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FOREWORD 

The U.S. Department o f  Energy (DOE) i s  concerned w i t h  occupat ional  

r a d i a t i o n  p r o t e c t i o n  o f  DOE and DOE-contractor employees. One area o f  spec ia l  

i n t e r e s t  has been i n  the  accuracy, q u a l i t y  c o n t r o l ,  and performance o f  b i o -  

assay l abo ra to r i es .  Bioassay measurements i nc lude  i n  v i t r o  excre ta  ana lys i s  

and i n  v i v o  ex te rna l  count ing. 

A concern o f  DOE f a c i l i t i e s  and con t rac to rs  i s  t h a t  bioassay l a b o r a t o r i e s  

may n o t  be p r o v i d i n g  accurate and cons i s ten t  r e s u l t s .  To address t h i s  con- 

cern, t he  Hea l th  Physics Soc ie ty  Standard Committee Morking Group 2.5 prepared 

a  d r a f t  American Nat iona l  Standards I n s t i t u t e  (ANSI) standard on bioassay 

l a b o r a t o r y  performance, d r a f t  ANSI Standard N13.30, "Performance C r i t e r i a  f o r  

Radiobioassay. I I ( ~ )  

D ra f t  ANSI Standard N13.30 prov ides performance c r i t e r i a  i n  t he  form of 

an acceptable minimum detec tab le  amount (AMDA) , measurement b i a s  (Br) , and 

p r e c i s i o n  (SA and S B )  Acceptable values f o r  these c r i t e r i a  were reviewed and 

rev i sed  throughout t he  standard development process. Whi le p repar ing  the  

d r a f t  standard, DOE began t o  examine the  f e a s i b i l i t y  o f  an a c c r e d i t a t i o n  pro- 

gram f o r  bioassay l a b o r a t o r i e s  se rv ing  i t s  f a c i l i t i e s  and cont rac tors .  A t  

present,  DOE i s  assessing the  p o t e n t i a l  implementat ion of an a c c r e d i t a t i o n  

program. 

DOE Order 5480.1, Chapter X I  (DOE 1983) requ i res  assessment o f  occupa- 

t i o n a l  r a d i a t i o n  exposures. Accurate bioassay measurements a r e  necessary t o  

c o r r e c t l y  determine i n takes  and i n t e r n a l  exposure t o  r a d i o a c t i v e  ma te r ia l s .  

The es t ima t ion  o f  i n t e r n a l  contaminat ion by p lutonium and o the r  a c t i n i d e s  i s  

a  complex problem; o f ten ,  bo th  i n  v i v o  and i n  v i t r o  analyses are  employed. 

Although t h e  vas t  m a j o r i t y  o f  r o u t i n e  i n  v i t r o  bioassay determinat ions a r e  

performed on u r i n e ,  f e c a l  ana lys i s  can prov ide  g rea te r  s e n s i t i v i t y .  Up t o  

40% o f  t he  o r i g i n a l  i n t a k e  i s  excreted i n  t he  feces i n  t he  f i r s t  few days 

f o l l o w i n g  an i n h a l a t i o n  i nc iden t .  

(a)  D r a f t  ANSI Standard N13.30 i s  a v a i l a b l e  from the  O f f i ce  o f  the Heal th 
Physics Soc ie ty  Execut ive Secretary,  800 Westpark Dr ive ,  S u i t e  400, 
McLean , VA 22 10 1. 
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The p r o j e c t  descr ibed i n  t h i s  r e p o r t  was sponsored by DOE t o  eva luate  t h e  

d r a f t  standard performance c r i t e r i a  by t e s t i n g  t h e  c u r r e n t  f e c a l  measurement 

c a p a b i l i t i e s  o f  var ious  bioassay labo ra to r ies .  The p r o j e c t  i nvo lved  an i n t e r -  

comparison study us ing  a r t i f i c i a l  f e c a l  samples spiked w i t h  2 3 9 ~ u  t o  t e s t  t he  

a n a l y t i c a l  performance o f  t h e  l a b o r a t o r i e s  per forming f e c a l  analyses and t o  

determine t h e i r  c a p a b i l i t i e s  t o  meet t h e  minimum performance c r i t e r i a  speci -  

f i e d  i n  t h e  d r a f t  standard. Resul ts  o f  t h i s  p r o j e c t  have been made a v a i l a b l e  

t o  t h e  committee prepar ing  the  standard. Thus, the  acceptance values f o r  the  

performance c r i t e r i a  i n  t h e  standard a re  based, i n  p a r t ,  on ac tua l  data from 

bioassay l a b o r a t o r i e s .  

