficient imple-
mentation of these objectives would necessitate the orderly development
along the following lines:

1, Development, constructlon, and testing of a suitable aeroscl
generation apparatus,

2, Production and extensive investigation of properties of a
suitable aerosol,

3. Sequential inhalations by a single volunteer of aerosol tagged
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first with a soluble form of a gamma emitting isotope and then with an
insoluble form of the same isotope with the subsequent compilation of
data on the retentlion, excretion, and distribution of the inhaled
material,

4, Inhalations by two volunteers of aerosol tagged with the
insoluble form of an isotope which emits both X-rays in the 13-22 KeV
region and gamma rays in the 100-500 KeV region using a one-deep-breath-
and-hold breathing pattern in one case and shallow, continuous breath-
ing in the other with the same data being taken as in the previously
mentioned inhalations,

These specific topics will be dealt with individuwally and in

detall in the following chapters,



CHAPTER IV

THE PRODUCTION OF EXPERIMENTALLY LABELLED

AEROSOLS IN THE SUB-MICRON RANGE

Studies of lung retention, sites of deposition, relocatioen and
clearance following the inhalation of aerosols are in progress at
several centers throughout the world (8, 20-23), As part of studies
concerning the behavior of insoluble particles in the lung, with an aim
to improving the ability to detect and estimate Pu-239 lung burdens in
man, there is interest in producing insoluble particles in the size range
0,05 to 0,5 um and in tagging such particles with relatively short half
1ife ‘non-leachable radiocactive label in order to study their behavior
in vivo (2%, 25). Of the labels being used, some are cyclotron produced
and only available in small quantities [e.g, Pu-237 (t} 43 days)/.

Most of the aerosol generators and work reported in the literature
produce particles In the size range 1 to 20 um, and the generators have
a low efficlency of nebulizatlon, i,e,, only a small fractlon of the
original material is finally avallable as aerosol, and of this only a
small fraction 1s actually inhaled, In order to handle the limited
quantities of materials available, an overall efficiency of qbout 20%
from the initlal 1sotope productlon on the cyclotron to the éinal
retained lung fractlon was necessary with particles of %he order of

0,1 um diameter and a fairly homogeneous size distribution,

NN



21

Of the types of generator avallable, the ultrasonic nebulizer
appeared the most promising, Particles produced by such a method show
high porosity, and some trouble from the leaching of the radloactive
label was expected (26), However, such a generator under the proper
conditions will operate at high nebulizing efficiency,

An aerosol productlion apparatus buillt around such a nebulizer
was constructed and tested, Specifically designed to operate at high
efficilency and low air volume, the apparatus 1s ideally sulted for work
with aerosol particles tagged with less readily avallable isotopes, To
overcome the severe efficlenecy losses which accompany the often used
nebulize~precipitate-dehydrate-suspend~renebulize sequence of stable
aerosol production, the device incorporates the particle dehydration

essentials in the inlet alr drying and preheating sections,
Basic Technique

The aerosol particles are dehydrated ferric oxide (Fe203) and are
produced by nebulizing an aqueous deionized iron sol which is prepared
in a manner very similar to that of Albert and his co-workers (27), The
sols are prepared from ferric chloride and ferric nitrate selutions,
deionization being of the order of 93% and iron concentrations varying
up to a maximum of 1,5%,

The addition of the_radioagtive label (tag) is done in the sol
phase prior to nebulization, The efficiency of labelling and the
stability of the tag both in vive and in vitro depend on the method of
production of the sol, the chemlcal form of the lsotopic tag, and the
pH value of the mixture, With optimum conditions a labelling efficiency

of greater than 90% can be obtained for many isotopes without any dele-
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terious effects on either the sol or the subsequent aerosols., The sols
prove to be very stable and can be stored for long periods both in the
tagged or untagged state,

Nebulizatlion of the sol produces droplets which, when dry, give
hollow spheres of dehydrated ferric oxide, The method of production

and the particle characteristlics are described below,
Apparatus Construction

The apparatus, shown schematically.in Figure 1 and photographically
in Figure 2, consists of an aerosol generation box and asrozed stordge
reservolr, The four liter generatlon box 1s constructed in three
sectlons of square cross sectlon, each of which 1ls detachable for de-~
contamlnation and internal modificatlon purposes,

Section 1, the heating chamber, consists of a conventional light
bulb and socket mounted in a square box of 1/16th inch aluminum,

Section 2, the ultrasonie nebulizer, originally manufactured for
use in the humidification of inspired gas for patlents with tracheostomy
or an endotracheal tube, 1s located at the base of the nebulizing
chamber (28), In order to make the air movement as uniform as possible
in this chamber, baffle plates are inserted between it and the heating
chamber, The design of these baffles was empirical, most of the slots
being at the sides and base of the plates,

Section 3, the electrostatic precipitator, consists of four
polished steel plates with staggered holes cut so as to ensure a maxi-
mum path length for the air stream without producing direect impingement
onto the perspex container walls, In practice this precipitator was not

required for its initial purpose and served merely to provide a long
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Aerosol Generation Apparatus

Figure 2,
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drying path for the alr stream to ensure complete drying of the original
dropletéj

Both Sections 2 and 3 are constructed of 1/8th inch perspex with
gasketed flanges and conventlional clamping, Pressure and temperature
can be monitored at several points as can flow rates and volumes,
Facilities are also available to extract samples of the aerosols at
several points, Thils sampling is usually onto Millipore papers(0.0l}um)

The aerosol reservoir consists of a % inch perspex cylinder, 6 in,
diameter by 18 in, long, containing an eight liter veterinary cattle
anestheti¢ bag which 1s attached to the maln airstream line, The bag
and the rest of the cylinder can be independently evacuated to enable
pressure balancing to be done before inhalation, On Figure 1 the main
aerosol lines (1 inch copper) and vacuum or ¢ontrol bypass lines (3 inch
copper) are also shown, The arrangement of the bypass lines ensures
that proper pressure, temperature, and flow rate conditions are estab-
lished before the aerosol is produced, The bag is initlally evacuated
and filled during nebulization, DPressure balancing is achleved by

independently controlling the bypass lines into the perspex cylinder,
Aerosol Production

The filtered inlet alr moves at approximately eight liters per
minute into a silica gel drying tube., The dry air is then heated to
about 40°C in the heating chamber by a 60-watt light bulb, The final
stablility of the particles is very dependent on the proper conditions
being maintained in these twe areas, 1,e,, a controlled flow of warm,
dry air,

The sol is introduced into the nebulizer from a calibrated syringe
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set into the roof of the nebulizer chamber (Section 2); The size of the
droplets produced 1s primarily determined by the frequency and power of
the crystal and is 3 ,um for the particular 3 MHz crystal used,

Dehydration of the droplets takes place malnly in the electrostatic
precipitator (Section 3 of Figure 1), Testing of particles collected at
point S1 of this figure shows that the particles are completely dehy- -
drated and stable in aqueous environments,

From the dehydration chamber the aerosol 1s collected into the
reservoir, Storage times of up to two hours in the bag have little
effect on the particle recovery from the bag or on the size distribution,

Inhalations are done directly from this bag via a normal anesthetic
mouthplece, The subject controls his own inhalation by means of mag-
netic valves, swltching from normal laboratory alr fo the reservolr,

The exhaled fraction is recollected in the bag which 1s externally moni-
tored by a scintillation detector, The bag is finally completely evac-~

uated through Millipore filters,
Efficlency of Nebullzation

Although efficiency 1s discussed in this sectlon and particle size
later in the chapter, it should be pointed out that the two are inter-
related,

As mentlioned above, the main obJjective was to obtalin a high repro=--
ducible overall efficiency. The tests of efflclency were done using
radioactive labels / Fe-59 (t} 45 days), Cr-51 (t} 27 days)_/ and
counting samples of the filtered aerosol from several points in the
apparatus, Further tests showed that these samples consisted of dry,

discrete, spherical particles of ferric oxlde which could easily be
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resuspended from the Millipore papers and studied under an electron
microscope, A known 1lnitilal activity was Introduced into the nebulizing
chamber as a small volume of labelled sol and all efficiencles obtained
refer back to this inltial actlivity as a percentage collected, Testing
at the aerosol exit (Point 83 of Figure 1) showed no statistieal differ-
ence in collection efficlency here and“;ﬁuPoints 81 and S2,

