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Abstract-An interlaboratory exercise has been conducted to assess techniques of 
detection and calibration in the direct measurement of lung contamination with plutonium 
and other nuclides emitting only low-energy X-rays. Three volunteers, of small, inter- 
mediate and large physique, inhaled an aerosol incorporating "'Pd, a 20-keV X-ray 
emitter, and visited 13 other laboratories in the U.K., Europe and North America. 
Participants in the exercise were asked to estimate each subject's lung content, using 
their procedures for assessing burdens of plutonium, and their estimates were compared 
with values derived independently from measurements of "Cr, also incorporated in the 
inhaled particles, by gamma-ray spectrometry. Laboratories' calibration procedures were 
in most cases based on elaborate thorax phantoms, and these generally led to under- 
estimates of the subjects' contents, in some instances by a factor of three or more; only 
one such laboratory produced estimates in satisfactory agreement with the independently 
known values. The "phoswich" detectors, employed by most participants, appeared to be 
more sensitive than gas counters. If a standard configuration were required. offering the 
highest sensitivity in most situations, the choice would be a pair of 12-cm diameter 
phoswich detectors viewing the left and right anterior surfaces of the upper thorax. No 
improvement in sensitivity would result from increasing the size, although larger units 
may offer other advantages. 

Fo lde r :  Human Subject Task 
Force MAC 1994 

provision of equipment sufficiently sensitive 
to detect the weak flux of X-rays escaping 
from the body, even when more than the 
maximum permissible lung burden (I6 nCi) is 
present. The other difficulty is one of Cali- 
bration. The relationship to  be assumed, in 
translating a recorded count-rate into an 
estimate of internally deposited plutonium, 
depends on a number of factors, many of 
them indeterminate and/or peculiar to 
an individual subject, e.g. the pattern of dis- 
tribution of the activity within the lungs and 
the nature and thickness of the soft tissues of 
the chest wall. Similar problems arise, to a 
greater or lesser extent, in estimating lung 

INTRODUCTION 
TWO FUNDAMENTAL difficulties complicate the 
assessment of u?'u in lungs by external 
counting of low-energy X-rays (Table 1). In 
koth cases they result from the severe 
?ltenuation which these radiations undergo 
within the lungs and in their passage through 
$e chest wall: at  17 keV, for example, the 
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Tabir 1. Pnncrpol X-ray cmirrionr f rom "% and IU3Pd. ond 
ofrmuatron coqlicirnts in muscle af rrlmant cncqics 

X-ray Encrgy Intensity. w t  
Nuclidc group (kcV) (96) (cm-') 

752 LUNG BURDENS OF LOW-ENERGY PHOTON-EMITTERS 

bration method (Ta65; Ru68; Ne71; Ne 
Ra72; Sh76). Aerosols emitting X-rays 
suitable energies are inhaled by volunte 
selected to represent a variety of physiq 
with the aim of establishing correlations 
tween the calibration factor (Le. respo 
per unit activity present in the lu 
and a simple physical parameter such 

23% u L 13.6 1.67 1.13 
u La 17.2 2.38 1.13 
u L: 20.2 0.55 o.n 

Io3Pd R h K ,  2 0 2  67 0.77 
Rh K O  22.8 1') ow 

'Rclativg intensities from measwcments at H m c l l  employing 
a 300rnrnL SYU) detector with a thin beryllium w i i - , j ~  
normal id  to assumed to ld  X-my inlcnsitics of 4.6% for - 
(slum,) and 80w for 'O'Pd JMe76). 

tToW attenuation coefficient: valuer arc bared on calculations 
b y  White (Wh76). using published mcrhods (Wh74). with Ihc 
clcmcntal canposition of muscle assumed to bc as given in Int64. 

Methods of detection and calibration in the 
assessment of =Vu in vivo 

Large-area proportional counters (Lan64; 
Ta69; Ra69; To70; Sh72) or thin scintillation 
detectors (Lau68; Is69; Sw70b; C173a; 
Ga77a), often with elaborate anticoincidence 
arrangements for background reduction, have 
been developed for these purposes. The per- 
formances quoted for these instruments 
suggest that the best of them are capable of 
detecting lung burdens of less than 16 nCi in 
subjects of average physique. 

For calibration, most laboratories have 
relied on phantoms varying in their complex- 
ity and anatomical accuracy and containing in 
almost every case a uniform distribution of 
plutonium in their "lungs" (Sp64; Bou68; 
Is69; Wa70; Sw76). Presupposing that a 
phantom is realistic in its design and in the 
attenuation properties of its materials, one 
must adjust the calibration derived in this 
way to cater for the large majority of sub- 
jects whose dimensions do not conform 
closely to those of the phantom, and these 
adjustments are most commonly based on 
estimates of the subject's chest wall thick- 
ness by ultrasonic methods (Ra67; Ne72; 
De73; Ga77b). As an alternative to a phantom 
for calibration, some limited use of cadavers 
has been reported (Eh64; Bu69), but apart 
from its obvious disadvantages, this approach 
shares one of the major defects of methods 
employing phantoms, viz. assumptions must 
be made concerning the distribution of 
activity within the, lungs, and these may not 
be realistic. 

A third possibility, which in principle offers 
many advantages, is to adopt an in vivo cali- 

of half-life 27 days, involves more than a 
trivial radiation dose to the lungs, if i t  is 
administered in sufficient quantities to permit 
calibration studies over a lengthy period. 
Plutonium-237 (half-life 45 days) decays by 
electron capture, and in principle could be 
administered in microcurie quantities without 
subjecting volunteers to unacceptable radia- 
tion doses. In practice problems arise in 
producing "Pu free of alpha-emitting irn- 
purities which increase irradiation of the 
lungs substantially. Protactinium-233 and 
='Pu share an additional disadvantage: the 
emission of abundant radiation (K X- and 
gamma-rays) in the 60-120-keV region. 
Particularly when phoswich detectors are 
used, these quanta give rise to an intense 
low-energy continuum, on which the L X-ray 
contributions are superimposed, and this 
complicates interpretation of the spectra. 

The in vivo technique which has been 
employed in most calibration studies at 
Harwell (Ru68; Ne72) employs 5 - ~ m  polys- 
tyrene microspheres, incorporating the 
nuclides Io3Pd (half-life 17.0 days) and 'ICr 
(27.8 days) in known relative concentrations. 
Palladium- 103, decaying by electron capture, 
emits the K X-rays of rhodium, whose 
principal (K,) energy of 20.2 keV coincides 
with one of those in the uranium L X-ray 

weight/height ratio or chest wall thickness, 
for use in the interpretation of spectra from 
contaminated subjects. Because attenuation 
coefficients for X-rays vary markedly with 
energy in the 13-23-keV region (Table I), one 
would employ ideally a nuclide whose X-ray 
spectrum was similar, in the energies and in 
the relative intensities of its components, to 
that of the uranium L X-rays which follow' 
the decay of = v u .  On this criterion both U3Pa 
(Bou67; Ne71) and u7Pu (Ra72) are suitable, 
but in other respects both have serious dis- 
advantanes. The use of "3Pa, a beta emitter 
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spectrum (Table 1). The "Cr label, emitting amounts of a low-energy photon emitter 
gamma-rays at 323 keV, enables the retention among a number of institutes equipped for 
of the particles, and hence the '"Pd content t h e  assessment of plutonium in U I U O  The 
of the subject's lungs at a given stage, to be techniques of calibration which we encoun- 
derived using largely established methods of tered in this preliminary survey all differed in 
body radioactivity measurement. The amount some important respect, and i t  seemed in- 
of "Cr in the inhaled mixture can be evitable that the assessments of different 
chosen so that i t  is easily detected by these laboratories investigating the same subject 
methods, but is not so large that its contaminated with plutonium would cover a 
scattered quanta interfere seriously with wide range. These differences in calibration 
measurements of the X-rays from the lo3Pd. also prevented a realistic comparison of the 
Experience has shown that leaching of sensitivites offered by different equipment 
activity from the particles in vivo is negligible and techniques of detection. Indeed, it ap- 
and that, after an early rapid clearance of peared likely that, in some instances where 
material deposited in the ciliated regions, two laboratories made conflicting claims for 
elimination from the lungs is a slow process the minimum activity detectable with essen- 
[biological half-life 2 100 days (Boo67)I. For tially similar equipment, the discrepancies 
acceptable levels of radiation dose to the  reflected differing assumptions about the 
l u n g s 4 5  mremlpCi Io3Pd deposited in those 
regions from which clearance is slow (Sn75), Accordingly, during 1972, as an extension 
and 13mremlpCi for "Cr ( S n 7 4 t i n -  of calibration studies carried out at Harwell 
vestigations are possible for a period of using the  lo3Pd/"Cr technique, the three sub- 
several months. A disadvantage of Io3Pd as a jects involved, representing individuals of 
simulator for is that only the 20.2-keV small, intermediate and large physique, were 
component of the uranium L X-ray spectrum made available for investigations elsewhere, 
is reproduced in its emissions. Thus, in with the following objectives: 