Three previous documents were publ ished on the  performance t e s t  r e s u l t s  

o f  r e l a t e d  research p ro jec ts :  Performance Tes t ing  o f  Radiobioassay Labora- 

t o r i e s :  I n  V i  t r o  Measurements, P i l o t  Study Report (Robinson, F isher ,  and 

Had1 ey 1984) ; Performance Test ing  o f  Radiobi oassay Laborator ies:  I n  Vivo 

Measurements, P i l o t  Study Report (Robinson e t  a l .  1986); and Performance 

Test ing  o f  Radiobioassay Labora tor ies :  I n  V i t r o  Measurements, F i n a l  Report 

(MacLell an, Traub, and F isher  1988). Th is  r e p o r t  summarizes the  p r o j e c t ,  

d e t a i l s  t h e  a r t i f i c i a l  f e c a l  sample preparat ion,  and presents t h e  r e s u l t s  o f  

t he  i n  v i t r o  f e c a l  t e s t i n g  program. 

E. J. V a l l a r i o  
Ac t ing  D i r e c t o r  
Rad io log ica l  Cont ro ls  D i v i s i o n  
O f f i c e  o f  Nuclear Safe ty  
U.S. Department o f  Energy 



ABSTRACT 

T h i s  s tudy  eva lua ted  n i n e  rad iob ioassay  1  a b o r a t o r i e s '  performances i n  

a n a l y z i n g  f e c a l  samples t o  determine t he  samples' l e v e l s  o f  r a d i o a c t i v i t y .  

The p r o j e c t  was undertaken as a  rev iew  o f  d r a f t  ANSI Standard N13.30, "Per- 

formance C r i t e r i a  f o r  Radiobioassay."  A t o t a l  o f  135 a r t i f i c i a l  f e c a l  samples 

were sen t  t o  n i n e  l a b o r a t o r i e s .  Each l a b o r a t o r y  r e c e i v e d  f i v e  samples sp i ked  

w i t h  9.58 pCi o f  2 3 9 ~ u ,  f i v e  samples sp i ked  w i t h  1.13 pCi o f  2 3 9 ~ u  , and f i v e  . 

unspiked b lank  samples. Four o f  t h e  l a b o r a t o r i e s  r e t u r n e d  da ta  f o r  a l l  

samples; f ou r  r e p o r t e d  t hey  were unable t o  complete t h e  analyses; one analyzed 

s i x  samples ( t h r e e  b lanks  and t h r e e  o f  t h e  l owe r  a c t i v i t y  samples). Resu l t s  

r e p o r t e d  by t h e  l a b o r a t o r i e s  were analyzed by  s t a t i s t i c a l  methods s p e c i f i e d  i n  

t he  d r a f t  s tandard  f o r  r e l a t i v e  b i as ,  r e l a t i v e  p r e c i s i o n ,  and minimum 

d e t e c t a b l e  a c t i v i t y  (MDA) . 
The c a l c u l a t e d  r e l a t i v e  b iases  o f  a l l  l a b o r a t o r i e s  were w e l l  w i t h i n  t h e  

c r i t e r i a  of t h e  s tandard  (-0.25 t o  +0.5). B iases f o r  t h r e e  l a b o r a t o r i e s  were 

about  5% and t h e  two o t h e r s  were w i t h i n  +20%. R e l a t i v e  p r e c i s i o n  s t a t i s t i c s  

f o r  a1 1  p a r t i c i p a t i n g  l a b o r a t o r i e s  were l owe r  than  t h e  acceptance c r i t e r i a  of 

t h e  s tandard  (40%). R e l a t i v e  p r e c i s i o n  was l e s s  than  15% f o r  one l a b o r a t o r y ;  

f o r  two o thers ,  i t  was l e s s  than  10%; and f o r  t h e  rema in ing  two, i t  was l e s s  

