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INTRODUCTION

Calibration of X-ray counters for the assessment of plutonium in lungs

is notoriously difficult. It has generally been attempted with phantoms

containing plutonium-loaded 'lungs', less commonly by depositing

independently-known quantities of some short-lived, low-energy X-ray

(Ne?1; Ra?72; Sh76).

emitter in the lungs of volunteers When X-ray detection

efficiencies derived by the second of these methods were compared with
those recorded for the same nuclide in a series of phantoms, large

(Ne78a).

discrepancies were found These may be attributed at least partly
to the common use, in such phantoms, of materials whose X-ray attenuation
properties are quite different from those of the tissues they are intended
to represent(Ne78b)'
The nuclide most frequently administered- to volunteers for calibra-
tion purposes has been qo}Pd which, decaying by electron capture with a
half-life of 17 days, provides abundant 20-23 keV K X rays. If the

energies and relative intensities of these X rays had coincided with those
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of the emissions from plutonium (uranium L X rays, range 13-20 keV), it
would have been simple to deduce calibration factors for plutonium from
the recorded count rates per unit activity of 103Pd known to be present

in the lungs of volunteers: the number R, defined as the ratio

EPd counts per K X ray emitted by 103Pd in lungs

EPu counts per L X ray emitted by plutonium in lungs

would have been unity. The energies are not the same, however, and
because of differential attenuation, R > 1. R depends strongly on the
subject's chest wall thickness and on the distribution of activity in the
lungs, and, to a lesser extent, on other variables such as the proportion

of adipose tissue in the chest wall. Various methods(Ru69; Co73; To76;

Ne78c) have been proposed to derive calibration factors for plutonium from
studies with inhaled qo}Pd, all of them in effect providing estimates of
R.

A phantom(Gr78)

has been produced at Livermore which, unlike most
others, is composed of materials closely tissue-equivalent in their linear
attenuation of low-energy photons, and which is realistic in its anatomical
structure. This development invited a comparison of the X-ray detection
efficiencies for 103Pd and plutonium, present in the phantom's lungs, with
efficiencies previously recorded for 103Pd deposited in the lungs of
volunteers, or derived for plutonium from those observations. It has also
enabled us to compare values of R, predicted by calculation, with those
deduced from the relative detection efficiencies for 103Pd and plutonium
measured in the phantom; in this way we have been able to investigate the
(Ne78¢)

validity of such predictions more rigorously than was previously

possible.

contd
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METHODS AND MEASUREMENTS

The phantom
(Gr78) . _ .
The phantom is intended to represent a male thorax, between

the S5th cervical and 4th lumbar vertebrae. Its relevant organs and
‘tissues' are composed of materials which were shown to be approximately
tissue-equivalent in their linear attenuation of uranium L X rays. The
principal internal structures (lungs, mediastinum, liver and surrounding
tissues) are contained within a shell of muscle-equivalent material,
representing the chest wall. The body shell and internal components were
cast in moulds prepared from the thorax and organs of a cadaver, whose
sternum, rib cage and vertebrae were incorporated in the phantom's chest
wall, In this, its basic, form the phantom's mean anterior chest wall
thickness is 19 mm, in those regions of the upper thorax commonly viewed by
detectors in monitoring for burdens of plutonium. Close-fitting overlayers
of various thicknesses (Table 1), one set made of an approximately muscle-
equivalent material, the other consisting of equal weights of substitutes
for muscle and adipose tissue, can be added to the basic shell, to simulate
chest walls of four greater thicknesses, up to a total thickness of 43 mm,
In this work, three sets of lungs uniformly labelled with known amounts of
activity were employed. One set contained 103Pd, another 238Pu, and the
2l

third 239Pu with minor amounts of other plutonium isotopes and ~ 18 ppm Am

by weight.

Determination of detection efficiency for the phantom

The detector was a phoswich, comprising_a 1.5mm thickness of NaI(T1)
as the X-ray counter and 50mm of CsI(T1) as the anti-coincidence counter.
Both crystals were of 200mm diameter; the effective diameter, investigated
by scanning the beryllium radiation window with a collimated X-ray source,

contd




was 190mm, The detector was housed inside one of the 100mm-thick, cadmium-
lined lead shields used for body radioactivity measurements at A.E.R.E,
Harwell.