assumptions have to be made concerning the basis, the sensitivities of various 
contributions from the 13.6- and 17.2-keV detectors and methods for the 
X-rays relative to that from the 20.2-keV assessment of low-energy photon 
component. A further adjustment, to allow emitters in lungs. 
for the effect of the 22.8-keV KB X-rays from (ii) to evaluate the calibration techniques 
'03Pd, is also required. Uncertainties in the  employed by participants, or, in cases 
energy-dependence of attenuation within the where no established technique exis- 
subject (Ne78b) limit the accuracy with ted, to provide, within the limitations 
which these adjustments can be made. mentioned above, data o n  calibration 

and on its variation with body size, for 
The interiaboratory comparison and its ob-  use in the assessment of internal 
jectives contamination. 

Calibration studies involving the ad- (iii) to enable each laboratory to in- 

absorb a substantial technical effort and procedures, such as the optimum 
entail a small radiation dose to the subject. positioning of its detectors relative to 
Consequently there is a strong case for in- the subject. 
creasing the yield of an experiment by mak- 
ing its subjects available for investigation at Participating laboratories 
more than one laboratory. A study of reports Fourteen organizations participated in the 
in the literature, and enquiries made among project: Aktiebolaget Atomenergi, Studsvik, 
laboratories whose methods were unpub- Sweden; Argonne National Laboratory, IL, 
Gshed, suggested that it would be particularly U.S.A.; Atomic Energy Establishment, Win- 
useful to circulate subjects containing known frith, U.K.; Atomic Energy Research Es- 

effects of attenuation within the body. 

,deriving a calibration factor for 239Pu in vivo,  (i) to compare, on a common realistic i 

1 

'6 
$ ministration of radioactivity to volunteers vestigate other factors relevant to its 
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tablishment, Harwell, U.K.; Centre d’Etudes 
Nucltaires, Fontenay-aux-Roses, France; 
Centro di Studi Nucleari, Casaccia, Italy; 
Dow Chemical Co. (Rocky Flats Division), 
CO, U.S.A.; Inhalation Toxicology Research 
Institute, NM, U.S.A.; Laboratoire du 
Service Mtdical du Travail du CEA, 
Montrouge, France; Lawrence Livermore 
Laboratory, CA, U.S.A.; Los Alarnos 
Scientific Laboratory, NM, U.S.A.; Mound 
Laboratory, OH, U.S.A.; New York Uni- 
versity Medical Center, U.S.A.; Radiation 
Protection Bureau, Department of National 
Health and Welfare, Ottawa, Canada. 

METHODS EMPLOYED IN THE 
INTERCOMPARISON 

An exercise entailing visits by our three 
subjects to 13 other laboratories would in- 
evitably extend over many weeks, during 
which reduction of the inhaled activities 
would occur through radioactive decay and 
biological clearance. Consequently, in plan- 
ning the organization and experimental details 
we had to take into account a number of 
factors and requirements: 

(i) Each subject would be at  the disposal 
of individual laboratories for only 1-2 
days, and so ideally sufficient ‘03Pd 
activity should be present in his lungs 
to enable each laboratory to make a 
large number of investigations in this 
short time. This, together with the 
need that, for our own purposes at 
Harwell, the activity should remain 
easily detectable in two of the subjects 
for three months or longer, indicated 
that preferably several microcuries of 
each nuclide should be deposited in 
those regions of the lungs from which 
clearance was slow. 

(ii) The retention of the radioactive parti- 
cles would need to be assessed, by 
measurements of the remaining ”Cr, at 
intervals before, during and preferably 
also after the programs of visits to 
other laboratories, with the same 
detector and method employed on 
each occasion. From interpolated 
estimates of the ”Cr and the known 
radioactive composition of the inhaled 

mixture, the Io3Pd content of each 
subject at the  time of his visit to each 
of the other laboratories could be 
deduced on a common basis. 

(iii) During the course of the exercise it  
would be necessary to monitor the flux 
of X-rays at the surface of the chest 
for any change which could not be 
attributed to radioactive decay and 
particle clearance. For example, it was 
conceivable that attenuation of the X- 
rays within the lungs might be affected 
by some changes in the distribution of 
the particles. This monitoring would 
entail, for each subject, measurements 
with the same X-ray detector at inter- 
vals during the experiment, to provide 
a basis for any necessary adjustments 
before the data of different 
laboratories were compared. 

Generation of the aerosol and administration 
to volunteers 

A monodisperse aerosol of 5-pm polysty- 
rene particles, incorporating the activities 
”Cr and Io3Pd, was generated by a spinning 
disc technique as previously described 
(Boo67; Ru68). A suspension of these parti- 
cles in ethanol was atomized with air at  the 
top of a column 76cm talI. The cloud was 
mixed with diluting air so that the liquid 
evaporated and at the base of the column the 
aerosol consisted of dry particles. At this 
point one horizontal side-arm terminated in a 
mouthpiece, while a second tube enabled part 
of the aerosol to be drawn through a filter for 
sampling purposes; particles not taking either 
of these routes passed to waste via a third 
outlet. The equipment was essentially the 
same as that described in more detail else- 
where (Ho7 1). 

Three subjects (Table 2) inhaled the 
aerosol through Ehe mouthpiece. A “normal” 
breathing pattern (one which the subject 
found natural and comfortable in a resting 
state, Le. tidal volume - 0.5 I.) ,was main- 
tained. As we had found previously (Ne72), 
the proportion of the retained activity which 
was deposited in the ciliated regions, and was 
thus subject to early rapid clearance, was 
largely unpredictable. A series of exposures, 

, 
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Tnblc 2. Biomrfric dnrn for rubjeclcrr 

Chest Chcsl wall h n g  funclion* 
Agc Weight Hcight ckcumfcrcncc thicknesst F E V ,  N C  

Subjcctt (yr) (kg) (Em) (cm) (cm) ( I . )  ( I . )  

DN 35 62 170 92 1.7 4.5 (3.6) 5.4(4.5) 
IR 47 81 178 loo 2.5 3.6 (3.5) 4.5 (4.6) 

K F B  50 88-92 174 117 3.1 3.7 (3.4) 4.9 (4.6) 

*Recorded 2 yr (DN and KFB) and 5 yr (JR) after the inlerlaboralory exercise: fisures in parcntheses arc 
; typical valucs for subject's agc a d  height (Ba71). F E V l  is the volume of air cxpcllcd in 1 scc with 

maximum effort: N C  is the maximum volume cxpellcd after full inspiration. 
tAll thrcc subjects wcrc male. 
i B v  ultrasonic methods; mcan of cslimates by six laboralones. 

extending over two days, was necessary in 
order to achieve the required amount of 
activity deposited in those regions from 
which clearance was slow [biological half-life 
3 100 days (Boo67)I. Filter samples of the 
aerosols administered to each subject were 
obtained as indicated above, and these were 
measured by the methods of scintillation 
counting to be described, in order to establish 
the '03Pd/"Cr ratio in the inhaled particles. 