than  5% o f  t h e  acceptance c r i t e r i a .  For  t h e  MDA c r i t e r i o n ,  four  o f  t h e  f i v e  

l a b o r a t o r i e s  passed. For a l l  f o u r  o f  t h e  pass ing  l a b o r a t o r i e s ,  t h e  e n t i r e  90% 

con f idence  i n t e r v a l  was l e s s  than  t h e  s p e c i f i e d  accep tab le  minimum d e t e c t a b l e  

amount (accep tab le  MDA) o f  1 pCi.  For  t h e  f i f t h  l a b o r a t o r y ,  t h e  MDA was 80% 

above t h e  .acceptable MDA s p e c i f i e d  i n  t he  d r a f t  standard. 



EXECUTIVE SUMMARY 

The U.S. Department o f  Energy Order  5480.1, Chapter X I  (DOE 1983) 

r e q u i r e s  assessment o f  occupat iona l  r a d i a t i o n  exposures. Accurate b ioassay  

measurements a r e  necessary t o  c o r r e c t l y  determine i n t a k e s  and i n t e r n a l  expo- 

sure t o  r a d i o a c t i v e  m a t e r i a l s .  The DOE i s  concerned w i t h  t h e  q u a l i t y  o f  

measurements t h a t  a r e  used t o  determine exposure l e v e l s  o f  workers t o  sources 

o f  r a d i o a c t i v i t y ;  i t  sponsors research  a t  t h e  P a c i f i c  Nor thwest  Labora to ry  

(PNL) and elsewhere t o  improve s tandards f o r  r a d i o a c t i v e  measurements. O f  

s p e c i f i c  i n t e r e s t  have been t h e  accuracy and p r e c i s i o n  of  r a d i a t i o n  dosim- 

e t e r s ,  r a d i a t i o n  survey ins t ruments ,  and b ioassay l a b o r a t o r i e s .  

The purpose o f  t h i s  p r o j e c t  i s  t o  eva lua te  d r a f t  ANSI Standard N13.30, 

"Performance C r i t e r i a  f o r  Radiobioassay. " ( a )  Study f i n d i n g s  were p r e v i o u s l y  

made a v a i l a b l e  t o  t h e  group p r e p a r i n g  t h e  d r a f t  s tandard  i n  e s t a b l i s h i n g  

a p p r o p r i a t e  and reasonable performance c r i t e r i a .  

D r a f t  ANSI Standard N13.30 p rov ides  q u a n t i t a t i v e  performance c r i t e r i a  

f o r  b i as ,  p r e c i s i o n ,  and minimum d e t e c t a b l e  a c t i v i t y  (MDA) f o r  a  s e l e c t e d  l i s t  

of  measurement ca tego r i es  and commonly assayed rad ionuc l i des .  I t  p rov ides  

s tandard q u a l i t y  c o n t r o l  procedures f o r  t h e  i n t e r n a l  q u a l i t y  assurance pro-  

grams a t  rad iob ioassay  l a b o r a t o r i e s .  I t  a l s o  p rov ides  g u i d e l i n e s  t o  be used 

by a  f u t u r e  l a b o r a t o r y  f o r  t e s t i n g  whether b ioassay s e r v i c e  l a b o r a t o r i e s  con- 

form t o  bo th  t h e  q u a n t i t a t i v e  performance c r i t e r i a  f o r  b i a s  and p r e c i s i o n  and 

t o  such s tandard  q u a l i t y  c o n t r o l  procedures as m igh t  be r e q u i r e d  f o r  l abo ra -  

t o r y  a c c r e d i t a t i o n .  