Nebulization efficlency was studied aé a function of: (a) sol
concentration, (b) flow rate, (c) collection time, (d) back washing,
and (e) sol volume, The results are presented graphically in Figures
3-6,

The efficleney, as a functlon of sol concentration, is shown in
Figure 3 with the 1T confidence interval noted, Within the statlstics
shown, very little trend can be deducted from this gr&ph. There 1s
evidence of a broad maximum in effieclency of 25% with sol cencentrations
of about 0,1% ireon by weight. Certainly at higher concentfétions,
glving larger particle sizes, increasing loss due to impaction may be
expected, The drop in efficlency at lower concentrations (smaller
particle size) is attributed to the apparatus design,

Figure 4 shows the continuously improving efficiency with flow
rate throughout the workable flow rate range (sol concentration was
kept at 1,5% iren),

Figure 5 shows the relationship between collection efficiency and
collection time for a 1.5% iron sol being collected at eight liters per
minute, All three graphs show that a mean effieiency of 25% is easily
obtainable with usable flow conditions, A standard flow rate of eight
liters per minute at a reduced pressuré of 2/3 of atmospheric and a

collectlion time of one minute gives a stock aerosol volume which can be
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inhaled in one or two breaths,

Efficlency can be improved still further if an attempt is made to
wash back some of the settling droplets and splashes which occur in the
nebulizing chamber, The loss due to "splashing" (about 50%) from the
crystal i1s a funetlon of the initial volume of sol introduced, Large
volumes of sol also Inerease the humidity beyond the eapability of the
heating and drying system, Figure 6 shows the increase in efficiency
with reducing the sol volume, At these small volumes (0,1 ml) losses
in the -capillary syringe become important and if a small washing volume
is introduced the efficlency can be increased further, This step, how-
ever, tends to dilute the last stages of nebulization and produces an
aerosol with a larger than normal proportion of small particles,

Collection efficlencies are relatively independent of differential
preasure or of alr temperature once favorable dehydration .conditions

have been establighed,
Particle Characteristics

Examination of the physlical characteristics and particle sizing
were done using stereoscan micrographs produced on a secanning electron
microscope, Figure 7 shows that the particles have the desired spheri-
cal shape and are not aggregated, If complete dehydratibn is not
achieved, an aggregate of platelets 1s seen; these are not stable in
aqueous environments and revert back to the solutlon,

Particle sizes taken from thése micrographs exhibit s normal distri-
bution (Figure 8), the count median diameter (CMD) being a function of
the iron concentration in the sol (Figure 9), Assuming that the final

aerosol particle results from simple dehydration of the 3 um sol droplet
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Figure 7. Electron Micrograph of Iron Oxide Aerosol
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produced by the nebulizer, the dlameter should vary linearly with the
cube root of the iron concentration, Because the rapid drying tech-
nique used glves hollow particles, the relevant diameter to use would
be the aerodynamic diameter (AMD), Conversion from CMD to AMD requires
knowledge of the particle denslty, Again because of the hollow nature
of the particles, the particle density (iron oxide) will be less than
the bulk density or iron oxide, Vs

The iron oxlde density of the particles was derived from the meas-
ured volume distribution of the particles (electron micrographs) and the
known mass of iron oxide in the original 3 pm sol droplet, The results
are plotted on Figure 10 showing that the observed density approaches
the bulk density (3.5) at particle sizes greater than 0,55 um but drops
rapidly with particle size showing a minimum (and sudden change in den-
sity gradient) at a particle diameter of 0,3 ham, This relationshlp was
checked by determining particle iron oxide denisty by an alternative
technique, The sol was now manufactured from Fe-59 labelled ferric
chloride solution and the radloactive label used as a tag to determine
iron oxide mass in a known volume of aerosol particles, The number of
aerosol particles in this volume was determined by a calibrated Pollak
Counter (29), The Pollak Counter determines particle number density by
using the partiecles as condensatlon nuclel and measuring the light ex-
tinction resulting from the fog produced by adiabatic expansion of the
sample volume in a saturated environment, The results of these denslty
measurements are also plotted on Figure 10 and produce excellent agree-
ment with the densitles obtained by the first method,

Using the known density-CMD relationship, the aerodynamic diameters

can be calculated and the data replotted as AMD against the cube root
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of lron concentration KFigure 11), A weighted least-squares-best-fit
line i drawn, The iﬁtercept at zero diameter is not at zero concentra-
tion, with a basic sol particle size (micelle) of the order of 0,01 um
the minimum aerosol particle size obtalnable by this method is of this
order, correspending to a concentration of =<1,3 x 10-4 g/1 (i.e, ¢u

5 x 107%)(27),

Discussion

The idea that the ferric oxlde aerosol partleles are hollow has
been advanced (30), It is known that producing particles from atomizing
solutlons in volatile solvents may produce a spherical shell if the
drying 1s rapid, and the remainder of the solvent is lost by evaporation
after diffusion through the shell, Any explanation of hollow aerosol:.
composition and density must depend on the physieal size of the primary
sol partiecle, the micelle, a spheriecal unit of about 0,01 um diameter
and of density 3.5.

The nebulized droplet, mean size 3 mm, will contain a number of
micelles, the mean number being determined solely by the gross iron
concentration of the sol, On evaporation of the water, the droplet
reduces in size, the final size being determined by the geometry of
packing of the miecelle units in the sphere,

The extenslion of this idea semi-empirically explains the shape of
the density curve obtained experimentally, Several calculations can be
initially made to formulate a shell model of the aerosol, If the unit
micelle has a dlameter 0,0l pum, the number of mlcelles necessary to
satisfy the mass requirements of each particle slze A and the maximum

number of micelles which can be accommodated in each spherical shell of
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defined diameter can be calculated, Then the minimum number of shells
required to accomodate the required number of micelles per particle can
be determined,

Table I lists a few typleal figures from such an argument using
0.01 pom micelles, The total number required varies from 78 for a 0,1 um
particle to 1,2 x 105 for a 0,51 pm particle,

The geometry of packing of the micelles in each shell unit is not
known, Initially, packing determined by avallable surface area in each
shell and the mean cross sectlonal area of a micelle was assumed, The
maximum number per shell varies from 400 micelles in a shell of diameter
0.1 um to 10“' micelles in a shell of diameter 0,5 aum,

Three reglons can be studled:

1. Below 0,36 pm diameter--single shell structure

2. Above 0.51‘pm diameter~-multishell stiructure--all shells filled,

3. 0.36‘pm to 0,51 pm diameter--multishell structure--some empty
shells,

Consider a hollow spherical aerosol particle of internal radius R1
and external radius Ro made up of basic spherical micelled units of dia-
meter D and bulk density p (the density of iron oxide) of 3,5,

The mean density of the aerosol particle 1s then

pF jgo r2 dr
1 where F is a packing fraction constant (¢1)

Pn

(R
o 2
)O r dr
Consider the three regions quoted abovet

" Région 1, Single shell structure Ro-Ri- D
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TABLE I

TYPICAL VALUES OF PARAMETERS USED FOR "SHELL" MODEL
~-BASIC MICELLE SIZE 0,01 MICRON

Total

Shell Shell Shell Available No, of  Fraction
Dia, No, surface locations locations Ei shells of shells
(n) N aTeg per required N occupied occupied