Organization of the project, and supporting 
radioactivity measurements 

The "Cr content of each subject's chest 
was measured periodically at Harwell until 
5-8 days after intake, to ensure that clearance 
of those particles deposited in the ciliated 
regions was complete, and to define the early 
part of the long-term clearance pattern (Fig. 
1); several measurements of X-ray emission 
from the chest were also made. Experimental 
details are given below. At this point two of 
the subjects (DN and KFB) were made 
available for 3 weeks to permit investigations 
at laboratories in N .  America, while the third 
(JR) spent 10 days visiting establishments in 
Europe and elsewhere in the U.K. After 
these visits the subjects returned to Harwell 
for several days, during which further 
assessments of their "Cr contents and X-ray 
emissions were made. They then left to 
complete their programs of visits in 
Europe (DN and KFB) and in N. America 
(JR). On their subsequent return to Harwell, 
it was possible to resume these measure- 
ments on subjects DN and KFB. Labora- 
tories had each of the three subjects at their 
disposal for at least 1 day, and the pro- 
gram was so arranged as to give each 
organization access to at least one subject 
before radioactive decay of the '03Pd might 

HP Vol 35, No 6-6 

- .  ',., Calculated Io3Pd X-ray emissior 

I I 1  I I I I  
20 40 60 

Days after intake 

RG. 1.  Radioactivity and clearance of polystyrene 
particles in subject DN. Plotted points and full line 
(scale on left): observed "Cr in lungs, from serial 
measurements at Harwell, and best-fitting single 
exponential function of time. Dashed line (scale on 
left): fitted function corrected for radioactive decay 
of "Cr, Le. biological clearance of particles. Dotted 
line (scale on right): X-ray emission from '"Pd in 
lungs, calculated from particle clearance and known 

radioactive composition of the inhaled aerosol. 

prejudice accomplishment of the agreed ob- 
jectives; in practice, all laboratories found 
that the X-ray emissions from each of the 
three subjects were fully adequate for their 
purposes. 

To ensure that all laboratories worked to 
common standards of activity, each was 
supplied with sources of "'Pd and "Cr, 
deposited on filter paper which was sealed 
between thin sheets of polyvinyl chloride. 
The X- and gamma-ray emissions of these 

x 
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sources had been recorded at  Harwell, by 
methods to be described below. 

Estimation of retained j lCr.  The serial 
measurements of "Cr at Harwell were made 
inside a IO-cm thick lead shield (In70) using a 
sodium iodide crystal (diameter 23 cm, thick- 
ness 15cm), to  record the 323-keV gamma- 
rays. With the subject in a supine position, 
two measurements were made on each oc- 
casion. For one of these, the detector was 
positioned 25 cm below the  bed, under the 
mid-point of the subject's sternum, while 
during the other measurement the crystal 
occupied a corresponding position over the 
chest, 47 cm above the bed. The arithmetic 
mean of the two results was used to estimate 
his "Cr content; this mean response would 
not be materially affected by any changes in 
the distribution of particles in the lungs dur- 
ing the period of study, which might other- 
wise distort the observed retention pattern. 
For calibration purposes, a chest phantom 
was employed constructed of hardboard 
(similar to "Presdwood"), containing cavities 
filled with compressed foam rubber to 
represent lung tissue. The effect of a dis- 
tributed source was simulated by measuring a 
point source of " c r  in numerous positions 
inside the "lungs". Differences in detection 
efficiency between subjects and phantom 
were minimized by recording the response 
over a wide energy range (40-415 keV), rather 
than in a region restricted to the photoelectric 
peak at 323keV. Corrections for these 
differences, which were due primarily to 
differences in attenuation, were applied when 
necessary, based on  the ratio of count-rates 
in the peak and forward scatter regions of the 
subject's spectrum, compared with the same 
ratio recorded from the phantom. 

In addition, the other laboratories were 
asked to make their own assessments of "Cr 
in  the subjects. Their methods included fixed 
sodium iodide crystals (generally 20 x 10 cm 
or larger) viewing both anterior and posterior 
surfaces of the chest, similar to the method 
adopted at Harwell; fixed detectors viewing 
the anterior surfaces only (chair technique, or 
crystals in contact with the thorax); whole- 
body scanning of the supine subject; arc 
techniques (radius 1.0 or 1.5 m); and use of a 

4m-liquid scintillation counter. Calibr, 
procedures included the use of chest F 
toms containing "lungs" incorporating 
as at Harwell; whole-body phan 
containing activity widely dispel 
measurements of point sources in air, 
semi-empirical adjustments to allow for t 
effects of attenuation and differences 
geometry; and the use of data from ot 
subjects containing "Cr inhaled u 
controlled conditions, or other isotopes 
ministered by various routes. Corre 
were generally, although not invariably, 
to allow for differences in attenuatio 
tween subject and phantom, the most co 
mon approach being based on considerati 
of spectral shape. 

Moniforing subjects' X - r a y  emissions 
HanoelI. Measurements of X-ray emis 
from the thorax were made at in 
before, during and, in two subjects, 
their programs of visits to other I 
tories. A summary of the experimental deta 
may be found in Table 4. 

Measurement and standardization of sources. 
Measurements of X -  and gamma-ray emis 
sions of all sources employed in these stu- 
dies, including the filter samples of the in- 
haled particles and sources provided for 
other laboratories, were made with a NaI(T1) 
detector (diameter 15 cm, thickness 9 crn), at 
a distance of 44cm. For our purposes it was 
not necessary to know the "Cr activities ac- 
curately in absolute terms, provided esti- 
mates of the subjects' "Cr contents made at 
Harwell and elsewhere were expressed rela- 
tive to the nominal activity of a filter sample 
or of a source supplied by us. A calibration 
factor for "Cr was however known for this 
source-detector arrangement, with an esti- - 
mated accuracy of f 5%, and, as a matter of 
convenience, the 51Cr activities quoted in this 
report will be expressed in microcuries on 
that basis. 

Calibration of the NaI(TI) detector for 
Pd, with an estimated accuracy of t 2 % ,  

was accomplished by counting a source pro- 
vided for us by the Lawrence Livermore 
Laboratory. This source had been standard- 
ized by comparing its X-ray emission with 
photon emissions from absolute standards of 

I03 
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indicated, and this enables the subject's X-ray 
emission at any time during the experiment to 
be deduced (dotted line in Fig. I ) ,  given the 
measured ratio of the two nuclides i n  the 
inhaled aerosol. 

In point of fact, the estimates of X-ray 
emission given in the final column of Table 3 
were derived on a slightly amended basis 
which took into account the estimates of 
retained "Cr supplied by other laboratories. 
as well as our own. Additional estimates of 
the initial "Cr content were obtained by ad- 
justing each laboratory's assessment, accord- 
ing to the effective half-lives in  Table 3+ The 
mean of all such values for each subject is 

ESTIMATES OF "'Pd IN VIVO included in Table 3 with its standard error 
*OM MEASUREMENTS OF ' I C r  IN LUNGS and the range of individual values, which was 

Substantial fractions of the inhaled parti- considerable. The methods employed for 
cles were cleared from the upper airways and estimating "Cr were summarized in a pre- 
ciliated regions during the first 2 days after vious section, and some were manifestly 
intake, as in previous experiments (Ne72). more satisfactory than others. We have been 
This early clearance is of no relevance in the unable to formulate defensible criteria on 
present context, and we are concerned solely which to calculate a weighted mean of these 
with the subsequent pattern of retention. data, and we have therefore based our cal- 

Data on the long-term retention of the culations of X-ray emission in the subjects on 
particles and their associated radioactivity the simple arithmetic mean "Cr Contents in 

* are summarized in Table 3, and illustrated in Table 3 .  
Fig. 1 in the case of subject DN. In this Error estimates given in the final column of 

+ figure, the plotted points indicate Harwell's Table 3 take into account (i) a quoted un- 
.'; estimates of the "Cr content, from which an certainty of 2 2% in t h e  activity of the Io3Pd 
' initial value of 2.50 pci and an effective half- which we received from Livermore for stan- 
I 

life of 25.750.2 days may be deduced. Cor- dardization purposes (An74), (ii) the standard 
rected for radioactive decay of the "Cr label, errors of the mean estimates of "Cr in viuo 

, this represents a biological half-life of 340 given in Table 3 and (iii) addnional un- 
days, indicating the rate at  which the polys- certainties of 2 6 and 5 3% applying to sub- 
tyrene particles were cleared from the lungs jects DN and KFB respectively. In these two 
(dashed line in Fig. 1). If we combine this  value subjects there were doubts about whether the 
with the 17.0-day physical half-life of '03Pd, an composition of activity on filter samples 
effective half-life of 16.2 days for this nuclide is relating to small fractions of the inhaled 

Z4l,4m, "'Cs and 57Co, using both GeLi and 
SiLi detectors. Other laboratories receiving 
similar sources from Livermore generally 
reported agreement with the quoted activity 
to within L' 3% (An74). 

Since all Io3Pd sources employed in this 
work were standardized by X-ray counting, 
activities will be expressed in terms of pho- 
ton output rather than as microcuries. This 
will avoid ambiguities which might otherwise 
occur because of the discrepancies in pub- 
lished estimates of X-ray abundance for Io3Pd 
(N e7 8a). 