I n  t h i s  s tudy,  a  t o t a l  o f  135 a r t i f i c i a l  f e c a l  samples were sen t  t o  

n i n e  l a b o r a t o r i e s  f o r  ana l ys i s .  Each p a r t i c i p a n t  r ece i ved  f i v e  samples sp i ked  

w i t h  9.58 pCi o f  2 3 9 ~ u  (abou t  10 t imes  t h e  accep tab le  MDA o f  1 pCi s p e c i f i e d  

i n  t h e  d r a f t  s tandard) ,  f i v e  samples sp i ked  w i t h  1.13 pCi o f  2 3 9 ~ u ,  and f i v e  

unsp i  ked b lank  samples. P a r t i c i p a n t s  a1 so rece i ved  a  cover  l e t t e r  e x p l a i n i n g  

spec ia l  hand l i ng  i n s t r u c t i o n s  and a  r e s u l t s  r e p o r t  form. The a r t i f i c i a l  feca l  

( a )  D r a f t  A N S I  Standard N13.30 i s  a v a i l a b l e  f rom t h e  O f f i c e  of  t h e  Hea l t h  
Physics S o c i e t y  Execu t i ve  Secre ta ry ,  800 Westpark D r i ve ,  S u i t e  400, 
McLean, VA 22101. 
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sample m a t r i x  was developed f rom pub l ished data on n a t u r a l  f e c a l  composi t ion 

and a r t i f i c i a l  excreta.  Each sample cons is ted  o f  30 g o f  s o l i d s  and about 

20 g o f  water. Four o f  t h e  n ine  p a r t i c i p a t i n g  l a b o r a t o r i e s  re tu rned  data f o r  

a l l  samples; four  p a r t i c i p a n t s  repo r ted  they  were unable t o  complete t h e  

analyses; one o t h e r  l a b o r a t o r y  analyzed o n l y  s i x  samples ( t h r e e  b lanks and 

t h r e e  1  ow-ac t iv i  t y  samples) . 
Resul ts  repo r ted  by t h e  p a r t i c i p a n t s  were analyzed by the s t a t i s t i c a l  

methods s p e c i f i e d  i n  the  d r a f t  standard (i.e., those f o r  r e l a t i v e  b ias ,  

r e l a t i v e  p rec i s ion ,  and MDA). I n  accordance w i t h  the  d r a f t  ANSI N13.30, 

f a i l u r e  t o  meet any one o f  t he  c r i t e r i a  r e s u l t e d  i n  f a i l u r e  f o r  t h e  perform- 

ance t e s t .  There were no f a i l u r e s  f o r  t he  r e l a t i v e  b i a s  and r e l a t i v e  pre-  

c i s i o n  c r i t e r i a ,  and the  95% conf idence i n t e r v a l s  f o r  these c r i t e r i a  were 

complete ly  w i t h i n  t h e  acceptance region.  

For t h e  MDA c r i t e r i o n ,  four  o f  the  f i v e  l a b o r a t o r i e s  (80%) passed. For  

a l l  f o u r  o f  t he  passing l a b o r a t o r i e s ,  t h e  e n t i r e  90% conf idence i n t e r v a l  was 

l e s s  than the  s p e c i f i e d  acceptable minimum de tec tab le  amount (acceptab le  MDA), 

1 pCi. For t h e  f i f t h  l abo ra to ry ,  the  PNL-calculated MDA was 80% above t h e  

acceptable MDA. 

Resu l ts  o f  t h i s  s tudy o f  f e c a l  ana lys i s  performance t e s t s  a r e  s i m i l a r  t o  

those o f  prev ious s tud ies  o f  u r i n a l y s i s  ( ~ o b i n s o n ,  F isher ,  and Had1 ey 1984) 

and i n  v i v o  count ing  (Robinson e t  a l .  1986). The c a l c u l a t e d  r e l a t i v e  b iases 

f o r  a l l  l a b o r a t o r i e s  were w e l l  w i t h i n  the  c r i t e r i a  o f  t h e  standard (-0.25 t o  

i0 .5) .  Biases f o r  t h r e e  l a b o r a t o r i e s  were about 5% and t h e  two o thers  were 

w i t h i n  +20%. 

R e l a t i v e  p r e c i s i o n  s t a t i s t i c s  f o r  a1 1  p a r t i c i p a t i n g  l a b o r a t o r i e s  were 

a1 so lower than t h e  acceptance c r i t e r i a  o f  t h e  standard (40%). R e l a t i v e  pre-  

c i s i o n  was l e s s  than 15% f o r  one l abo ra to ry ;  f o r  two, i t  was l e s s  than 10%; 

and f o r  t he  remaining two, i t  was l e s s  than 5% o f  the  acceptance c r i t e r i a .  