(pm<) shell A q

0.10 10 3.8 x 1072 4,00 x 10°  7.80 x 101 4,00 x 10° 10 <1 0.20

0.11 11 38,0 x 1072 4.84 x 102  1.00 x 10° 4.8 x 10° 11 o1 0.16

0,18 18 10.2x 1072 1,30 x 10° 1,98 x 10° 1,30 x 10° 18 < 1 0,11

0.23 23 16,6 x 102 2.12 x 10° 3,90 x 102 2,12 x 10° 23 <1 0,08

0.31 1 30.2 x 102 3.8 x10°  7.80 x 10° 3.8 x 10° 31 <1 0.06

0.35 35 38,5 x 1002 4,90 x 10°  3.90 x 10° 4,90 x 10° 35 <1 0.05

0.37 37 43.0x 102 548 x 100  7.80 x 10°  9.57 x 10° 35 2 0.10

0.44 W 60.8 x 102 7.7 x 107 3.90 x 10%  4.09 x 10 32 7 0.32

10,48 48 72k x 102 9.22 x 103 7.80 x 10°  7.82 x 10* 8 21 0.88

T
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Region 2, All shells full Ry = o

“p = pF (definition of packing constant F) (b)

Region 3, Some empty shells [Tif q is fraction of shells filled,
l.e., ¢ = (Ry- Ri)/ROJ

T = oF [1-(1-0)7 (e)

From experimental observations, equation (a), Region 1 applied
at R, % 0,18 and p = 0,2, i,e,, FD = 0,00342 pm,

The observed maximum density in Region 2 is 3,2 and has also been
observed by other workers (4), This gives a value of packing fraction,
F, as 0,91 and the micelle diameter D, as 0,0038 pm,

A comparative plot of "theoretical"” density and the experimental
density cannot be made without assuming values for q in equation (c).
Using a basic micelle diameter of 0,004 pm, Tabel II gives some values
of derived values of q. Figure 12 then plots the comparisons between
observed density (experimental points and the smooth curve derived from
the above shell model), At particle diameters below 0,2 pm the experi-
mental densities lie below the ocurve, This discrepancy arises from
ignoring the higher order terms in equation (a),

This work does not disagree with the mean densitlies of iron oxide
aerosol particies observed by other workers, The published data has
been with particle diameters greater than 0.5 um when a mean density of
3.2 is obtained,

Experimental data on the leaching of radioactive label from
particles both in vitro and in vivo agree well with the above theory
that leaching is a function of the exposed surface area of micelles,

The degree of leaching observed experimentally varies with particle size



TABLE II

TYPICAL VALUES OF PARAMETERS USED FOR "SHELL" MODEL
~~BASIC MICELLE SIZE 0,004 MICRON

Shell Shell Shell Available Total 4 No, of  Fraction
Dia, No, surface locatlons locatlons o NA i shells of shells
(n) N area per required occupied occupied

(um=) shell A q

0,094 23 27,9x 1070 212x10° 1,13x10° 2,12 x 10° 23 1 0,083

0.111 27 38.5x 1070 2,92 x10° 143 x 107 2,92 x 10° 27 1 0,072

0.180 W 10,2 x 107 7,75 x 10°  2.86 x 10° 7,75 x 10° 44 1 0,045

0.226 55 16,0 x 1072 1.21 x 10* 5.8 x 107 1,21 x 10 55 1 0,036

0.312 76 30.5x 102 231 x10%  1.13x10" 2,25« ,1oL-F 76 1 0.026

0,349 85 38.2 x 102 2.80 x 107 5.6 x 10* 5765 x 10* 83 2 0., 047

0.365 89 M.8x10%  317x10° 1,13x10° 1,18 x 10° 83 b 0,089

0.439 107 60.5 x 1072 458 x icfF 5.64 x 10°  5.69 x 10° 75 17 0.31

0. 116 7.1x 1072 538 x.10%  143.x-10° 113220 » 57 0.98

€4
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when all other varlables are kept constant, For example the relative
leaching of Cr-51 from the particles is 1,2% at 0.51 pm and 14% at

0.1 pm, This ratio is 0,086, The ratio of total micelle units to
micelle units in the outer shell is 11,25 for the 0,51 pum particle and
1,0 for the 0.1 um particle, glving a relative avallable surface area
ratio of 0,089 which agrees very well with the observed leaching char-

acteristics;



CHAPTER V

THE INHALATION OF INSOLUBLE IRON OXIDE PARTICLES
IN THE SUB-MICRON RANGE PART I--

CHROMIUM-~51 LABELLED AEROSOLS

The previous chapter reported on the performance of a high effi-
clency aerosol generation apparatus to produce insoluble ferric oxide
particles in the size range 0,1 pm to 0.5 pm CMD (31). That chapter
reported on the overall efficlency of the equipment, the size range
distribution of the particles, and gave a simple semi-empirical theory
of the mechanism of particle formation to explain the observed density-
size relationship,

In this chapter inhalation of Cr-51 labelled aerosols by volun-
teer subjects, lung retention of the particles, magnitudes and modes of
excretion from the body and the resistance of the radioactive label to
leaching both in vivo and in vitro will be discussed,

Chromium-51 was chosen as the radloactive label for the first
series of inhalation studies because of the low absorbed dose to the
lungs of the volunteers (less than 20 mrem), the simplicity of detec-
tion of its single 320 KeV gamma line in vivo, and 1ts convenient
half period of 27 days. The extension of these inhalation studies
to Pu-237 provides valuable information regarding the detection and
estimation of more hazardous materials in the human lung (e.g., Pu-239

and U-235), Prior to such work it was necessary to have a good under-
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standing of the behavlior of the ferric oxide particles in the lungs
following an inhalation, This information is provided by the Cr-51
experiments both by in vivo detectlon and by excretion analysis,

This work does not attempt to simulate any specific aerosol encoun-
tered in any specific operational health physics area, nor does it make
any attempt to use normal breathing patterns., Both particle size and
breathing pattern were selected so as to give a maximum retained frac-
tion in the lung, i.,e., to maximum pulmonary deposition rather than

deposition in the upper respiratory tract or the nasopharynx,
Preparation and Labelling of the Sol

Delonizatlion leYels of better than 90% were achieved by the use of
semi-permeable membranes with both ferric chloride and ferrie nitrate
solutions, Ihe/final pH values of the sol were in the range 3.5 to 4,5,
The stabili%y of the sol and the efficiency of labelling both depend
critically on the pH value, Labelling is relatively simple with sols
of high iron concentrations (2% iron by weight) and large sol volumes
(10 m1) but the limited availability of some of the other tagging
isotopes (Pu—237) meant that 1t was desirable that all the avallable
isotope was tagged to a sol whose parameters were those required for
the inhalation, i,e,, a sol of volume 0,2 ml and of iron concentration
0.001% by weight, Although such restrictions were not necessary for
the Cr-51 labelling, plenty of Cr-51 activity being available, the more
restrictive technliques were developed and tested using thls isotope.
Carrier free Cr-51 calibrated solutlons were adjusted in pH, taken down
to dryness, washed to remove excess acid, and the small volume of sol

added to controlled pH. Contact times of around two hours were
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sufficient to get labelling efficiencies of the order of 80%, A range
of labelled sols were also prepared for the in vitro leaching studies,
Two types of Cr-51 labelled iron oxide sol were used for the inha-
lations, The first consisted of using the chromium in the form of a
chromate normally readily soluble; this was termed as "leachable®
chromium, The second sol was labelled with chromic chromium after
reduction of the chromate with sulphur dioxide, This second sol was

termed as "non-leachable" chromium,
The Inhalations

The same subject was used for both sets of inhalations in order to
keep the biological variations to a minimum, Similarly, the same
breathing pattern was used for both experiments, This pattern consisted
of one deep breath of four liters which collapsed the reservoir bag,
This breath was held for a period of 18-20 seconds and slowly released
back iInto the bag. The reservoir was finally evacuated through
Millepore filters, According to Brown (32) such a breathing technique
should ensure maximum short-term retention in the lung (~100%). The
location of deposition and long-term retention pattern is a function of
particle size (8), To give maximum deposition in the pulmonary region

of the respiratory tract, the particle size of 0,05 (AMD) was chosen,
In Vivo Detection

All measurements were done on the Winfrith Whole Body Monitor (15).
Lung burdens were determined with one of 5 in, x 4 ih. NaI (T1) crys-
tals positioned beneath the chest, This crystal was calibrated using

a realistic chest phantom developed for Pu~239 in vivo detection (18),
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Total body Cr-51 was defermined by using a four-crystal array of static
5 in, x 4 in, crystals in a calibrated geometry,