*Derived by fitting a sin& cxwncntial funclion of tLnc IO the serial cstimatcs of "Cr in lungs. usin8 rb.F computer prognm FATAL 

. tNurnbcr of indcpcndcnr dctcnninarionr by dkcrcnt procedures. some laboratoms reponed i d i d u a l  h ~ ~ s  bared on w o  a morc 
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aerosol was representative of the material 
deposited in the lungs. The errors quoted 
under (iii) reflect these uncertainties. 

STABILITY OF X-RAY DETECTION EFFICIENCIES 
X-ray detection efficiencies, observed at  

Harwell for subjects DN and KFB, are 
shown plotted against time in Fig. 2, expres- 
sed in effect as recorded count-rate per unit 
activity of Io3Pd remaining in the lungs at the 
time of measurement. For both subjects, 
neighboring values shown an appreciable 
scatter which may be attributed largely to 
difficulties in reproducing the subject-detec- 
tor geometry precisely on these occasions. In 
the case of KFB this scatter is superimposed 
on a noticeable downward trend: when a 
least-squares analysis of the data was per- 
formed, with a linear relationship with time 
assumed, the lower of the two lines in Fig. 2 
was obtained, predicting a reduction of 13% 
in the efficiency between days 4 and 55.  This 
decline is satisfactorily explained by changes 
in the subject's weight. which increased by 
4 kg during the experiment. A correlation of 
the recorded efficiencies with body weight is 
shown in Fig. 3, and a function of the form 

n c 0 

6 2  
a 

0 
0 2  
o_ 
L 
a. 
a 2  
n - 
c 2 

$ 2  

0 

x 

I I I 
20 40 60 eo 

Days after intake 

FIG. 2. X-ray detection efficiencies for subjects 
DN and KFB (recorded counts11000 photons 
emitted in lungs), determined at Hanvell for two 
19-cm diameter phoswich detectors (Table 4). 
Measurements were made with the subjects 
supine, and with arms raised and folded behind the 
head. The linear functions of time providing the 
best fits to these data are shown, the broken portions 
indicating the periods during which other labora- 

tories made their measurements. 

0 

0 

I I I 
0 51 0 52 

W e q h l l h e ~ g h l .  kq/cm 

I 1 
88 89 90 91 92 

Weignt. k9 

RG. 3. X-ray detection efficiencies for subject KFB 
measured at Harwell, correlated with his body 
weight. The line is the best-fitting function with the 
form of equation (1). Note that the vertical scale is 

logarithmic. 

C (  W / H )  = C(O.50) exp [ - a (  WIH - O.SO)] 
(1) 

was fitted to these data by least squares. In 
equation (I) ,  C( WIH) is the counting efficiency 
(in countslphoton) for a given value of the 
ratio weight/height (in kglcm), and a plot of 
the calculated function is included in Fig. 3. 
The best-fitting values for the two parameters 
were: 

C(0.50) = (2.40 C 0.12) x countslphoton 
a = 8.0 2 3.1 cm/kg. 

Previous data (Ru68), correlating calibration 
factors for lo3Pd with W(H in seven subjects 
ranging in weight from 61 to 107 kg, were 
subjected to the same method of analysis, 
and the result 

a = 8.2? 1.3 cm/kg 

was obtained, similar to the estimate given 
above. Thus it would seem reasonable to 
assume that the decline in detection efficiency 
for KFB was due entirely to his increasing 
body weight. Equation (I), with C(0.50) = 
2.40 X lop3 and a = 8.0, was used to adjust the 
data for KFB in Fig. 2 for these changes. 
Least-squares analysis then indicated a 
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change of 0 & 5 %  in the adjusted efficiencies 
between days 4 and 55 .  

For subject DN, the slightly negative slope 
of the  straight line best fitting the data of Fig. 
2 was not significant, predicting a reduction in 
efficiency of 4.7+4.3% between days 4 and 
55.  During the experiment, values of this 
subject's 'weight recorded at Harwell varied 
only within the range 60.9-62.0 kg, in a seem- 
ingly random manner. 

Thus, in subjects DN and KFB, there was 
no evidence of any important changes in X- 
ray emission from the body such as might 
result from a change in the distribution of 
particles within the lungs, or from the pref- 
erential leaching of either nuclide from the 
polystyrene. The data for JR do not extend 
beyond day 17 and are insufficient to permit 
such conclusions, but there is no reason to 
suspect that the particles would have 
behaved differently in him. No systematic 
variations in his body weight occurred during 
the interlaboratory exercise. 

RESULTS OF INTERLABORATORY COMPARISON 
Following their measurements on the three 

subjects, which took place between October 
and December, 1972, laboratories provided us 
with a summary of their methods and findings 
for inclusion in this paper, and several have 
in addition reported independently on their 
experience in the project (Ru73; C l73b; 
An76; To76). 

A provisional report, based on a preli- 
minary analysis of incomplete data, was pre- 
pared in 1974 and subsequently issued by the 
IAEA (Ne76). Many of the statements and 
data in that account have been amended in 
the preparation of this paper, following re- 
visions to or clarification of the material ori- 
ginally submitted to us. In some instances, 
however, there remain ambiguities in the in- 
terpretation of participants' reports which we 
have been unable to resolve satisfactorily. 
For this reason, and also in response to 
specific requests from some laboratories for 
anonymity--on entirely legitimate grounds- 
we have not, except in the case of Harwell, 
divulged the origin of each laboratory's results. 
Instead, we have adopted a system of code 
letters to refer to participants. 

Detection eficiencies and sensitivities for  
'03Pd in lungs 

Each laboratory was asked to measure the 
response from the X-rays, employing as far 
as possible the equipment and techniques 
which it used, or would envisage using should 
the need arise, to estimate internal 
contamination with plutonium. Most labora- 
tories used two detectors, and with one ex- 
ception (lab. K)  the counter(s) viewed the 
anterior surfaces of the thorax. Details of these 
detectors, their arrangement relative to the 
thorax, and the response per unit activity, E, 
for each subject, are included in Tables 4-6. 
Each value of E was derived by dividing a 
laboratory's observed count-rate, after certain 
adjustments, by the contemporary X-ray 
emission-rate calculated from the data of Table 
3. Some laboratories provided details of in- 
vestigations made by more than one method, 
and these additional data have been included in 
cases where they are useful in illustrating 
points made in the text. 

Phoswich detectors. These data are sum- 
marized in Tables 4 and 5 .  Laboratories 
specified a variety of energy ranges in 
reporting their count-rates, and the basis on 
which these had been selected was not al- 
ways clear. In some instances the chosen 
band extended up to only 25 keV, and this 
choice was probably intended to optimise the 
sensitivity for detecting plutonium. However, 
i t  would impair somewhat the efficiency for 
measuring "'Pd, in view of the poor energy 
resolution of phoswich detectors and the  
presence of K B  radiation at 22.8 keV. The 
percentages of the total peak area falling in 
the specified ranges were estimated by 
reference to spectra of "'Pd in uiuo supplied 
by the laboratory concerned, or by another 
employing detectors of similar size and 
supposedly similar energy resolution, and 
these percentages appear, in parentheses 
after the energy ranges, in Table 4. According 
to these percentages, the reported count-rates 
were adjusted before the values of E were 
calculated, so that in each case the latter 
reflect the approximate full peak response 
and enable more valid comparisons to be 
made between the data of different labora- 
tories. Laboratories contributing the data in 

4 
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Joblc 4. Perfomnncc of ;wo-phoswrrh syrrcms 

Energy range. 
kcV (and % Suhjcct DN Subject JR Suhjcct KFB 

Detector of local peak (62 kgl (81 kg) (90 kgl  
Lab dimensions. Geometry. etc. rccordcd) Et Ft Et  Ft Et FT 

A 12.7 x 0.10 Onc vicwing cach lung. 14-25 (86) 
circumfcrcncc langcntial io 
stcrnum and clavicle. anglcd 
for maximum contact with body 
Arms bchind hcad I O 9  47 0.53 I I  0.27 3 

B 12.7 X 0.30 Dclcctors as for A 12-29(97) 
Arms hcsidc torso 

C 12 X 0.16 Detectors as for A 
Arms bcsidc lorso 

D 12.7 x 0.10 Dctcctors as for A 
Arms bcsidc torso 
Arms bchind head 

E 12.7 x 0. IO Dctcctors as for A 
Arms bcside torso 

F I 5  x 0.30 I I) Dctcciors similar to A. hut 
rcccsscd in  pcrspcx 
cylindcrs. window 1.5 cm 
from p l y  

