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Increasingly, laboratories engaged in nuclear energy projects are  becoming 

equipped w i t h  X-ray detectors f o r  the assessment o f  plutonium i n  lungs. T h i s  

technique i s  potentially subject t o  large errors  of calibration, owing t o  the 

low energies of the relevant X-rays (13-20 keV) and the i r  consequent severe 

attenuation i n  the body. 

concerned to  know to  what extent their assessments m i g h t  d i f f e r  i f ,  hypotheti- 

ca l ly ,  each were asked t o  estimate eas i ly  detectable lung deposits of 239Pu i n  

the same contaminated subjects. The three laboratories were ( i )  Atomic Energy 

Establishment, Winfrith (AEEW),  ( i i )  Atomic Energy Research Establishment, 

Harwell ( A E R E )  and ( i i i )  National Radiological Protection Board, Harwell ( N R P B ) .  

In such an exercise, i f  i t  could ever be performed, differences were to  be ex- 

pected, since the procedures o f  these three laboratories differed in important 

During 1978, three such laboratories i n  the UK were 

"Work performed under t h e  auspices of t h e  U.S.  Department of Energy by t h e  
Lawrence Livermore Laboratory under cont rac t  number W-7405-ENG-48, '' 
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respects: their  detectors viewed different  regions of  the thorax,  and the i r  as- 

sumed cal i bration factors  ( i . e. detector response per unit act ivi ty  in lungs) 

were derived by d i f fe ren t  methods (Table 1 ) .  There had been indications t h a t  

the differences ought not t o  be major, from previous collaboration, notably i n  

studies w i t h  the same experimental subjects containing lo3Pd as a simulator fo r  

plutonium i n  lungs; however, these inferences were indirect ,  and i t  was of i n -  

t e r e s t  to compare estimates of 2 3 9 ~ u  i t s e l f .  

I n  the absence of sui table  contaminated subjects t o  participate in such an 

intercomparison, these laboratories considered the a1 ternative scheme of circu- 

l a t i n g  a phantom t h o r a x  containing plutonium-loaded lungs. The most suitable 

for these purposes was the phantom (Gr79) produced by the Lawrence Livermore 

Laboratory ( L L L )  , specif ical ly  for use i n  c a l i b r a t i o n  studies relevant t o  the 

assessment of low-energy photon emitters i n  male subjects. 

constructed o f  materials closely matching the corresponding tissues in the i r  

X-ray attenuation properties,  and every e f for t  was made t o  ensure t h a t  i t  was 

anatomically r e a l i s t i c  i n  such respects as the shapes and relative sizes of i t s  

organs, and the pattern of variation of t issue thickness i n  the chest wall. 

These a t t r ibu tes  would be of obvious importance in  any comparison of data from 

The phantom was 

detectors which viewed d i f fe ren t  regions of the chest. 

other a t t ract ion:  i t  was possible to vary the thickness of i t s  frontal ,chest 

wall, and,  t o  a limited extent,  the re lat ive amounts of  muscle-and adipose- 

t issue subst i tutes  i n  the chest wall, so that  d a t a  for a range of  physiques 

LLL's phantom had an- 

could be compared. 

laboratories, and collaborated i n  compiling and supervising an,agreed program 

LLL undertook to  make the phantom available t o  the other 
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of investigations. 

Investigations w i t h  the L i  vermore phantom 

In i t s  basic form, the phantom (Gr79) possessed a frontal  chest wall of  

19-mm (average) thick muscle-equivalent material, w i t h  an embedded rib cage 

and sternum. Various close-f i t t ing overlayers were provided so tha t  other,  

thicker chest walls could be simulated, w i t h  the  compositions s e t  out in 

Table 2 .  

p lu ton ium contained small amounts o f  other P u  isotopes, the to ta l  plutonium 

content producing L X-ray emissions equal t o  those from 5.14 UCi  2 3 9 P ~ .  