Photon-energy spectra (range 9-120 keV) were recorded with this
detector suspended in three positions over the phantom, which was placed
supine on a horizontal bed:

(1) In a central position over the upper thorax, inclined so that
the window was approximately parallel to the surface of the chest,
i.e., viewing a region of some 200mm diameter centred on the mid
point of the sternum, At its closest, the window was.+ 10mm from
the surface of the phantom; this separation was maintained
irrespective of the overall thickness of the phantom, which varied
according to the overlayer used, by raising or lowering the
detector. This arrangement will be referred to as Geometry 1.

(2) Displaced laterally by one detector-diameter from this central
position, (a) to the left, and (b) to the right, without change in
orientation. The sum of spectra recorded in positions (a) and (b)
indicated the response to be expected for Geometry 2, i.e. for two
200mm-diameter detectors, one viewing each lung.

Measurements with the phantom in its basic form, and fitted with each
of the eight overlayers (Table 1), were made under the following conditions:

(i) '%3pg-1abelled lungs, both geometries
(ii) 238Pu-labelled lungs, both geometries
(iii) 2>%u-labelled lungs, Geometry 1 only «
It was necessary to remove the phantom from the bed between (and, in

some instances, during) certain of the five series of measurements, and it

may not always have been repositioned identically with respect to the detector.

contd
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On occasion, when we attempted to replicate particular observations after
disturbing the phantom, differences in detection efficiency as large as 6%

were found, indicating some sensitivity to small changes in the position

and orientation of the counter over the chest.

Determination of detection efficiencies for 1OBPd in the lungs of volunteers

For comparison with the recorded detection efficiencies EPd for 103Pd

in the phantom, we shall employ data(Ne78a)

derived from spectra of X rays
emitted by subjects containing independently-known alveolar deposits of
103Pd, measured with a similar detector in the same geometries. These
subjects were volunteers who had inhaled a monodisperse aerosol of S5-um
polystyrene particles incorporating 103Pd and also 51Cr. 51Cr emits gamma
rays of energy 323 keV, and established methods of body radiocactivity
measurement were used to determine the residual lung content of this nuclide
after early rapid clearance of the respiratory tract was complete. With
this value, and the known relative concentrations of 103Pd and 51Cr in the

aerosol, the subject's 103Pd content could be deduced, independently of

X-ray counting.

Prediction of the relative detection efficiency R for 103Pd and plutonium

in lungs
The method of predicting R makes use of a mathematical representation
of the thorax and its relevant internal structures in relation to the

(Ne?8c).

detector One proceeds, in effect, by performing a double

integration of detection efficiency over the counter window area and the lung
. 0
volume, for each principal component of the X-ray spectra of plutonium and 1 3Pd,

taking into account both geometrical factors and energy-dependent attenuation

contd
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effects in the lungs, in the soft tissues of the chest wall, and in the

bones of the thoracic cage.

RESULTS

Detection efficiencies, etc.,, will be quoted for the various chest
wall thicknesses represented by the combination of each overlayer and the
basic phantom, and by the basic phantom alone. In each case, the value of
chest wall thickness is a mean, derived from measurements with calipers in
a total of 94 positions over areas of 120 mm diameter, one on each side
of the sternum, tangential to the sternum and clavicle. These represent
approximately the regions viewed by 120-mm-diameter detectors in standard
procedures for assessment of plutonium in lungs adopted by many laboratories,
including Lawrence Livermore. These areas fall within, or overlap, the
larger regions covered by the 190-mm (effective) diameter phoswich used in
the present investigations, and over these larger areas the mean chest wall
thickness could be different. However, the mean thickness, t, over the
smaller areas, has been retained for the present purposes, for two reasons.
The first is that the X-ray flux emerging from the corresponding 120-mm-
diameter areas on humans appeared to contribute more to the response of
Geometry 2 than did emissions from outside those areas(Ne783)’ The second
reason is that it will permit easier comparisons between measured values of
EPd for the phantom and those derived following inhalation of 103Pd by

volunteers, whose chest wall thicknesses, over these restricted areas, “

were measured by several laboratories.