A r m s  bcridc torso 
(2) As for (11. hut dctcctors 

displaced 3 cm towards vcricx 
Harwcll 19 x 0.30 Onc vicwing cach lung. at  lcvcl  

of mid-stcrnumt 
A r m s  hcsidc torso 
Arms &hind hcad 

359 510 

3 I O  425 
15-27 (%) 

I s 2 5  (891 

430 7 3 0  

3 3 425 
1 5 4 5  (901 

12-29 l9 l l  

4.63 bo7 

3 9  19O 
l0-3211W) 

5 4 0  514 
8.20 1186 

I.X7 138 O.% 16 

i t a  150 1.13 7x 

2.10 174 I.?? 6L 
2.75 298 1.33 7 0  

2.68 283 1.69 I13 

2.10 I Z  1.33 66 

1.90 IO? 1.3x 54 

2.87 14? 1.47 38 
3 7 1  243 2 3 q  97 

'l3amctcr x thickncss (Em) o f  NaNTI). In somc cascs whcrc thc dclcutor canning ohwurcd thc pcriphcr) o f  the window. an 

t E  = counts in  full X-ray peak pcr loo0 photons cmittcd in lungs' the value, lor rubjcct KFB h a y  hccn rdjustcd tocompcnsatc 

tLklcctors displaccd lalcrally by I 1.5 cm to lcft  and right of thc ccntral position descrihcd in  Tahlc 5 .  wiihuut change in  

cstmutc of thc cffcctivc diamctcr has bccn madc. 

for changes in his body wcight (scc tcxt). F (hgurc of mcri i l  = E! -dctcctor arca cxprcsscd in  m-. 

oricnlnion. 

Tablr 5.  Pcrfomanrr oj alirrnalrvr p h o i w r h  svsirms 

Subjcct DN Subjcci JR Suhjcct KFH 
Dcicctor t6?kgl I81 ky) .(9Okp) 

Lab dirncnsions' Gcomctry. CIC. Et Et E t  Ft Et Ft 

Harwcll 19x 0.30 Singlc dctcclor. ccntrally ovcr mid. 
sternum of rupinc rubjcct: rotatcd 
about an axis onhogonal to mid- 
wgitul plane IO follow surfacc 
contours of uppcr thorax: 
xparation from body - 1  cm 

A r m s  bcsidc iorso 3.32 388 1.17 4n 
Arms bchind hcad 4.28 644 2.W 1% 1.34 63 

G 12.5 x 0.05 Singlc dctcctor O Y C ~  right lung. 
bctwccn ribs 2 and 5 

Arms bchind hcad 1.13 243 U.85 ?9 0.56 26 
H 10.2 x 0.40 Four dcicctors in contact with 

f ront  of chest (Icft uppcr. lcft 
lowcr. right uppcr. nghi lowcr) 

Arms bcsidc torso 5.13 BO> I 38 xi 1.23 46 

* and t Scc corrcsponding foolnolci 10 Table 4 

Table 5 reported ful l  peak count-rates and 
here no adjustment was needed. 

A further source of instrumental variation 
affecting the results concerned the efficiency 
of pulse shape discrimination (PSD) circuits 
in admitting signals resulting from X-ray in- 
teractions in the NaI(T1) element of a phos- 
wich. Laboratories providing this information 
(C, E and G)  reported efficiencies in the range 
90-95%, and we have assumed this to apply 
to all laboratories except Harwell, where at 
the time of these experiments, the efficiency 
was known to be only 80% for the  X-rays 

emitted by "'Pd. The performance of our 
equipment has since been improved, and at 
90% the PSD efficiency is now typical of that 
applying elsewhere. Consequently, in cal- 
culating values of E for the  Harwell counter, 
an additional multiplying factor of 90/80 has 
been applied to the observed count-rates. 

The data for KFB from all laboratories 
have been further adjusted to take account of 
the increase in X-ray attenuation which oc- 
curred in this subject during the experiment 
(Figs. 2 and 3). A normalizing factor, derived 
from the linear function fitted to the data in 
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Table 6. Pcrfomtance of proponional Cnunrers 

Background 
countslmin Efficiency. Et for subject 

DN JR KFB 
Lab Dctcctor and shicld GcomctryP. ctc. Detector Subjecdl (62 kg) (81 kg) (90 kg) 

4 
+ 6 c m  Pb subject measured supine (17-27 kcV) 

5 
of supine subject 

0.42 0.33 0.30 J CPXI80.'* Shield 40cm sand Ccntrally abovc thorax: 7 

and prone' 
0.72 0.53 0.31 

(2) In  righl armpit. viewing 1.82 0.55 0.46 

K .CPXlSO. Shicld lOcm Pb ( I )  Ccntrally abovc stcrnum I O  

lateral surface (preferred 
method) 

supinc subject 
L CPXISO. Shield ZOcm Fc + Ccntrally above stcrnum of 4 2 1.02 0.50 0.26 

0.3 cm Pb + 0.08 cm Cd. 
W cm concrctc + 340 cm 
earth abovc laboratory 

arca 27.5 x 11 cm2. Shield (2 counters, 
16cm Fc+O.3cm Pb 11-25 kcV) 

3S0cm2. f i l l ing ArlXeICH,. supine subjcctt ( 1 6 2 5  kcV) 
Shield IOcm Pb. panially 
lined with 0.2 cm Cu 

X ,OCA! Shield IO im Pb of supinc subject ( l b 2 4  kcV) 
+ 0.1 cm Cd 

( 1 6 2 4  kcV) 

M Twin Ar lCH flow counters. One over each lung I .7 0.7 0.22- O . I I *  n.o4* 

N Sealed detector, arca Ccntrally ovcr thorax of 1.7 2.0 0.49 0.22 0.17 

0.47 0.27 0.11 Harwcll Ar lCH ow countcr 30x 30 Ccntrally abovc thorax 0.4 0.4 

*The rcsponse was in all cases higher with the subjcct's arms raised and folded behind thc head. by an avcragc faclor of 1.6. 
tSee corresponding footnote to Table 4. 
*Lab. N cstimalcs that a pair of such detectors. one viewing each lung. would give 1.7 limes the rcsponsc shown for a sin& counter 
$Efficicncics quoted a rc  for nuasurcmcnts with subjcct in '.arms beside torso" posturc. 
'Lktcctor arranged at approximalcly constant height above bed: hcncc thc gcometry for  subjccr DN (overall chert thickness 21 cm) was 

&;Typical contributions from 'K and '' Cs at I972 levcls. 
.*Scaled counter with XclCH, filling. w'ndow 18-cm diameter. manufactured by Compagnic GCnCralc dc Radiologic. Francc. 

IC I cfficient than for JR (24cm and K F 9  (26cm). 

Fig. 2, was applied so that the values of E 
show the expected result, had the measure- 
ments of all laboratories been made on day 
45, when the subject's weight was - 90 kg. 

One of our important objectives was to 
compare the performances of phoswich 
detectors of various sizes, and in various 
configurations relative to the body, in terms 
of some figure of merit for sensitivity in 
detecting "'Pd in lungs. Provided the pattern 
of X-ray emission from the  various regions of 
the chest is not strongly energy-dependent in 
the 17-20- keV region, these relative perfor- 
mances should broadly speaking apply in the 
assessment of plutonium in vivo. A quantity 
commonly employed as a figure of merit in 
comparing low-level counters is S'/B, where 
S is the detector count-rate contributed by a 
reference source and B is the background 
response of the detector. In the present 
context, B would include effects arising from 
the body's influence on the ambient radiation 
field and also from scattered quanta from 
natural 40K and fallout '37Cs in vivo, as well 
as the intrinsic counter background. For 
sufficiently weak samples, giving a count-rate 
C e B ,  S2/B is inversely proportional to the 

total counting time, spent in determining ( C  + 
B )  and B, which is necessary to achieve a 
given percentage statistical precision in 
C(Lo51). In the routine monitoring of 
workers for the presence of plutonium in 
vivo, the condition C 4 B  will generally be 
met. Of course, in experimentally comparing 
S21B for different counters with a reference 
source, we do not need to make S 4 B. since 
the ratio of count-rates SI/& for two detec- 
tors functioning correctly will be independent 
of source strength. Thus for these purposes 
our subjects, for whom S S B ,  may be 
regarded as suitable reference sources. To 
allow €or the reduction of activity in their 
lungs between their visits to the various 
laboratories, through radioactive decay and 
biological elimination, we may employ a 
figure of merit, M ,  based on the values of 
efficiency, E in Tables 4 and 5 ,  instead of on 
the observed count-rates, S, Le. 