A p a i r  o f  lungs loaded uniformly w i t h  239Pu was provided. This 

r Approximately 18 ppm by weight o f  241Am, ingrown t h r o u g h  decay of the 241 Pu  

impurity, was also present. 

T h e  three UK laboratories used the i r  phoswich detectors (Table 1 )  t o  re- 

cord photon energy spectra, typically covering the range 10-120 keV, from the 

basic phantom, w i t h  a n d  w i t h o u t  i t s  various accompanying overlayers. 

detectors were positioned according to  each laboratory's contemporary prac- 

t i c e  (Table 1) in the routine assessment o f  p l u t o n i u m  i n  humans, except a t  

AEEW. AEEW generally monitors subjects with a combination of phoswich and 

proportional counters viewing both the anterior and posterior surfaces of the 

chest. Since only the phantom's anterior chest wall thickness could be ad- 

justed,  d a t a  fo r  the intended range of physiques could not be obtained w i t h  

t h i s  combination. We shall  present AEEW's data for  a s ingle  phoswich only, 

viewing the frontal  surfaces of the phantom (Table 1 ) .  

The 

s a t  1 7  keV, from the L X-rays, 

icate  measurements, b u t  w i t h  

All of these spectra showed the expected pea 

Dup and a t  60 keV from the gamma rays of 241Am. 
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the phantom f i t t e d  with a different  s e t  o f  lungs containing only a known quan- 

t i t y  of 241Am, were made; these enabled net spectra ( i . e .  from plutonium only) 

t o  be derived from the f i r s t  ser ies  of measurements. Each laboratory inte- 

grated i t s  corrected spectra over an appropriate energy region encompassing 

most, o r  a l l ,  o f  the 17-keV X-ray peak. The resulting count rate was due pre- 

dominantly t o  L X-rays from plutonium, b u t  included sca t t e r  con t r ibu t ions  from 

the  K X-rays ($100 keV) and 52-keV gama rays o f  239Pu, whose relative import- 

ance increased w i t h  the thickness o f  material overlying the basic phantom. 

Results a n d  Discussion 

The results are summarized i n  Table 2 ,  for five values of  mean chest wall 

thickness (CWT) between 19 and 43 m. W i t h  the  larger thicknesses, d a t a  are 

given both for  muscle-equivalent material , and  for a combination of muscle-and 

adipose-tissue substi tutes.  Note t h a t  the proportion of  adipose t issue envis- 

aged w i t h  these combinations increased w i t h  increasing t o t a l  CWT, i n  a manner 

which may not be typical of humans. 

The colunns headed 'A' i n  Table 2 show each laboratory's assumed calibra- 

tion factors,  i . e .  those considered appropriate t o  subjects of  the total  CMTs 

indicated. None of the laboratories habitually adjusted i t s  calibration ac- 

cording t o  any estimate o f  the proportion of adipose t issue in the chest wall. 

To derive a calibration factor  for  a par t icular  subject, AEEU ordinarily ad- 

j u s t s  the factor  indicated by i t s  own phantom, the adjustment depending on the 

extent t o  which a subject 's  mean thickness of soft  t issue overlying the rib 

cage (MSTT) dif fers  from an assumed MSTT for the phantom (Ra67). For the pre- 
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sent purposes, AEEW's exis t ing assumptions, concerning calibration factors as a 

function o f  MSTT, were adjusted t o  produce an assumed relationship w i t h  CWT. An 

empi.rica1 relationship (Ra67) between MSTT and the r a t io  Weight/Height ( / H )  , 

and a correlation (unpublished) between CWT and /H from ultrasonic measurements 

of LLL, together suggested tha t  CMT and MSTT (both expressed i n  m) were con- 

w 
W 

nected a s  follows 

CWT = 0.77 MSTT + 10.4  ...... ( 1 )  

and t h i s  was used as a crude means o f  effecting the transformation required. 