Crude location scans aléng the chest were done with a 3 in, x 5 in,
crystal and a focused slit collimator (nine slits) of focal length 14 em,
These scans were done manually at three-inch intervals along the chest
at various distances from the chest surface,

All'chnts were 6f 40 minutes duration, with the scan counts being
of four minutes duration per position, The data was stored on punched
paper tape for computer analyéis. Prior to inhalation the subjec%'s

normal body gamma spectrum was recorded,
Bloassay

. Both fecal and urine analyses were performed; Total collection of
'Samples was achieved for the first four days after inhalation, The
sampling period was gradyally extended over a total perlod of ten weeks,
The untreated urine samples were counted on a caiibrated scintillation
detector for Cr-51 activity while the fecal samples were wet-ashed and

reduced to a standard volume prior to scintillation counting,
Results

The same volunteer was used for both inhalations, the time lapse
between inhalations being four months. The particle size and breathing
pattern was the same for both the "leachable" chromium inhalation and
the "non-leachable" chromium inb&lation, The results are presented as
~ comparing and contrasting the tgo types of\labelled aerosol inhalations,
All retention and excretion curves were analyzed by the method of least

squares to give a best-fit to a sum of a serles of exponential terms
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and are presented graphically after correction for radicactive decay,
Figure 13 shows the lung retention curves and are expressed as a
percentage of the initital activity inhaled (~1 mCi), Both curves
show a long-term retention component with a half period of 270 * 20 days,
In the case of the "non-leachable" chromium this term predominates and
has a magnitude of 82% of the initlally inhaled material (showing that
the aims of obtaining a maximum deposition of long-term retained aerosol
had been achievedzi'The magnitude of the long-term component® in the
case of the "leachable" chromium was 38%, Both curves show a short~term
component representing the physical transfer of material from the naso-
pharynx and upper resplratory tract into the gut. These half perlods of
0.3 and 0,6 days can be considered identical considering the errors in
analysis at short time perlods and the pauclty of experiméntal data
during the first day, Thls early clearance peried has been studled
fully by other workers(22), The magnitudes of this early clearance
phase are very comparable at 21% (leachable) and 18% (non-leachable)
showing that the breathing pattern and particle size were well matched
in the two experiments. The "leachable" chromium also exhlbited a
third exponential term of half period 3 + 1 days and magnitude 41%.
This term 1s absent in the "non-leachable" materlal and represents the
leaching of the chromium label from the retalned iron oxlde particles
and transfer of the soluble chromate lon into the blood stream where
it i1s complexed and excreted via the kildneys,
The whole body retention curves aie not shown here but are very
similar to those of the lung, showling long-term retentlon components
of BOO*ﬁ 30 days and short-term clearances of 0,5 day half life, The

third component in the "leachable" chromium inhalatlon had a half perlod



UUNG CONTENTS AS 9% OF INITIAL LUNG ACTIVITY

51

j_‘.-.-
L

NON-LEACHAI

-

H

-

~H"}"%“f‘{f—--—-.¥mm

. At At
A= Age . +Ae : +Aye
i 1

A 9.!‘9;! AN MM

doys
LEACHABLE 38 4t 21 OOOWOM 24
NON-LEACHABLE {82 — I8 JOOOM — b
0o 4 8 v 20 40 40

SLAPSED TIME SINCE INHALATION  {Owrs)

Figure 13, Lung Retention of Cr-51
' Labelled Particles



52

of 6% 1,5 days, The magnitudes of all these components, expressed as
percentages, are very similar to those reported for the lung contents,
and the whole body activity is initially some 20% higher than the lung
activity,

The lung retention curves can be compared directly with the fecal
excretion curves (Figure 14) and the urinary excretion curves (Figure
15). Both sets of excretion curves show a rapid clearance phase with
half periods in the range 0.4 to 0,7 days, Again the errors in analy-
sis and paucity of early samples are such that no significance can be
given to differences in these half periods, The magnitude of the early
fecal clearance is roughly the same in both inhalations, peak clearance
being observed at day 2 at approximately 25% of the inhaled material,
These findings agree with the early lung clearance of 20% in the first
day, the material being transferred to the gut and eventually excreted
in feces,

The urinary clearances differ by a factor of 10 between the two
inhalations (Figure 15). The "non-leachable" chromium shows low uri-
nary detection to 0,04% per day. The "leachable” chromium shows a high
early clearance component of 20% per day on day 1 and accounts for the
"leached" chromium label seen in the lung retention curve,

A longer term exponential is also seen in the fecal excretion of
"non-leachable" material with a half period of 240 days and a magnitude
of 0,1% per day of the initial lung activity., Although this long-tern
component is not seen in the fecal excretion of "leachable" material,
the excretion levels after day 8 are below the limits of detection of

0,04% per day, and as such no analysis of this term was attempted.
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Both urine excretion curves show évidence of a long~term component,
but again excretion levels are very close to the limits of detection,
and no accurate assessments could be made, Approximately 1% of the
initial intake is excreted per day as long-term urinary excretion of
"leachable" chromium with a half period in excess of 100 days, The
"non-leachable" long-term excretion is again a factor of 10 (0,1% per
day) down on the "leachable" material, |

These results are discussed more fully later in the chapter and
compared with the results obtained from ln vitro leaching, but overall
agreement in excretion patterns and retained fractions can be seen,
This agreement can be expressed graphically by plotting the integrated
excretion against time and comparlng this to the drop in lung counts
(Figure 16). 1In both cases accountability of better than 80% is
achieved,

The activities inhaled (1 juCi) were not sufficient to enable
accurate scans to be done over the chest region to obtaln detailed
information of the sites of deposition of the ferric oxide particles,
The resulis from the manual scans using the collimated crystal over the
chest are presented in Figure 17, Note the early clearance of the
upper lung, the predominant deposition in the deep lung, and the
increase in counts at the base of the lungs on days 2 and 3 as material
passes down the esophagus to the gastrointestinal (GI) tract.

The overall picture of deposition in deep lung agrees well with
observed high long-term retention in the lung (pulmonary deposition)
and demonstrates the success of cholce of particle size and breathing
pattern, Comparison between the two inhalatlions shows that deposition

was a 1little higher in the lung with the "non-leachable" inhalatlon,
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but the basic deposition patterns are very similar., The activity scales
on Figure 17 are normalized to give equal deposition in the upper re-
spiratory tract on day 1.

The relevant experiments for these chromium inhalations consisted
of a suspension of tagged aerosol particles (0.05‘pm AMD) in isotonic
saline solution., Two approaches were trled. Small samples were taken
from a large-volume, closed system and analysed for chromium in the
liquid (filtrate) phase and compared to retained chromium levels on the
iron oxide, The second approach was to completely remove all chromate
ions from the system via a semi-permeable membrane as they leached off
the suspension of ferric oxide particles, This second system 1s not in
equilibrium and is more typical of the situation as it occurs in the
lung. The results from these experiments are presented graphically in
Figure 18,

Only two curves are shown in this figure: the first curve shows
"non-leachable" material in a large-volume, closed system, giving a
half period of leaching of 3,4 days and a maximum availability for
leaching of 9%; the second curve shows "leachable" chromium in the semi-
permeable membrane system, giving a half period of leaching of 2,6 days
and a maximum availability for leaching of 63%. Similar results were

obtained for the other two conditions,
Dose to Volunteer

The amount of activity inhaled in each of the experiments was
1 uCi Cr-51 (¥ 10%)., Calculations utilizing observed lung retention

patterns and using 1000 g as the mass of the lungs yleld the following
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total absorbed doses to the volunteer's lungss

Inhalation 1 (leachable chromium) 11 mren
Inhalation 2 (non-leachable chromium) 21 mrem
Total to volunteer 32 mrem