M = E2/B. 

However A4 is unsuited to our purposes, 
since the background B will depend on 
factors which in this study varied from 
laboratory to laboratory, such as the nature 



762 LUNG BURDENS OF LOW-ENERGY PHOTON-EMITTERS 

and thickness of materials employed for 
shielding. To make the desired comparison, a 
means must be found of eliminating these 
variables. Consequently, we have assumed 
that,  the background response (as we have 
defined i t  above) would, inside a given shield, 
be proportional to the surface area of a 
phoswich, and we shall employ, as a figure of 
merit, 

F = E2/area. (3) 
The background would also be influenced 

to some extent by the thickness of scintillator 
employed to detect X-rays, which varied 
among laboratories from 0.5 to 4.0 mm. 
However, throughout most of this range the  
efficiency for 20-keV radiation would not be 
materially affected by these differences, and 
F can be used to indicate how the sensitivi- 
ties of detectors of a given thickness are 
affected by the crystal diameter and by their 
geometrical arrangement relative to the sub- 
ject. Values of F are included in Tables 4 and 
5 .  

The entries in Table 4 for labs A-E relate 
to essentially similar pairs of phoswiches, of 
-12-cm diameter, yet there were large 
differences in their detection efficiencies E 
for a given subject. In particular, lab A 
reported values which were very much lower 
than for any of the others, in all three sub- 
jects, despite having imposed on them a 
posture which ought to have increased E (see 
below); possibly over-rigorous criteria in this 
laboratory's PSD circuits impaired the detec- 
tion eficiency. The variations in E for labs 
B-E (with the subjects adopting the same 
arms-beside-torso posture) probably reflect 
differences in what was nominally a very 
similar geometry, since some laboratories 
found the response to depend critically on the 
position and orientation of the detector. 
Overall, however, the performances of labs 
B-E did not vary widely, and certainly there 
was among them no laboratory which return- 
ed values of E which were higher or lower 
than those of the others in all three subjects. 
With the exception of lab A, the same is true 
of all of the laboratories in Table 4 when the 
figure of merit, F is considered. On this cri- 
terion the larger detectors of lab F or of 
Harwell appear to offer no advantage. 

From the data for Harwell in Tables 4 and 
5 ,  we may deduce that a single 19-cm 
diameter detector, centrally placed over the 
upper thorax, would on the whole be two- 
thirds as sensitive as a system employing two 
of these phoswiches. I t  would also in general 
be less sensitive than the two-phoswich 
systems of labs B-E, despite having a sur- 
face area some 25% larger. The four-phos- 
wich arrangement investigated by lab H 
(Table 5) was relatively insensitive for the 
larger subjects. probably because the count- 
rates from the two lower detectors would 
have been relatively small. If just two of 
these IO-cm diameter detectors had been 
employed. viewing only the upper parts of 
the  thorax, the sensitivity would in  all prob- 
ability have been similar to those of the 12- 
crn units of labs B-E. 

Proportional counfers. Six laboratories 
reported measurements with gas-filled pro- 
portional counters (Table 6). I n  three cases 
the commercially available CPX 180 detector 
was employed, while the other three used 
counters of their own design and construc- 
tion. 

The figure of merit, F, based on surface 
area as an index of background response 
(equation 3). which was adopted to compare 
the sensitivities of phoswich detectors, 
cannot be applied to proportional counters. 
For phoswich detectors E can be assumed 
for our purposes to be independent of the 
thickness of the NaI(TI) scintillator, but with 
proportional counters both E and the  back- 
ground will depend strongly on the nature 
and depth of the filling gas. Consequently our 
data do not enable us to deduce quantita- 
tively how the sensitivities of different coun- 
ters and procedures would compare if they 
were employed inside a given shield. 
However, some general conclusions on the 
relative performances of phoswiches and gas 
counters are possible. 

If the figure of merit M (equation 2) is 
adopted, the ArlCH., counter (Ta69) at Har- 
well can be shown from the data in Table 6 to 
be somewhat more sensitive than the other 
gas counters. Data (11170) on the background 
response of thick NaI(TI) detectors at these 
laboratories suggest that the differences in M 
are not related primarily to differences in 
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om shielding. For  subject JR, the  data for pointing; their findings are summarized 
below, together with other relevant observa- 

- . . , . - a ,  tions made in the course of these in- 

BY contrast, for two 19-cm phoswiches in Anterior surfaces. In most cases these 
Same shield (background 47 counts/min studies involved a series of measurements 

i;l range 10-32 keV, including contributions with a single detector, most commonly a 12- 
" m 40K and I3'Cs in the subject), we have cm diameter phoswich, occupying various 

r subject JR (Table 4), in the same units positions in contact with the chest. Harwell 
and also labs D and G found that at all levels 
on the thorax, and in all subjects, a higher M = 1.8 x lo-'. 

s, on this criterion the most sensitive of response was obtained from the  right half of 
gas counters was 2.0 times less sensitive the chest compared with that from a cor- 

Harwell's two-phoswich system, which responding position on the left side; the 
& its performance was fairly typical of the results of lab. G, which reported increases of 
3ystems included in Table 4. The comparison 91% (DN), 26% (JR) and 59% ( K F B )  on 9 somewhat less favorable to the propor- transferring a detector from the upper left 
ilonal counter for the other two subjects, and regions of the thorax to a similar position 
!he average ratio of sensitivities for all three over the right lung, were typical. A lower 
bas 2.4. The values of M can of course be response is of course anticipated from the 
influenced by chaEges in the  energy bands for left side because of the presence of the heart. 
bhich data are given in Tables 4 and 6 ;  if these However, another laboratory (Ru73) made a 
bands were adjusted to optimise M for each more detailed study, using a collimated 
detector, the  assessment would improve detector to record both the 20-keV X-rays 
further in favor of the phoswich. These from '03Pd and the 323-keV gamma rays f rom 
conclusions relate of course to detection of "Cr emitted by subjects J R  and K F B .  I t  
the 20.2- and 22.8-keV photons from '"Pd. concluded that a difference in response be- 
For the lower energy components (13.6 and tween right and left sides was also found in 
17.2keV) in the spectrum from 239Pu, the regions anatomically superior to the  heart. 
intrinsic efficiency of the gas counter is and that in these regions i t  arose from a 
greater, while that of the phoswich is essen- larger deposition of activity in the right lung. 
tially unchanged. Consequently, for the perhaps because of its greater size. rather 
detection of u9Pu in lungs, the better propor- than from increased attenuation on the left 
tional counters may compare more closely in side. 
sensitivity with phoswich detectors than o u r  The highest response in all three subjects 
data have suggested. Indeed, in certain in- was recorded with detectors mounted high on 
stances where their much superior energy the thorax, i.e. in the positions employed 
resolution is useful in minimizing interference (Table 4) by labs A-F. I n  this  region the 
from other low energy photon emitters, gas response of smaller detectors (I5 cm diameter 
tounters may prove to be the more sensitive or less) was often reported to depend critic- 
instruments. ally on position and orientation. especially for 

the smallest of t h e  subjects (DN). This is 
evident in the results of Table 4 for lab F, 

Emission of X-rays  from the surface of the showing that a movement of only 3 cm 
thorax produced a change in the response approach- 
1'. Several participants took advantage of the ing a factor of two, and similar effects were 
easily detectable X-ray emissions from the reported by lab C for this subject. Lab D 
subjects to study the possibilities of employ- reported that, in one instance, simply remov- 
1% detectors in alternative, or additional ing the detector from subject K F B  and 
Positions which might result in higher sensi- replacing it in what was believed to be an 
LivitY than was available with established identical position increased the count-rate by 
'ractices. The results were generally disap- 62%. 

rwell in Table 6 indicate 

s/photon)2/tcounts/min). vestigations, 

I 

I 
I 



The response of the  19-cm diameter detec- 
tor system studied at Harwell (Table 4) could 
certainly be influenced by substantial changes 
of orientation, but to a considerably smaller 
extent than was found with smaller units, and 
for a given geometry E could be reproduced 
satisfactorily. In Table 4, the adjusted value 
of 8.20 x countslphoton for subject DN 
was calculated from the mean of eight 
observations between days 4 and 79 after 
intake, which showed a standard deviation of 
only -t6.2%. Similarly, for subject KFB,  t he  
standard deviation of the 10 values in Fig. 3 
about the fitted line was -t6.3%. 