Three l a b o r a t o r i e s  passed the  MDA c r i t e r i o n  w i t h  c a l c u l a t e d  MDA values t h a t  

were l e s s  than 10% o f  t h e  AMDA and one a d d i t i o n a l  passed w i t h  an MDA l e s s  than 

the  acceptable MDA. One l a b o r a t o r y  f a i l e d  the  MDA c r i t e r i o n .  



S p e c i f i c  recommendations a r e  as f o l l o w s :  

The p resen t  acceptance c r i t e r i a  f o r  r e l a t i v e  b i a s  and r e l a t i v e  

p r e c i s i o n  a r e  a p p r o p r i a t e  f o r  t h e  e v a l u a t i o n  o f  l a b o r a t o r i e s  

per fo rming  f e c a l  a n a l y s i s  f o r  2 3 9 ~ u .  

A r t i f i c i a l  f e c a l  m a t e r i a l  p rov ides  an a p p r o p r i a t e  t e s t  m a t r i x  and 

shou ld  be used f o r  a c c r e d i t a t i o n  t e s t i n g .  

The MDA-calcu la t ion procedure should be c u s t o m - f i t t e d  t o  t h e  meas- 

urement procedure and t h e  performance t e s t i n g  procedure i t s e l f .  

A l though t h e  r e l a t i v e  b i a s  and r e l a t i v e  p r e c i s i o n  s t a t i s t i c a l  

i n d i c a t o r s  a r e  e a s i l y  a p p l i e d  and i n t e r p r e t e d ,  MDA i n t e r p r e t a t i o n  

r e q u i r e s  g r e a t e r  knowledge o f  t h e  u n d e r l y i n g  assumptions. The 

t e s t i n g  l a b o r a t o r y  peysonnel should cons ide r  t h e  s t a t i s t i c a l  i n t e r -  

dependence o f  parameters o f  t h e  a n a l y s i s  ( e f f i c i e n c y ,  recovery,  

e tc . )  and t h e  degrees o f  freedom o f  t h e  es t ima te  o f  t h e  s tandard  

d e v i a t i o n  f o r  t h e  a n a l y s i s .  
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INTRODUCTION 

The accuracy and precision of radia t ion measurements i s  of primary 

importance. Radiation protectjon measurements include f i e l d  measurements, 

personnel dosimetry, and bioassay measurements t o  document compliance w i t h  

allowable exposure l eve l s  and t o  est imate dose following accidental intakes.  

Calibration techniques, qua l i ty  control procedures, human f ac to r s ,  and qua l i t y  

of the  detector  systems employed a l l  a f f e c t  measurement resu l t s .  

This project ,  undertaken f o r  the  Department of Energy (DOE) by Pac i f ic  

Northwest Laboratory (PNL),(a) studied the  performance of radiobioassay 

laborator ies .  Results of t h i s  study, covering the  l abora tor ies '  fecal  analy- 

s i s ,  were used i n  the  preparation of ANSI Standard N13.30, "Performance Cri- 
t e r i a  f o r  Radiobioassay." 

Radiobioassay i s  a procedure used t o  determine the intake of radioact ive  
mater ia ls  i n  humans. In vivo counting, o r  "d i r ec t  bioassay," involves meas- 

urements of radiat ion emitted from the  body using external  detector  systems. 

In v i t r o  sample analysis ,  o r  " i nd i r ec t  bioassay," involves the  measurement of 

rad ioac t iv i ty  i n  urine,  feces ,  o r  o ther  biological mater ia ls  taken from the  

body. A combination of i nd i r ec t  and d i r e c t  bioassay i s  most often used t o  
est imate a worker's burden of i n t e rna l l y  deposited radionuclides. 

The varied physical/chemical forms of radionuclides i n  the  workplace 

require d i f f e r en t  radioanalytic techniques and procedures, but ce r ta in  aspects 
of radia t ion program management a r e  common t o  a l l  forms. These include 
qua l i ty  control procedures and recordkeeping. Measurement performance speci- 
f i c a t i ons  include values f o r  minimum detectable  a c t i v i t y  (MDA) , precis ion,  
and accuracy. In order t o  e s t ab l i sh  standards of bioassay performance upon 
which a uniform national program of performance t e s t i n g  might be based, the  
Health Physics Society Standards Committee formed Working Group 2.5 under the  
chairmanship of Kenneth R .  Heid t o  prepare the  d r a f t  ANSI Standard N13.30, 
"Performance Cr i t e r i a  f o r  Radiobioassay." The d r a f t  standard was completed 

and submitted t o  the Health Physics Society standards committee i n  1986. 