The recovery via urine and feces indicate that no long~term reten-
tion in blood (or liver or spleen) occurred, and the rapid transfer
through the GI tract meant that doses to other organs are negligible

compared to the lung dose,
Discussion

Viewed in the context of part of a thesis, the primary objectives of
the chromium inhalations were to demonstrafe that the overall high
efficiency of aerosol production achieved by the nebulization apparatus
could be maintained throughout the inhalation procedure and could give
a high fraction of the particles retained in the lung with a long clear-
ance period (-~ 200 days), This high retention is achieved by choice of
particle size and breathing pattern, It is this long-term retained
fraction that is usually measured by in vivo detection techniques for
more hazardous isotopes in the lung (e.g,, Pu-239 and U-235) and which
contributes a high percentage of the absorbed dose to the lung from
such isotopes,

The early studles of the iron oxide particles produced, at the
sizes required for these inhalatlons, showed them to be hollow spheres
with a large surface area available for the leaching off of the isotopic
tag., The density of these particles, 0,1 g/ml, is much less than the
density of the larger particles used by other workers; above a diaméter

of 0,6 4.1m a constant density of 3,2 g/ml is obtained, Leaching of the
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isotopic tag.was, therefore, expected, and the chromium inhalation
experiments were also aimed at measuring such effects,

The use of the terminology "leachable" and "non-leachable" rather
than the more usual terms--soluble (transportable) and insoluble (non-
transportable)--emphasize the fact that the phenomenon is one of
removal of the isotopic label from the outer surfaces of the insoluble
1ron oxide particle rather than solubilization of the particle R
itself, This reasoning is confirmed in the animal experiments where
Or-51 labelled ferric (Fe-59) oxide particles are used and the Cr/Fe
ratio Studied.

The earlier chapter postulated that the aerosol particles were
built up from discrete sol units (micelles) of diameter 0,004 aum and
that the relative leaching from particles of different sizes was a
function of the surface area of the exposed micelles in the outer shell
of the iron oxide pérticle. Such a postulation was confirmed experi-
mentally, At a particle size 0,1 ,um (CMD) the shell model of particle
structure would indicate that approximately 54% of the available inte-
grated micelle surface area was avallable for leaching, The in vitro
leaching data can be applied to the in vivo results to quantitatively
correct for leached Or-51 activity,

The in vitro leaching results give a maximum of 63% available Cr-51
from the "leachable" aerosol with a half period of the order of 3% 0.5
days, Comparison of this figure wilth the observed lung retention and
urinary excretion patterns for the "leachable" inhalation shows a com-
ponent of 2,9 days half period and %1% amplitude in the lung reteﬁtion
curve and a component of 47% (but only 0,75 days half period)in the

urinary excretion curve, The mean of these two figures (4i4%) with the
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allowance for the 21% of the initial activity which was rapidly cleared
by fecal excretion, glves a mean percentage of available chromium in
the in vivo leaching of 56% which compares well with the figures for in
vitro leaching (63%) and that derived from the "micelle" model (54%).
Applying similar arguments to the small amount of leaching seen with
the "non-leachable" material, the in vitro result is 9% compared with
the in vivo result of 6,2% of available chromium,

Such an approach explains the magnitude and period of the early
urlnary excretlion but does not explain the fact that the "leachable”
inhalation exhlbits a long perlod urinary excretion term which is not
seen in the case of the other inhalation, Assuming that the main long-
term clearance is via the cilliated escalator, the gut and fecal excre-
tion, long-term urlnary excretion can be explained by postulating that
the iron oxide particle, made up of an aggregation of smaller micelle
units, becomes unstable in the acid environment of the stomach and any
remaining chromium, in chromate form, is leached off at this stage and
appears in urine rather than feces, Thus no long~term fecal excretion
above the MDA is seen in the "leachable" l1nhalation and no long-term
urinary excretion above the MDA is seen in the "non-leachable" inhala-
tion, but the magnitudes and periods of the long-term urinary excretion
for "leachable" material (0,8%/dw- 100 days) is comparable with the long-
term fecal excretion of "non-leachable" material (0.1%/d, 240 days),

In both inhalations the lung retention curves can be corrected for
the removal of the radioactive label by leaching and expressed in terms
of percentage of initial deposition of iron oxide particles., Such
corrections can be made by assuming the urinary excretlon represents

excretion of chromium leached from the particles while in lung; this
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would ob#iously be an overestimate of the effect, The alternative
applied here was to correct the activity observed in the lung for the
known leaching pattern as measured in vitro, Figure 19 shows the lung
retention curves for both inhalations after such corrections based on
the in vitro leaching curves shown in Figure 18, Because the inhala-
tions were done on the same volunteer subject with identical particle
sizes and, as far as was possible, using identical breathing patterns,
the retention of iron oxide particles in the lung should be the same
when expressed as percentage‘of initially deposited aerosol. Figure
19 shdws that the corrected lung retention points from the two inhala~
tions are indistingulshable within experimental error and the line drawn

is the best fit to both sets of points,
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CHAPTER VI

THE INHALATION OF INSOLUBLE IRON OXIDE PARTICLES
IN THE SUB-MICRON RANGE PART II--~

PLUTONIUM-237 LABELLED AEROSOLS

The inhalation experiments consisted of two series; one using Cr-51
labelled iron oxide particles was the subject of the previous chapter
giving details of the isotopic labelling techniques, the inhalation
apparatus, and in vivo detection equipment (33). That chapter reported
on the studles of lung retention, location of the particles within the
thorax region, fecaljénd urinary excretion, and gg_xgxg and in vitro
leaching studies, It gave a consistent picture of high lung retention
( ~80%) with a long biological half period (~300 days) in the pul-
monary region, The high retention figure was obtained by using small
particles (0,05 um AMD) and an atypical breathing pattern,

This chapter reports on the final series of inhalation studies
using aerosols labelled with Pu-237 and attempts to apply the results
obtained to the field of the detection of more hazardous materials in

the human lung, i.,e,, Pu-239,
Choice of Plutonium-237

The problems of the detection of Pu-239 in the human lung and the
interpretation of the results obtalned have been studied in these

laboratories and at other centers throughout the world for several
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years (34-37). In vivo studies on Pu-239 can only be made after acciden-
tal inhalations which are fortunately rare events,

Whereas in the inhalation work reported earlier Cr-51 was picked
as the labelling isotope because of the simplicity of its detection
in vivo and the low absorbed doses to the lungs of volunteers, Pu-23Pes®¥
was plcked because of 1ts close match of low energy decays to Pu-239,
i,e., because of the difficulties of its detection in vivo, while main-
taining the low absorbed doses to the lung;

Plutonium-239 decays by alpha emission, not detectable by monitor-
ing externally to the body, and by the emission of the L X~rays of
uranium in approximately 4% of its disintegrations, the only gamma
emissions having abundances of less than 0,01% per alpha, The L X-rays
having energies of 13.6, 16,9, and 20,6 KeV can be detected, external
to the chest, by means of speclally designed low-background gas-filled
detectors (34,35). The accuracy of such determinations of Pu-239 in
the lung is critically dependent on the location of activity within.the
chest, 1,e,, on particle size and breathing pattern, on the subject’s
body gamma activities, on the subject's body build (obesity), and on the
isotopic composition of the plutonium contaminant (17, 38). Basically
these difficulties all arise from the facts that the half thickness of
the X-rays in soft tissue is small ( ~0,6 cm), scattered and degraded
gamma radiations in this energy region are very dependent on body build,
and the specific X-ray emission of the contaminant can vary by up to a
factor of four depending on the irradiation history of the nuclear fuel,
Many of these parameters have been studled by using realistic chest

phantoms and by measuring the occasional inhalation incident (18, 25).
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Any simulator for Pu-~239 must have abundant X-ray emlssions of the
correct energy and be of convenient half life to enable the longer-term
retention fractions to be studied (i.e., 10-50 day half period). Natur-
ally the absorbed dose to the lungs of the voldnteer must be minimal,
The simulator must also have higher energy gamma rays (100-500 KeV) to
enable accurate assessment of total lung activity and some location
studies to be made by using conventional scintillation detection devices,
Most Pu-239 contains a variable amoung of Am-241 which emits a 60 KeV
gamma ray., The presence of a low abundance 60 KeV radiation from the
simulator is an added advantage.