At many laboratories, measurements were 
made with the subject adopting two postures, 
(i) in a "normal" supine position. i.e. with the 
arms resting beside the torso and (ii) in a 
modified position with the arms raised and 
folded so that the hands rested under the  
head. Most laboratories reported a substan- 
tially increased response for the modified 
posture, and this can be seen in the data for 
Harwell and for lab. D in Tables 4 and 5. The 
effect is at least partly associated with a 
redistribution of the surface tissues of the 
thorax (Ne72). 

Lab C made serial measurements covering 
a period of -30min using the arrangement 
referred to in Table 4, and reported for all 
three subjects a progressive reduction in 
response of 10-20%. Part of this could be 
explained by the  increase in the  distance be- 
tween subject and detector, associated with 
changes in the shape of the thorax in a supine 
subject. However, repositioning the detectors 
to restore the separation to its original value 
did not fully restore the initial efficiency, 
suggesting that internal rearrangements of 
organs and tissues may have affected attenu- 
ation and/or geometry. A related matter may 
be the observation at Harwell that the 
response from subject DN, during a period of 
breath-holding following deep inspiration, 
was 78% greater than during a period of 
sustained deflation. For subject JR a similar 
effect (69% increase) was observed. No data 
were available for KFB. 

Posterior surfaces.  Several laboratories 
explored the possibility of increasing the 
overall response using additional counters 
viewing the rear of the thorax. The results 

t I O b 8 b 0  

reported by lab G it appeared that a 
12.5-cm diameter phoswiches viewi P! 

r lungs from t h e  most efficient positions 
the thorax would give 72% (DN), 73 fi 

t( and 84% (KFB) of the response of S I  
counters positioned for maximum sensi I 
over the  anterior surfaces of the 
thorax. However, to achieve this result 
necessary for the subject to flex his sho 
so as to maximise the separation of 
scapulae, and this would be incompat 
with the posture required to maximize X 
emission from the frontal surfaces. Lab 
findings were substantially confirmed by 
vestigations at Harwell, both with the pres 
three subjects and during previous exp 
ments (Ne72). On the  other hand, two ot 
laboratories, while confirming the reduced 
ray emissions from the posterior surfaces 
subjects DN and JR,  reported that 
response for subject KFB, using 12- 
diameter detectors viewing the back of 
upper thorax, was 40% (lab C) and 56% 
D) higher than from corresponding locati 
on the frontal surfaces (the positi 
described in Table 4). It seemed that 
emission from the posterior surfac 
highly non-uniform, and while lo 
regions might exist in which the flux 
exceed that from the  frontal surfaces o 
upper thorax, predicting the location of 
areas in an individual would be exceedin 
difficult. 

Lateral surfuces. Two laboratories (D 
G )  investigated the value of additional 12.7- 
cm diameter phoswiches, one viewing each of 
the lateral surfaces; their data showed that, 
except for the smallest subject, the extra pair 
would add less than 30% to the efficiency of 
two such detectors viewing the frontal 
aspects, so that the sensitivity of the en- 
visaged combination of four would be poorer. 

Lab K, using an 18-cm diameter propor- 
tional counter, found the right armpit a more 
efficient location than a central position over 
the sternum for all three subjects (Table 61, 
and if only one detector is available regards 
this as a preferred procedure. 

Estimates of Io3Pd in lungs 
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Prior to receiving the subjects, laboratories 
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had been informed of the approximate lo3Pd Io'Pd in the subjects, are summarized in Table 
content of each, relative to that of the source 7; the methods are described in more detail 
'irovided by Harwell, based on our elsewhere (Ne78c). The estimates are 
measurements of "Cr retention during the expressed as a fraction P of the lo3Pd activity 
'first few days after intake. They were asked at the time of measurement, deduced from 
to make independent estimates of each sub- the initial values and effective half-lives in 
ject's content from their recorded X-ray Table 3. Thus, P represents, for each subject, 

substituted for plutonium. Some chest, to that derived from the subject's "Cr 
content and the relative concentrations of the atories (D, F, H and L), either having no 

Tablc 7 ~ b o r a r o n c J ' ~ s l i m o r c J o ~  103Pdmlungs. cachczprrrscdasa fraction Pofthrrnfvrdmrwdfrom rhcrubirri s "Crconr~ t l lnd  rhr 
"'Pd/"Cr ratio in the inhafcd muiurc 

Estimated "'Pd Contcnt P 

Adluslmcnts for sub]cct s Subicct DN Subicct 1R Subjccl KFB 
physique (62 kgl (81 4) (93 kg) 

C' Phantom. wth "'Pd-loaded None I O 2  O W  0 33 

088 0 27 u 24 

0 69 0 3s 0 I ?  

substitutc 

067-0 12: O % + U  I I  0 V r 0  10 

OM 0 32 0 21 

Bawd on ultrasonic mcasurc- 
mcnts of chcrt wall thick- O V z O 1 3 4  0 q 9 r 0 1 5  0 6 0 ~ 0 1 ~  

(Mdcrson Remab phantom wth  m s  
Pd-lorded lungs I 5 2  I 7 1  1 1 5  

0 33  0 ( 1  0 4s 

o dcicstmn cficuncy for 
"'Pd with c h a t  cucumfercmc 

Baud on iransmssmn of 044 u 62 I 12 
60kcV ?-rays through thorrr 
B a d  on m a n  thickr6, uf wft 0 %  I I I  I 2 7  
tissuc ovcrtying n b  cage 
prediocd from publishcd 
corrclnuons with anatomical 
vanabks  (Ra671 

H Scmicmplnd  calculation. allornng for gcomctncal faciors and 1 4 + 0 9  I R I l l l  2 7 r  I h 
attcnuauon in I u w .  oucrlytng soft tissuc md born The lungs 
wcrc rcprcscnted by four spheres corresponding to the r e w n s  
vicwed by u c h  of thc four dctcctorr flablc 5 )  

L Recorded cfficuncy for a polnt sourcc of Io3Pd in a r .  0 83 0 91 U8h 
adjusted according 10 publlshcd data on ancnuation of a k c V  

7 h c  mcUwd of cntibrntlon adopt4 was sunllar to thc l i b t o r y  s proccdurc cmploycd In ihc asscssmcnt of plutonium tn lung5 or 
envisaged for this purpose 

t p p m c  and mcthodr of detection wcrc as set out in Tablcs 4 4  Whcrc a phantom war employed for calibration the dislnhutlon 
of I 'Pd or  "F'u in its lungs was uniform. or e r v n d y  uniform. cxccpt whcrc othcnvac slated Whcrc Alderson phantoms were used 
the lungs wcrc prepared from Alderson lung substintrc AI1 phantoms incOI'POmIed thc thoracic comqncnls  of d human skclcton 
$The ongrn of t h s c  unccrmntics was unspcctfied, but they includc possible errors of 10% In the -' Pu content of thc phantom 
I l k  pnnclpal contnbunons io these cstlmarcd errors wcrc stated to bc unccna~nt~~s tn chcsi wall thickness (rcsponsible for f I3%I 

in  distnbution pattern of activity xn rubpxt s lungs ( 2  15%) and In valldily of Rcrnab phantom as a match for humans I f  15%) 



reason was possibly that, with the assumed 
spherical distributions of activity, the average 
depth of deposition below the surface of the 
body was overestimated. Lab. L used cor- 
relations which in effect enable one to predict 
the attenuation of 20-keV X-rays in the lungs 
and chest wall, and quoted values of P all 
within 20% of unity. I n  as much as the cor- 
relations (Ru69) were themselves derived 
from studies (Ru68) in which Io3Pd had been 
inhaled by volunteers, lab. L’s success 
should perhaps be regarded largely as a use- 
ful demonstration of essential consistency 
between the results of the present and pre- 
vious investigations. 

In calculating their estimates of ‘”Pd in 
uiuo, three laboratories (G, K and M)  each 
applied a single calibration factor to the 
count-rates they observed from all three sub- 
jects, on the grounds that no established basis 
had been developed for adjusting the results 
for differences in attenuation, etc. between 
subjects and phantom. The progressive 
reductions in their estimates of P for the 
larger subjects consequently reflect similar 
trends evident in the values of E for these 
laboratories in Tables 5 and 6.  