( a )  Pacif ic  Northwest Laboratory i s  operated by Battel l e  Memorial I n s t i t u t e  
f o r  the  U.S. Department of Energy under Contract DE-AC06-76RLO 1830. 



The pr imary reason fo r  i n s t i t u t i n g  a  performance standard was t h a t  b i o -  

assay s e r v i c e  l a b o r a t o r i e s ,  bo th  commercial and p r i v a t e  ( i n c l u d i n g  i n s t i  t u -  

t i o n a l  l a b o r a t o r i e s ) ,  may n o t  be p r o v i d i n g  accurate r e s u l t s  f o r  analyses per-  

formed. A number o f  f a c t o r s  may c o n t r i b u t e  t o  a n a l y t i c a l  inaccurac ies :  

Cur ren t  a n a l y t i c a l  procedures may n o t  be adequate t o  o b t a i n  c o r r e c t  

r e s u l t s .  

Q u a l i t y  assurance may be d e f i c i e n t .  

Management may l a c k  m o t i v a t i o n  t o  upgrade and improve a n a l y t i c a l  

capab i l  i t i e s .  

Economic cons idera t ions  may prevent  o b t a i n i n g  adequate ins t rumenta t ion .  

Uniform performance c r i t e r i a ,  a p p l i c a b l e  t o  the  v a r i e t y  o f  a n a l y t i c a l  

procedures i n  use, may n o t  be a v a i l a b l e .  

For a  se lec ted  l i s t  o f  measurement ca tegor ies  and commonly assayed 

rad ionuc l ides ,  d r a f t  ANSI Standard N13.30 provides q u a n t i t a t i v e  performance 

c r i t e r i a  f o r  b ias ,  p rec i s ion ,  and MDA. It a l s o  prov ides standard q u a l i t y  

c o n t r o l  procedures f o r  t h e  i n t e r n a l  q u a l i t y  assurance programs o f  

radiobioassay l a b o r a t o r i e s .  It conta ins  gu ide l ines ,  as w e l l ,  t o  be used by a  

f u t u r e  l a b o r a t o r y  f o r  t e s t i n g  whether bioassay s e r v i c e  l a b o r a t o r i e s  conform 

both t o  the  q u a n t i t a t i v e  performance c r i t e r i a  f o r  b i a s  and p r e c i s i o n  and t o  

such standard q u a l i t y  c o n t r o l  procedures as m igh t  be requ i red  i n  a  t e s t  f o r  

l a b o r a t o r y  a c c r e d i t a t i o n .  

Previous PNL s tud ies  have i n v e s t i g a t e d  t h e  appropr iateness of t h e  

standard c r i t e r i a  f o r  the  u r i n a l y s i s  and i n  v i v o  count ing  ca tegor ies .  Th i s  

s tudy i n v e s t i g a t e s  t h e  appropr iateness o f  c r i t e r i a  f o r  t h e  f e c a l  ana lys i s  

category. 



STUDY PROTOCOL 

The feca l  bioassay study fo l l owed  the  same general p ro toco l  as previous 

performance t e s t s  conducted as a  p a r t  o f  t he  PNL eva lua t ion  o f  d r a f t  ANSI  

Standard N13.30 (Robinson, F isher,  and Hadley 1984; Robinson e t  a l .  1986; 

MacLel 1  an, Traub, and F isher  1988). 

LABORATORY PARTICIPATION 

L e t t e r s  o f  i n q u i r y  (Appendix A) were sent  t o  16 DOE and DOE-contractor 

l a b o r a t o r i e s  t h a t  had p a r t i c i p a t e d  i n  previous PNL bioassay s tud ies  and were 

be l ieved t o  be invo lved  i n  f e c a l  radiobioassay. P a r t i c i p a t i o n  was vo lun ta ry  

and r e s u l t s  c o n f i d e n t i a l .  Twelve l a b o r a t o r i e s  responded; n ine  expressed 

i n t e r e s t  i n  p a r t i c i p a t i n g  i n  the  f e c a l  ana lys i s  study. 