The data under ' B l  i n  Table 2 are the calibration factors indicated by mea- 

surement of the Livermore phantom, containing i n  i t s  lungs the L X-ray emitting 
A equivalent o f  5.14 pCi 239Pu. The values of  C ( =  j B )  indicate the laboratory's 

assumed calibration factors re la t ive to  those indicated by t h i s  phantom. 

is  implied i n  Table 2 t h a t  the LLL value for C i s  one.) 

AERE and NRPB regarded the Livermore phantom as a contaminated subject whose 

lung content was t o  be assessed by reference to  existing calibration d a t a ,  the 

reciprocals 

( I t  

Alternatively, i f  AEE!J, 

. 
1 /C would indicate these assessments, expressed as fractions of  the 

actual burden.  

The differences between A and B are most marked i n  AEEW's data. This l a b o r a -  

t o ry ' s  phantom predicts somewhat higher efficiencies for  small values of C I f l  

than does LLL's phantom; f o r  large CWT, the reverse applies. 

f i n d  higher eff ic iencies  overall for AEEW's phantom, since i t s  lungs (volume 2 . 5  1 )  

are smaller than those i n  L L L ' s  (3.9 1 ) .  

covering only a small region of the tho rax ,  would view a greater proportion of  

the ac t iv i ty  i n  the AEEW phantom t h a n  i n  the LLL phantom. 

We would expect t o  

I n  t h i s  s i tuat ion,  AEEW's phoswich, 

The reversal of these 
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expected discrepancies, t o  give C < 1  for large CWT, ar ises  from the use of Equa- 

tion l a s  a rough method of transforming AEEW's MSTT-based calibration i n t o  an 

assumed function o f  CWT. The foregoing discussion w i t h  regard t o  the s ize  of 

the lungs does however invi te  a question of  wider significance: whether one 

should expect, using any single basic phantom, t o  produce calibration data valid 

for subjects of a l l  physiques, merely by a d j u s t i n g  for  assumed differences in 

Livermore are also relevant i n  t h i s  connection. 

(anterior-posterior) of the phantom's 241Am-loaded lungs was reduced by 

4 cm and 6 cm, there were increases of 13 Der cent and 26 per cent respectively 

i n  the counting efficienc,y for 60-keV photons detected w i t h  125-mm-diameter 

phoswiches viewing the anterior surfaces o f  the upper thorax. 

i n  the efficiency for  13-20 keV photons would be expected, i f  the experiment 

were to  be repeated w i t h  plutonium-labelled l u n g s .  

When the standard thickness 

Larger increases 

NRPB's  phan tom indicated higher calibration factors that  LLL's i n  most situ- 

ations. The phantom lacked intrathoracic organs apart from the lungs; the 

absence of 1 iver,  heart and mediastinum could certainly produce greater X-ray 

emission from the phantom, leading t o  the e f fec t  found ( C > l ) .  We note also 

t h a t  Temex (S t61)  was used to  represent the s o f t  t issues of the chest wall. 

Temex i s  a good subst i tute  for  'average' chest wall containing typical amounts 

of adipose t i s sue ,  b u t  attenuates 17  keV X-rays less effectively t h a n  does mus 

c le  alone (Ne78c). 

closest  t o  unity for  chest walls containing adipose-tissue substi tute.  

This may explain why, i n  Table 2 ,  NRPB's  values of C are  

Two se ts  of values for  C a r e  given for AERE. We f i r s t  consider the smaller 

numbers, ignor ing  the larger values C '  i n  parentheses. I f  we regard C as an 

indication of how closely AERE's contemporary assumptions were supported by i t s  
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measurements o f  Livermore's phantom, there appears to  be very good agreement 

i n  a l l  cases, except fo r  large CWT. This agreement i s  partly fortuitous. AERE's  

values of A i n  Table 2 were derived from measured X-ray detection efficiencies 

for volunteers conta in ing  lo3Pd, by methods outlined in Table 1. They therefore 

indicate only the true X-ray contributions t o  be expected from 239Pu in lungs, 

whereas the values 8 recorded from LLL's phantom include the effects of scattered 

K X- and gamma rays w h i c h  are substantial for large CWT. 

sca t t e r  Icomponents are assessed roughly from AERE's spectra of 239Pu i n  LLL'S 

phantom, and the values of A are correspondingly incremented before division b.y B ,  

I f  these proportionate 

the values C '  i n  parentheses are obtained. 