The other laboratories (A-F, J and N) in 
Table 7 each adjusted the response from a 
phantom according to the subject’s physique, 
in order to derive an appropriate calibration 
factor. Except for lab. N’s phantom, these 
were Alderson products, in some cases with 
modifications to the manufacturer’s design. 
Calibration with these proprietary phantoms 
generally led to low values of P, in the range 
0.2-0.7. The major exception to this was lab. 
D (P between 1.3 and 1.7); there is no wholly 
satisfactory explanation for this anomaly, but 
it may be connected with lab D’s statement 
that the structure of its phantom had become 
distorted during storage. The strongly upward 
trend of lab J’s values in the larger subjects 
is at least partly explained by the geometrical 
factors outlined in a footnote to Table 6 ;  
these would have had a minimum effect for 
subject JR, for whom P was 0.62, i.e. within 
the range 0.2-0.7 quoted above. The results 
shown for lab A are not wholly valid in this 
context. In deriving calibration factors ap- 
propriate to lo3Pd in our subjects, lab A 
employed the count-rate from 239Pu in its 

phantom, adjusted for (i) differences in 
X-ray abundances of the two nuclides and’ 
the estimated transmission of Rh K X 
through the subject’s chest wall, relati 
that of U L X-rays through the chest w 
t h e  phantom. There was no allowance fo 
differential attenuation of the two 
spectra within the lungs, and if it had 
possible to take this into account, the r 
ting values of P for lab A would have 
lower. 

The estimates of labs A-F show no m 
or consistent trend according to phy 

pos-sibly in two cases. Labs F and J used an 
Alderson Rando phantom, incorporating a 
nominally muscle-equivalent material as a 
substitute for the soft tissues; the mass 
attenuation coefficient of this substitute 
at 17.4 keV is reported (Wh74) to be 
only 76% of that for real muscle, although 
in practice the material may be more suitable 
than this comparison would suggest, if the 
presence of adipose tissue in the chest wall is 
taken into account (To75). In the Alderson 
Remab and Rerncal phantoms used by labs 
A-E, the “soft tissues” of the chest wall 
consisted essentially of water, a much more 
valid substit?ite for muscle, contained between 
thin plastic shells, and moreover the proce- 
dures of three laboratories (A, B and C )  were 
designed to eliminate errors arising from any 
mismatching (Ne78c). A more probable source 
of error was the use of an inappropriate lung 

suggesting that their procedures (most 
them entailing ultrasonic measurements 
chest wall thickness) correctly predicted t 
variability of the calibration factor betwe 
subjects, but that their basic standards, i.e 
the phantoms, were inappropriate. It seems 
us likely that the implied errors in calibrat 
for laboratories using these Alderson ph 
toms arose (i) because the phantoms w 
constructed of materials which were no 
closely tissue-equivalent at 20 keV, and 
(i i )  because they were not sufficiently realis 
anatomically and/or (iii) because the  almos 
universal assumption of a uniform dis 
tribution of activity in the lungs was 
justified. Errors in allowing for attenuat 
within the chest wall, arising from the use 
inappropriate materials, were probably not 
responsible for major inaccuracies, except 



substitute in all of the Alderson phantoms. At  
17.4 keV. the mass attenuation coefficient for 
Alderson lung material is reported to be only 
65% of that for the human tissue (Wh74). I f  a 
similar discrepancy is assumed to exist at 
20keV. one may predict, by a method 
described elsewhere (Ne78b), that calibration 
with such a phantom would overestimate, by 
-30%, the detection efficiency for lo3Pd uni- 
formly distributed in  the lungs. This would lead 
to P - 0.77. if i t  were the only source of error. 
The other factors, (ii) and (i i i )  above. may 
explain why the actual values obtained with 
Alderson phantoms were generally lower than 
0.77. 

Of those laboratories employing phantoms, 
only lab N produced values of P acceptably 
close to uni ty  in all three subjects. This 
laboratory used ‘“Pd-loaded Ternex* foamed 
lungs inside its purpose-built phantom. 
Temex lung is more similar to soft tissue in its 
mass attenuation properties at 17 keV than 
were the substitutes employed in other phan- 
toms (Wh76). lending support lo  our view 
that this factor may have contributed to the 
errors in  the estimates of labs A, B. C. E, F 
and J .  However. a curious paradox appears in 
the data supplied by lab N. If the values in 
Table 7 were taken to imply that its phantom 
was realistic in its geometrical arrangement 
and attenuation properties for 20 keV radia- 
tion. then one would expect its accuracy at 
17keV to be comparable. I t  was therefore 
surprising that. from its measurements of 

Pu and ‘“Pd in the phantom, lab. N quoted 
calibration factors Ep, and Epd which were 
numerically similar when expressed as counts 
per photon emitted in the lungs. From the 
data of Table 1 one would anticipate. in a 
typical subject of 2.5-cm chest wall thickness. 
more than a factor of two difference in the 
transmission through the chest wall of X-rays 
from the two nuclides. and one would expect 
to find E,, further enhanced relative to Ep, 
because of differential self-absorption within 
the lungs. I t  may be noted that unresolved 
contradictions of this ‘nature have emerged in 
previous work (Bu69; De70; Bu70). 
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*Manufactured by James Girdler & Co. Ltd.. 
London. 



per thorax. We can see no advantage in the 
addition of further detectors viewing other 
thoracic regions, or in the substitution of larger 
detectors, except that the response of the latter 
may be less strongly influenced by small 
changes in position or orientation and that 
larger units are more versatile in their ap- 
plication. They would be more useful, for 
example, than 12-cm diameter counters in the 
detection of 60-keV radiation from "'Am 
which is systemic, Le. not confined to the 
relatively small volume of the  lungs. 

The calibration techniques employed by 
participants (Table 7) showed a marked 
tendency to underestimate the subjects' '03Pd 
contents, in some instances by more than a 
factor of 3 on average, rather than to overes- 
timate them. Laboratories were reluctant to 
attach error estimates to their assessments. Of 
the three (A, C and H) which did, two ap- 
parently underestimated the true error by a 
substantial margin. Estimates of the various 
uncertainties complicating the determination 
of plutonium in lungs have been given recently 
(Sw76), and the propagated errors from all 
sources affecting calibration amounted to 
-+80%, for 95% confidence limits. I n  several 
cases (Table 71, this also would appear to 
understate the actual error. 

It should however be emphasized that, 
while values of P in the region of unity 
would provide an encouraging (although not 
wholly incontrovertible) indication to a 
laboratory that its calibration methods were 
soundly based, a value appreciably different 
from this ideal would not imply that a 
laboratory's estimates for plutonium in lungs 
were necessarily incorrect to the same extent. 
Some of the factors determining the 
efficiency of detection will be energy-depen- 
dent (ED) and others will be relatively in- 
dependent of photon energy (EI). The effects 
of attenuation within the lungs and in the soft 
tissues of the chest wall are strongly ED. 
Factors whose influence is largely E1 include 
the proportion of activity concealed from the 
detectors by bone, or by organs such as the 
heart which are so thick that virtually no 
photons, whatever their energy in this spec- 
tral region, can penetrate them. If a labora- 
tory's procedures reproduce the effects of the  
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EX factors correctly, but not  those of 
factors, and consequently lead to estimates 
'03Pd in lungs which are in error (Le. Pf 
then the errors in Its estimates of plutoni 
in lungs, by measurements of X-rays whl 
are more severely attenuated, wo 
presumably be greater. On the other hand, 
a laboratory's value of P reflects t 
combined or net effect of incorrect assu 
tions regarding both ED and E1 factors t 
error in its estimates of plutonium in 
could be either larger or smaller, depe 
on the relative sizes of the two types of 
and on whether they acted in the same or 
opposite directions. Thus, it is conceivabl 
somewhat unlikely, that some of the lab 
tories in Table 7 would produce values 
close to 1 if the  experiment could be repeat 
using plutonium, through a fortuitous 
combination of errors which were in balance 
for the X-rays from 239Pu but not for the 
emissions of Io3Pd. Conversely, values of P 
close to 1 for Io3Pd do not guarantee ab- 
solutely that a laboratory's calibration 
methods are valid at lower energies. 

Thus, the data of Table 7 are of limited 
relevance in the evaluation of calibration 
methods for plutonium in lungs, and it  would 
obviously be useful to perform an exercise of 
this kind employing an X-ray emitter more 
similar to "Vu in its energy spectrum, if a 
suitable nuclide were available. Irrespective 
of these reservations however, our survey 
has shown that laboratories can differ by an 
order of magnitude in their assessments of 
lung burdens, and this in itself must be a 
cause for concern. 
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