X-ray detection efficiencies for 103Pd in lungs

For Geometry 2, values of EPd for the phantom, with and without its
various overlayers, are shown as the upper pair of curves in Fig. 1, plotted
against t. The observed efficiencies for three subjects who had inhaled

contd
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0 N - -
1 3Pd( e78a) are superimposed on this plot, after adjustment to allow for a 7

per cent difference in the intrinsic efficiencies of the detectors used in
the two investigations. For Geometry 1 (data not given) the corresponding
curves were similar in form to those shown in Fig. 1, and the observed
values of EPd in vivo were in equally good agreement with the curves; all
values of EPd were of course lower than for Geometry 2, by about 40 per

cent on average.

238

X-ray detection efficiencies for Pu and 239Pu in lungs

The photon energy spectra obtained with several uCi 238Pu in the
phantom's lungs showed, in addition to the prominent X-ray peak at about
17 keV, a peak at 44 keV which was attributed to the low-abundance (0.038

per cent) gamma ray of this energy. Similarly, spectra recorded with the

239Pu-loaded lungs in the phantom, once the estimated contributions from

the known 241Am impurity had been subtracted, contained a visible
contribution from 52-keV gamma rays, as well as evidence of weaker radiation
of higher energy. Scatter from these radiations led to a continuum of
counts in the 10-33 keV region where the signals from genuine L X rays
occurred, and for large values of t it apparently added 30¥ or more to

the X-ray contribution. For our present purposes, in comparing the
detection efficiencies for plutonium in the phantom with those derived from

observed values of EP in volunteers, the X-ray contribution EPu alone is

d

required. This was calculated by taking the total area under the observed

L X-ray peak and subtracting the counts in the estimated continuum.

38

For Geometry 2, with 2 Pu-loaded lungs, values of EPu are included in

Fig. 1. Values of EPu which are considered appropriate to the three
subjects who had inhaled 103Pd are also plotted; these were derived in each
(Ne78¢)

case by applying the calculated value of R to the measured value of

contd
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EPd for the subject. For Geometry 1, values of EPu (investigated both

with 238Pu - and 239Pu-loalded lungs in the phantom) and estimates of EPu

from EPd in vivo showed agreement comparable with that seen in Fig. 1.

Comparison of predicted and observed values of R for the phantom

The data of Fig. 1 imply essential consistency between the calculated
value of R which is considered appropriate to each of the three
experimental subjects, and the actual value of R for a phantom with the

(Ne?78c)

same t. In calculating the three values of R we assumed that, in
all cases, 22% of the thickness of soft tissue in the chest wall was
composed of adipose tissue; this was a published average following

(Do?73)

investigations at autopsy , the actual percentages for our subjects

being unknown. This assumption was not critical in securing the agreement;

(Ne78c)

calculations suggested that, compared with its value if muscle alone
were present, R would be only marginally affected by the presence of
adipose tissue, except when existing in larger than average proportions

in subjects with large t. It is of interest to confirm this prediction,
and to investigate the validity of our methods of calculating R when
various, known thicknesses of adipose tissue are present.

Estimates of R are given in Table 1, for the basic phantom and for
the phantom with each of the eight overlayers. Three sets of values were
obtained from the ratios EPd/EPu:

(i) with EPd and EPu determined respectively from measurements

238Pu - labelled lungs in the phantom, for

with the 'O°Pd - and
which Geometry 1 was used,
(ii) by the same procedure, but with Geometry 2 used, and
s . R X 239, _
(iii) by comparison of EPd and EPu determined with Pu
loaded lungs, for Geometry 1.

contd
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The three estimates are not always closely similar, the widest
variations occurring when the attenuation is greatest, i.e., for large
values of t. In these situations, scatter from radiations of higher

238

energy in the spectra of Pu and 239Pu made important contributions

in the L X-ray region; errors introduced in estimating these contributions
would affect assessment of the genuine X-ray detection efficiency, EPu’
and consequently the implied value of R. Previously-mentioned errors in
re-positioning the phantom between measurements could have contributed to
systematic differences between the three sets of estimates, and in some
cases to random errors in individual values., Genuine differences in R,
according to the region of the chest viewed by a detector, are of course
to be expected, although they would not explain the differences between
some of the pairs of estimates by methods (i) and (iii).