AERE's calibration appears less consistent t h a n  previously w i t h  t h a t  indicated 

W i t h  their da ta  revised i n  this way, 

by LLL's phantom for  chest walls whose soft tissue i s  wholly muscle-equivalent; 

however, i t  is  now more consistent than before for  chest walls containing adi -  

pose tissue. This i s  entirely reasonable, since the volunteers i n  AERE'S c a l i -  

bration studies would  have contained adipose tissue. 

human chest wall are reported (Do73) t o  contain typically 22 per cent of adipose 

The soft tissues of the 

tissue; i n  the four  instances (Table 2 )  where adipose-tissue substitute was 

present i n  the phantom's chest wal l ,  the adipose/muscle ratio increased from 11 

per cent for CWT = 24.5 mm, t o  28 per cent f o r  CWT = 43.4 mn. I 

Viewing the project as an investigation of the consistency of calibration 

procedures a t  AEEW, AERE and NRPB, we see no reason t o  be discouraged by the 

outcome. The values of C i n  Table 2 (C' i n  the case of AERE) show much less 

than  a factor  of two interlaboratory variation, except for the thinnest and 

thickest chest walls considered. Much larger interlaboratory differences emerged 
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from a previous comparison o f  calibration techniques, which included methods 

based on commercially produced phantoms (Ne78a). We do not know whether the 

resul ts  i n  Table 2 re f lec t  the relat ive assessments of easi ly  detectable 239Pu 

which AEEW, AERE and NRPB would make i n  the same contaminated humans. 

noted the d i f f i cu l t i e s  o f  t ranslat ing AEEW's MSTT-based calibration into a 

function of CWT, and we have commented t h a t  the size of the lungs i s  one poten- 

t i a l l y  important  factor  affecting X-ray counting eff ic iencies ,  particularly for 

We have 

, laboratories u s i n g  detectors o f  small area. Another such factor ,  w i t h  a similar 

bearing on the practical relevance of  this  comparison, i s  the extent t o  which the 

uniform distribution of plutonium i n  the LLL phantom's l u n g s  reflected a ' typ ica l '  

distribution of  plutonium present i n  human l u n g s ,  i f  indeed a ' typical '  d i s t r i -  

b u t i o n  could be said t o  ex is t .  An unreal is t ic  distribution i n  the phantom, 

through i ts  e f fec t  on the pattern o f  variation of X-ray f l u x  over the surface 

of the chest, could d i s to r t  the relat ive response of detectors viewing different 

regions. 
1 A E R E ' s  values of C (Table  2 )  are close t o  unity in the instances o f  most 

relevance. 

tempting t o  conclude t h a t  i n  a l l  important respects, including the pattern o f  

dist r ibut ion i n  the lungs ,  the LLL phantom i s  satisfactory; other data (Ne801 for 

These embody the resul ts  of calibration studies i n  vivo and so i t  is  

a different  geometry, showing close agreement between X-ray detection eff ic ien-  

cies fo r  lo3Pd i n  vivo and those for  lo3Pd i n  the phantom, would appear t o  sup- 

p o r t  this.  However these l a t t e r  data i n  particular re la te  t o  detectors of large 

areas, and they may conceal local inconsistencies in the regions viewed by the 

smaller detectors o f  AEEW and NRPB. NOTICE 

This report was prepared as an account of work sponsored by the United 
States Government. Neither the United States nor the United States 
Department of Energy, nor any of  their employees. nor any of their 
contractors, subcontractors, or their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness or usefulness of any information. apparatus, 
product or process disclosed, or represents that its use would not infringe 
privately-owned rights. 

Reference to a company or product name does nor imply approval or 
recommendation of the product by the University of California or the U.S. 
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