In practice the cholce of isotope satisfyling the above requirements
is limited, and only two were considered sultable, Protactinium-233
had already been proposed and tested by other workers and Pu-237 had
been used in animal work (39, 40), Table III compares the basic data

for these two isotopes,

TABLE III

CHOICE OF SIMULATOR FOR PLUTONIUM-239

Isotope Decay Half %L Gammas Daughters Productlon
Mode Life X-rays
(days) [ % ] KeV / .
Pa=233  Beta 27 - 38 4 310 U-233 Th-232 (n,Xg
Pu-237 E,C, 43 30 40 100 Np-237  U-235 (x,2n

(5) (60)
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Protactinium=-233 has the great advantage of being readily available
from neut:on Irradiation of Th-232 while Pu-237 is cyclotron produced,
Plutonium-237 was finally chosen because of the presence of the 60 KeV

radiativhs and the low absorbed #ose assoclated with'the capture decays,
Production and Preparation of Plutonium-237

Most owners of cyelotrons are understandably very reluctant to have
enriched uranium targets in thelr machines because of the contamination
resulting from any target fallure, A cyclotronvwith an external beam
facillity and high current was needed for the Pu-237 production and the
author is very grateful to the Hammersmith Medlical Research Center,
London, cyclotron unit for supplying irradiation time on their machine,
In order to minimize direct production of Pu-236 (  ,3n) and Pu-238
(A yn) a beam energy of 25,5 MeV was selected and the target, manu-
factured from highly enriched uranium foil, welded onto an aluminum

plate, Table IV summarizes the production detalls,

TABLE 1V

PRODUCTION OF PLUTONIUM-237

REACTION BEAM ENERGY~-25,5 MeV He ¥
U-235 ( X ,2n) Pu-237 IRRADIATION~~80 mA hr
COMPETING REACTIONS TARGET--0,002"x1"x3" U-235 (93%

U-235 gm ,n) Pu-238 enriched) foil
U-235 (o .3n))Pu-236 YIELD--4 mCi Pu~237
e E“ 221 B CHEMISTRY--ra
—=_5 Pu- ~=rapid separation of
g—gg (109(‘ ,in) Np-23622 h? Pu-236 Np, U, from Pu fraction
- 9
U-235 §"< »D) Np-238 2——->B Pu-238  IMPURITIES--less than 0,03% total

U-235 (& ,f da " alpha (mainly Pu-236)
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After the 1nitial chemical separation of the plutonium fraction by
a serles of ion exchange columns, final purification of the material and

activity measurements could procede at a more leisurely pace,
Aerosol Labelling and Production

The aerosol of ferric oxide particles is produced by using an
ultrasonic nebulizer to produce monodisperse droplets of a dilute ferric
sol which are then dehydrated to the stable iron oxide, ILabelling is
done in the sol phase, Particle size 1is previously determined by the
lron concentration in the sol phase and partiecle stability controlled
by the production technique of a controlled flow of warm, clean, dry air;
a dehydration chamber; and small volumes of sol (0,2 ml), Efficient
labelling techniques depend primarily on the pH value of the sol and
the chemical form of the isotopic label, Resistance to leaching off of
the isotopic label both in vivo and in vitro depends on the chemical
form of the label and the particle size,

Because the activity available is limited, the techgiques developed
required high efficiency of labelling in small volumes (0.2 ml1) of
dilute sol (0,01% Fe by weight) and an overall high efficiency of
aerosol production ( ~20% from sol to final inhaled fraction), Both

these aims were achieved and have been reported elsewhere,
Inhalations

Two volunteers were used for the two inhalations, each breathing
in an atypical manner at the extremes of breathing pattern, Neither of
the two patterns nor the particle slzes chosen were intended to repre-

sent any»typical occupational exposure, Subject 1 inhaled an aerosol
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of 0,1 um (CMD) taking a deep breath of four liters and holding for 30
seconds prior to slow exhalatlion, This technique should ensure maximum
deposition in deep lung and was similar to that used in the Cr-51 inhala-
tions (32), Subject 2 inhaled an aerosol of 0,3 am (CMD) with shallow
breathing of 250 mls/breath (minute volume 5 liters) ensuring deposition,
if any, in the upper respiratory tract and nasopharyngal (NP) regions,

In both cases the exhaled fractions were collected and assayed, About
0,1 uCi Pu~237 was initially retained in the respiratory system for both

volunteers,
Measurements

Measurements were taken below the chest with a large-area (5 in,
diameter) thin Nal crystal (2 mm thick) which was partially collimated,
This crystal viewed both the 60 KeV and 100 KeV peaks, Above the chest
one or two gas-filled proportional counters were used to detect the 17
KeV X-radlations, These detectors, specifically designed for the detec-
tion of Pu-239 in vivo, were used with various gas fillings to give a
range of differing efficiencies of detectlion (41).

Crude location scans were done on the 100 KeV line using a nine
slit focused collimator on a 5 in, x 3 in, Nal crystal, The other detec-
tors, mentioned above, were also moved over and under the chest to give
a range of responses and further information on the gross deposition of
the aerosol in the chest,

Initial calibrations were done with Pu-237 sources in the lungs of
a realistic chest phantom which was corrected for the individual body
builds of the volunteers (17, 18).

Measurements were taken dally for one week and at intervals up to
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seven weeks,

Raw urine was counted in a calibrated geometry using the 100 KeV
radiations detected by a shielded 3 in, x 3 in, Nal detector, Fecal
samples were wet-ashed and reduced to a standard volume of 50 ml prior
to counting on the same detector, The sampling period varied from total
collection over the first few days to once per week at later times,

Once the activity was below the limits of detection of the crystal,

sampling was stopped,
Results

All results were decay corrected back to the time of inhalation

and presented as comparing and contrasting the two subjects,

Subject 1

Inhalation pattern 1 breath (4 liters)--hold 30 seconds

Particle size 0.1 um (GMD)

Weight 82 Kg

Height . 178 cm

- Aétivity retained (Day 0) 122 nCi (total respiratory system)
Subject 2

Inhalation pattern very shallow breathing at 250 ml~-~
’ total air breathed 10 liters

Particle size 0,3 um (GMD)

Weight - 80 Kg

Height 191 cm

Activity retained (Day 0) 85 nCi (total respiratory system)
The lung contents are shown on Figure 20, as derived from the
calibrated thin crystal beneath the chest of the supine subject, all
content being expressed as a percentage of the total initial deposit’of
activity, The two curves demonstrate markedly the effects of change of
breathing pattern, Gase 1 is very similar to the retention pattern

previously reported for the inhalatlon of Cr-51 labelled particles of
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this size (0,1 um CMD) with a high retained fraction (90%) of a long
half period of clearance (118 days) and a shorter-term clearance of 3,3

days half period representing only 10% of the initial activity. All the
initial deposited activity is seen in the trachea~bronchial (T-B) and

pulmonary regions viewed by the detector;

In CGase 2, when the shallow breathing pattern did not markedly
exceed the inert gas deadspace, the maximum initial deposition was not
in the field of view of the detector, i;e;, in the NP region, and only
5.4% of the initially deposited activity appearedbin the T-B/pulmonary
regions, The statistics of counting this low percentage is such that
the early clearance phase cannot be estimated and a long~term retention
half period of 160 days is derived from this component’

Figures 21 and 22 show the fecal and urinary excretion curves
resPectively; In Case 1, pulmonary deposition, 3,5% of the initial
activity is cleared within the first eight days with a clearance period,
after the peak of excretion at day 4, of 0,8 days, A long term excre-
tion period of 72‘f 30 days was also present with an amplitude of
approximately 0,2% of the activity/day. A single exponential urinary
clearance was seen in this case with a half period of 3,6 days and an
initial amplitude of 0.19% of the initial activity, This half period
of approximately 3,5 days seen both in the urinary excretion and in the
lung clearance was also observed in the earlier Cr-~51 inhalations, It
represents the in vivo leaching of the small soluble plutonium fraction
from the surface of the iron oxide aerosol and was studied in an ear-
lier “chapter,