Also given in Table 1 are values of R for the phantom, derived by
calculation, Initial estimates were obtained from Fig. 5 of ref. Ne78c,
showing R as a function of t, calculated on the assumption that the chest
wall consisted entirely of muscle. Relationships similar to those of
Fig. 6 in Ne78c were derived, allowing these estimates of R to be reduced
when necessary, according to the known proportion of adipose 'tissue' in

the phantom's chest wall. As previously(Ne78°)

, R was then increased by

6% to allow for assumed filtration in the bones of the thorax. The
calculated values are similar to the means of the observed values, obtained
by methods (i), (ii) and (iii) above. The closeness of this agreement

must in some cases be fortuitous, in view of the scatter often present in
the three values from which each mean is caiculated. However, it appears

that our method of calculating R is not subject to major systematic error,

provided that, as in this case, the assumption of a uniform distribution

contd
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of activity in the lungs is valid.

CONCLUDING REMARKS

The encouraging similarity (Fig. 1), between values of E,, indicated
by the phantom and those recorded for 1O3Pd in vivo, suggests that the
pulmonary distribution of activity in the experimental subjects was
similar to that in the phantom, i.e. that it was essentially uniform. The Y
further consistency between values of EPu for the phantom and those derived
from data on EPd in vivo, together with the overall similarity between
predicted and observed values of R (Table 1), has improved our confidence
in these tw§ quite different approaches to the problem of calibration.
However, it is not to be expected, with either method, that one will always
be able to deduce approximately the value of EPu correct for a particular
contaminated subject, merely by reference to curves like those in Fig. 1,
relating detection efficiency with chest wall thickness. Other variables,
some of them indeterminate, must affect EPu markedly, The most important
is probably the pattern of deposition within the lungs, which in turn must
depend on the subject's respiratory pattern during intake, and on the

aerodynamic characteristics of the particles.
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Fig. 1 caption

Detection efficiencies for 1oBPd and 238Pu in lungs, measured with
Geometry 2. The data are based on recorded counts in the full X-ray peaks,
after subtraction of estimated scatter contributions from Li.xeV gamma rays
in the case of 238Pu. The loss of genuine X-ray signals in the pulse shape
discrimination circuits was 10%.

Curves A (@) : phantom with muscle-equivalent chest wall

Curves B (0)

basic phantom (19-mm muscle-equivalent chest wall) with
overlayers representing a 50/50 (weight %) muscle/adipose
mixture; the numbers 11, 18, 23 and 28 indicate the
thickness of adipose-equivalent material as a percentage
of the total chest wall thickness.

Points X : measured X-ray detection efficiencies for 103Pd in
volunteers (upper plot) and derived efficiencies for

plutonium in these volunteers (lower plot).
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TABLE 1

ESTIMATES OF THE RATIO 'R' FOR THE PHANTOM*

OVERLAYER TOTAL CHEST PERCENTAGE EXPERIMENTAL VALUES OF R;k p
THICKNESS** WALL THICKNESS THICKNESS CALCULATED R#
(mm) t (mm) ADIPOSE/TOTAL | (i) | (ii) | (iii) | MEAN
o 19.0 o 3.9 3.8 k.o 3.9 3.9
5.5 M 24,5 o} 4.8 4.6 4.5 4.6 4,5
11,0 M 30.0 0 5.8 5.3 5.5 5.5 5.2
16.4 M 35.4 0 6.2 6.1 5.7 6.0 5.9
24.4 M 43.4 o] 8.2 6.6 5.8 6.9 7.1
5.5 MA 24,5 11 L, 4 4,2 4.5 L,k 4.3
11.0 MA 30.0 18 5.0 4.5 5.0 4.8 4.8
16.4 MA 35.4 23 5.7 4,9 4.9 5.2 5.3
24,4 MA 43,4 28 6.6 5.8 5.7 6.0 6.1
E . 103 .
* R = Pd  counts per K X ray emitted by Pd in phantom
- EPu ~ X-ray counts per L X ray emitted by plutonium in phantom
* %K
M = muscle-equivalent material, s.g. = 1.09; MA = material containing equal weights of muscle~
and adipose-tissue substitutes, s.g. = 1.07
¥ (i) Geometry 1, Epu from measurements with 238Pu-loaded lungs.
(ii) Geometry 2, EPu from measurements with 238Pu-loaded lungs.
(iii) Geometry 1, Epu from measurements with 239Pu-loaded lungs.

£ see text and ref. Ne78c.
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