In Case 2, deposition in upper respiratory tract and NP region,

95% of the deposited activity was cleared within the first eight days
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with a clearance perlod of 0,7 days after the peak on day 2, Urinary
clearance was negligible only one sample (day 1) being above the limit
of detection of the apparatus of 0,04% per day, The isotope account-
ability, i.e;, the sum of retalped and excreted fractions, was good in
both cases (90%); Figure 23 shows the cumulative fractions retained and

excreted together with the totals,
Distribution of Activity

The location of the inhaled activity within the thorax was attempt-
ed using a collimated Nal crystal viewing the 100 KeV line, There was
insufficlent activity present to enable accurate assessment to be made
wlithout prohibitively long counting periods: Figure 24 shows results
of this exercise and the followlng broad conclusions can be made,

For Case 1 the deposition (day 1) is fairly uniform throughout the
lung initially, The coun}s are enhanced on day 2 by materlal moving
down the esophagus to the GI tract, After this time the plots show
little deposition in the trachea and upper bronchil with long-retained
naterial in the rest of the lung, The efficlency of detectlon of the
200 KeV line 1s greater for the middle and upper reglon because of
absorption in liver and other soft tissue of the lower lung gamma
emisstons, The Increase in counts at the base of the lungs ls probably
significant and does represent enhanced deposition in this area, In
Case 2, the initial deposition on day 1 is predomlnantly in the trachea
and upper bronchii regions with rapld clearance of this materlal via the
cilliated epithelium, the esophagus, and the GI +tract, which explains
the increase in counts over the lower thorax seen on day 2, The resid-

ual deposition was Just above the limits of detection of the scanning
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equipment and shows slight preferentlial deposition in the upper lung,

Further wide location studies were made usipg the 5 in, diameter
x 2 in, thick Nal crystal with a one inch steel collimation collar, The
efficiency of this detector was higher than the slit collimator, but
location could only be attempted to different quadrants of the chest,

In Case 1, the initial deposition was uniformly spread between the
two lungs, within 10%, and after the first four days the longitudinal
spread, base to apex, was also uniform to within 10%, showing the breath-
ing pattern adopted had given uniform pulmonary deposition, Viewing
the lungs from the back of the chest produced higher counting rates
than viewing, in a similar geometry, the front of the chest, The
magnitude of this effect was 40% and can partially be explained by the
presence of the liver and the geometry of deposition and detection,
This point is discussed more fully in conjunction with the detection of
the L X-radiation (see following page).

Similar measurements of the subject in Case 2 also produced a
uniform distribution of residual activity after the clearance of the
high initial depositlon in the upper thorax, The counting rates from
the residual activity from this subject were low, and poor counting
statistics were obtained at times beyond four days, There was some
evidence of slightly better detectlon performance with the detector
placed below the chest rather than above. This point was ﬁore marked
at the base of the lungs, probably due to absorption in the liver when
the counter is positioned over the base of the right lung{

Using the proportional counter, viewing the 17 KeV X-radiations in
a similar way to obtain a crude dist;ibution of deposited activity,

Case 1 gave a falrly uniform response both above and below the chest
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(ﬁ 15%) with peak activities seen above the upper chest and below the
lower chest, This effect was again explained primarily by the distri-
butlion of absorbing media being predominantly below the upper lung and
above the lower lung,

For Case 2 no significant activity was seen below the chest in
eilther position and the peak activity was seen in 1its upper lung (vifur-

cation of bronchii) with the counters placed above the chest,
The Detection of the L X-radiations

The raw counting data from the proportional counter measurements
of the L X-radlations from Pu-237 were corrected for_background: for
contributions from the body gamma emitters, i,e,, Cs-137 and K-40; and
for radloactive decay of Pu-237., In order to express the results as
percentages of the initlal intake and to compare them with the gg_!;!g
data derived from the scintillation detection of the higher energy lines
from the inhaled Pu-237 together with the integrated fecal and urinary
excretion, it was necessary to derive detection efficiency figures.
At these low X-ray energies (13 to 21 KeV) such calibration figures are
very dependent on the bedy bulld of the volunteer subjeets and the sites
of deposition of the iron oxlde particles within the lung, Appreciable
contributions to the counting rate in this X-ray band ariée from the
scattered and degraded gamma lines at 60 KeV and 100 KeV, These contri-
butions are again very dependent on the scattering medium, 1l.e., the
body build of the subJect, and on the choice of gas filling in the
proportional counters, In order to get as much informatlion as possible
from the measurements, a range of gas fillings was used although a

previous study had shown the optimum gas fiiling for the counters and
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electronic system used consisted of a mixture of 66% xenon, 30% argon,
and 4% methane (41),

The initial calibration figures were qbtained using the Winfrith
chest phantom with a series of extended Pu-237 sources placed in the
foam rubber lungs (18), These figures were then modified to allow for
the gross differences in body build (chest structure) between the
phantom and the subjects, A series of ultrasonic measurements of the
soft tissue thickness overlying the ribs of a range of normal subjects
had enabled the mean soft tissue thickness to be correlated with an -
expression involving the subject's height, weight, and chest circumfer-
ence only (17)., Using such an expression, the mean soft tissue thick-
nesses of Subjects 1 and 2 were 2,54 cm and 1,88 cm respectively,
compared with 2,00 cm for the chest phantom,

The derivation of this parameter applies only to the area of the
chest normglly viewed by the proportional counters when used for
routine Pu-239 in vivo assay, i.e,, that area from the third to the
sixth rib inclusive, Considering the wide differences in particle
deposition observed in these two subjects, the mean soft tissue thick~
ness correction as derived above was considered to be one of the first
order only: Differences in ealibration efficiency from those derived
from the chest phantom would be a combination of geometry differences . -
of detection and differences in mean absorber thickness,

Using the calibratlion efficlencies calculated from the chest
phantom results, the observed data from the proportional counters were
expressed as retained percentages of inhaled activity, and lung reten-
tion curves were drawn and compared to those obtalned by scintillation:

counting of the higher energy emissions (Figure 20). These are shown
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on Figure 25 together with the scintillation detector results taken from
Figure 20, In Case 2, the agreement between the 17 KeV detection and
the 100 KeV detection was within the quoted errors (f 20¢~) for all points
and all gas fillings, The proportional counter results gave a simple
exponential least-squares-best-fit of 126-day half period and 4,4%
initial retained fraction, compared to that of 160 days and 5.4% obtain-
ed with the thin crystal, The errors in determining the half period
were of the order of‘i 25 days, All proportional counter results were
below the corresponding secintillation counter results; the mean ratio

of matched pairs being 1,17 is within the errors of measurement, Alter-
natively this difference could be described as an error of 0,22 cm in
the ascribed mean soft tissue thickness (i;e,, the same order as the
standard error of the estimate 0,2 cm),

In the first inhalation (Case 1) there was no obvious agreement
between the initial estimate of lung contents from the proportional
counter measurements at 17 KeV and the scintillation counter results
at iOO KeV, The two retention curves are also shown in Figure 25, Note
also that there was no agreement between the results derived from differ-
ent gas fillings, The first three points (days 0-3) were obtained with
a predeminantly argon filling which is relatively insensitive to higher
energy radlations and correspondingly more sensitive to errors in
assumed mean soft tissue thicknesses, The later results were all ob-
tained with a composite gas filling of 50% argon and 50% xenon and gave
good agreement between themselves, The results, as plotted on Figure
25, can be modified by selecting a different mean soft tissue thickness
from this subject, reflecting the observed distribution being predom-

inantly deep lung, Such an approach requires a knowledge of the
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distribution of the different absorbing media, i,e,, lungs, muscle, fat
liverx,dribs, etc., and the analysis would then correct counter response
at each energy for absorption, scattering, and geometry of detection,

As a first approach a erude modification of the mean soft tissue
factor was calculated, using the observed ratio of the counts obtained
from the scintillation detection of the 100 KeV radiations from the
front and back of the chest, The\obs?rved ratio of 0,71 was then inter-
preted as both a geometry effect of distribution in the lungs and a cor-
responding increase in absorbing media above the base of the lungs,

The total mean soft tissue thickness from such an approach was 4,0 cm
compared with the earlier assumed figure of 2,54 cm, The revised figure
was realistic anatomically and in falrly good agreement with the work
of Rundo et al.(#z). Using such a factor the lung retention points
were recalculated and are plotted on Figure @6 together with the thin
crystal (100 KeV) data as before, The anomaly between the results from
the different gas fillings was no longer evident and the weighted-mean-
least-squares analyses of the two retentlion curves gave a composite
curve, as shown of two'components’of 6 days and 200 days half period

with amplitudes of 16% and 84% respectively,
Dose to the Volunteers

In both cases the doses to the lungs of the volunteers were cal-
culated taking the observed deposition patterns and known activity -
of alpha impurities,

Case 1 total dose to lungs 180 mrems

Case 2 total dose to lungs 13 mrems

Of this dose 85% was due to the alpha impurities, The doses to



o i

LUNG RETAINED FRACTION {o/s}

b
ff‘f{\

it

FPTISTRALLL AP RS

+ THIN CAYSTAL~1OOk eV LINE

{ MODIFIED PROPORTIONAL COUNTER iTheV

; . .
. F-;~_,_~_‘~

1 1

Figure 26,

1
0 40 [ -]
TiML SINCE INHALATION{DAYS) -

Modified Proportional Counter Data

85



86
organs other than the lungs were negligible,
Conclusions

Although the low activity of the tagged particles in the lungs
precluded accurate statlistical analysls of the data, the retained lung
fractions as derived from the detectlon of the gamma radlations, gave
results consistent with the earlier work with Cr-51 and with the I,C.R,P,
Task Group on Lung Dynamics(8), The method of approach again demonstra-
ted the feaslbility of the technique of doing lung retention studies
using minimal gmounts of aerosol and activity,

The extrapolation of the data from the detection of the 17 KeV
X-radiation to the problem of the detection of Pu-239 in vivo revealeds
that, although the difficultles of low level detection of these radia-
tions is to a large extent overcome, the interpretation of the results
in terms of retained lung burdens still posed problems, The approach
of using realistlec chest phantoms to supply the basic calibration data
and attempting to modify such data by body bulld parameters would appear
still to be a valid method but obviously one of first-order correction
only, Without such corrections, errors of up to a factor of 10 in
calibration would occur,

With the two extremes of breathing pattern chosen for this study
the observed errors (using the body build correction faqtor) were 1,17
and 2,0 for the {wo cases (note that the error was 4,0 for Case 1 using
a g;s filling of argon/methane only)., In both cases the lung burden of
plufonium would have been undeiestimated. Without some knowledge of
the distribution in the lung (i.e., particle size, breathing pattern,

length of exposure) followling an actual incldent, the only check on
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valldity of the cholee of calibration factor would be serial fecal col-
lection to follow observed lung clearance; At low levels of internal
contamination when the subject is still working in a plutonium labora-
tory and probably handling a range of plutonium fuels, such an approach
becomes of doubtful validity even 1f serial fecal sampling were accep-
table on other grounds and accurate low-level analysis could be per-
formed,

Although there 1s 1ittle doubt that in an accidental inhalation
the particle size distribution and breathing pattern of Case 1 would
not be encountered and that the normal iﬁ}iiﬁg counting procedures in
these laboratories would produce an estimate of within 50% of the tissue
lung contents even in the case of an atypical exposure, further studies
on detection following normal breathing patterns are desirable, A pro-
gram of work has now been started using more accurate anatomical models
to predict the response of the detectors to various distributions of
Pu-239 in the lung and to study the feaslibllity of alternative placing
of the détectors around the chest or the use of multi-detector arrays
to reduce the uncertainties produced by anomalous distributlons of

particles within the lung,



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

Because all radlological limits are based on the dose~effect rela-
tionship for the irradiation of biological systems, one of the prime
considerations in evaluating the potential hazards from internally de-
posited radioisotopes 1s the blological dose received by various organs,
In such a determinatleon the accurate estimation of the activity intake,
Ao' is of paramount importance, Since reconstruction of acute intake is
not often possible, the only alternative solution to the problem is the
estimation of Ao after the fact by any measure avallable,

The measures which are available would be better if it were not
for the fact that each inhalation and each viectim is physically and
physiologically different., What is needed, therefore, is a set of data
correction factors involving physical and physiological variables, The
raw counting or bloassay data could then be treated with the factors to
yleld an estimate of Ao‘ Previous attempts have been made to achleve
this goal, but the results are limited because of the restriction of
related research to laboratory animals or to human phantom studies,

Following an analysis of calibratlon errors which exist in phantom-
related work, an experiment was proposed to minimize these errors, A
limited number of experiments were proposed using human volunteers
inhaling an aerosol of known activity, solubility, and particle sige,

Data from the volunteers were to be collected over a definite period of

2]}
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time by enough independent means to indicate both levels and trends
concerning aerosol retention, excretion, translocation, and distribution,
It was declided that the most efficlent implementation of these ob~
jectives would necessitate: (a) development, construction, and testing
of a suitable aerosol generating apparatus; (b) production and investi-
gation of properties of a suitable aerosol; (c) sequential inhalations
by a single volunteer of an aerosol tagged first with a soluble form of
a gammasemitting 1sotope and then with an insoluble form of the same
isotope with subsequent compilation of data on the retention, excretion,
and distribution of the inhaled material; and (d) inhalations by two
volunteers of an aerosol tagged with the insoluble form of an isotope
which emits both X-rays in the 13-22 KeV region and gamma rays in the
100-400 KeV region. In these latter inhalations, one veolunteer would
use a one~deep-breath-and-hold breathing pattern while the other volun-
teer would use shallow, continuous breathing with the same data being

taken as in the previously mentioned inhalations,
Concluslons

Some conclusions which can be drawn from these experiments are:

1. Sub-micron particles generated by ultrasonic nebulization are
hollow and have widely varying densities depending upon thelr size,

2, Excretion, retention, and distribution results following the
inhalation of particles generated by ultrasonic nebulization are con-
sistent with ICRP Lung Dynamies Task Group models,

3. The rates and magnitudes of very early lung clearance are

independent of the solubility of the inhaled material,
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L, BExcretion, retention, and distribution characteristies of both
soluble and insoluble aerosols can be shown to be identical when the
appropriate leaching factors are applied to the data,

5. The 1nhalation breathing pattern is the primary variable affect-
ing the depth of deposition,

6. The approach of using realistic chest phantoms to supply the
basic calibration data and of attempting to modify such data by body-
build parameters appears to be a valid method but one of flrst-order
correction only,

7. Without any phantom calibration correction, errors up to a

factor of 10 may occur,
Recommendations for Further Work

The collectlion, analysis, and discussion of these experlments have
revealed several worthwhile extensions of this work, This further work
might include:

The correlation:of these Human inhalatlion calibratlions with cali-
brations of realistic chest phantoms which are in existence,

The extension of phantom work to more accurate anatomical models,

The modification of the inhalation apparatus to make inhalation
procedures more automatic,

The extension of the correlation between in vitro leaching and
excretion to actual plutonlium processing materials,

The inveStigation of depositlions resulting from breathing patterns
more nearly normal than the ones used in these experiments,

The investigation of a much greater range of particle sizes and

particle solubilities,
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The use of the inhalatlon techniques developed here in the clinical
diagnosis of pulmonary disorders,

The improvement of scanning results by using multiple ‘placement
of detectors, multidetector arrays, or clinlcal scanners,

The utllization of more complicated particle shapes in similar
investigations,

The multi-isotope scanning of lungs which have inhaled several
particle sizes each labeled with unique 1lsotopes,

These recommended extenslons would accomplish two very desirable
goals, They would apply the knowledge gained to problems existing out-
side the laboratory and they would extend the knowledge gained to encom-

pass parameters which are more reallstic within the laboratory,
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