A t o t a l  o f  135 t e s t  samples were sent t o  t h e  n ine  l abo ra to r ies .  Each 

p a r t i c i p a n t  received f i v e  samples spiked w i t h  9.58 pCi of 2 3 9 ~ u  (about 10 

t imes t h e  acceptable MDA s p e c i f i e d  i n  the  d r a f t  standard),  f i v e  samples spiked 

w i t h  1.13 pCi o f  2 3 9 ~ u ,  and f i v e  unspiked b lank samples. P a r t i c i p a n t s  a l s o  

rece ived spec ia l  hand1 i n g  i n s t r u c t i o n s  and a  r e p o r t  form (Appendix B) . 

ARTIFICIAL FECAL SAMPLE PREPARATION 

The a r t i f i c i a l  m a t r i x  used f o r  t h e  samples was developed by PNL from 

publ ished data on na tu ra l  f eca l  composition (A1 tman and D i t tmer  1974; Straub 

and Bond 1974; I C R P  1974) and a r t i f i c i a l  excreta (Besik 1971; Kester  1973; and 

Shoupp, Dingess, and Moe 1981). Each sample cons is ted  of 30 g  of s o l i d s  and 

about 20 g  o f  water (Table 1). The normal water content  o f  feces (70%) was 

n o t  a t t a i n a b l e  owing t o  t h e  n o n c e l l u l a r  na ture  o f  t h e  mat r ix .  A s i g n i f i c a n t  

volume o f  na tu ra l  feces i s  made up o f  dead c e l l s  and l i v e  bac ter ia .  The 

d i f f e r e n c e  i n  moisture content  was n o t  considered a  problem because chemical 

p repara t ion  and rad ioana lys i s  o f  f eca l  samples a re  normal ly  preceded by wet 

ashing w i t h  n i t r i c  ac id ,  which q u i c k l y  lyses  a l l  c e l l  membranes. 



TABLE 1. A r t i f i c i a l  Fecal M a t r i x  Recipe 

Reagent 

Cal c i  um hyd rox i  de 

F e r r i c  ammonium s u l f a t e  

Magnesium carbonate 

Potassium carbonate 

Ammonium d ihydrogen phosphate 

Sodium s u l f a t e  

Amnonium c h l o r i d e  

Z inc  s u l f i d e  

Stannous s u l f i d e  

Leuc i ne 

Lys i ne 

Me th ion ine  

Threon ine  

P a l m i t i c  a c i d  

S t e a r i c  a c i d  

O l e i c  a c i d  

C e l l u l o s e  

Water 

Mass, g 

0.97 

0.04 

0.61 

0.83 

2.1 

0.37 

0.04 

0.01 

0.03 

T o t a l  50.0 

The 2 3 9 ~ u  s p i k e  s o l u t i o n  was prepared f r om a  N a t i o n a l  Bureau o f  Standards 

(NBS) c a l i b r a t e d  s tanda rd  s o l u t i o n .  Measured masses o f  t h e  NBS s o l u t i o n  were 

d i l u t e d  t o  two s p i k e  s o l u t i o n  concen t ra t i ons  o f  1.041 pCi /g  and 8.785 pCi /g .  

Each t e s t  sample o f  a r t i f i c i a l  f e c a l  m a t e r i a l  was prepared i n d i v i d u a l l y  

because s p i k i n g  a  l a r g e  ba t ch  o f  t h e  a r t i f i c i a l  f e c a l  m a t t e r  d i d  n o t  p r o v i d e  

assurance t h a t  t h e  r a d i o a c t i v i t y  was u n i f o r m l y  d i s t r i b u t e d  t h roughou t  t h e  

s o l i d s ;  samples drawn f r om such a  ba t ch  c o u l d  v a r y  app rec iab l y .  I n d i v i d u a l  

t e s t  samples were prepared as f o l l o w s :  



1. S o l i d  m a t r i x  ingred ien ts ,  i n  q u a n t i t i e s  s u f f i c i e n t  t o  prepare 

200 samples, were p laced i n  a drum tumbler and tumbled f o r  24 hours t o  

assure un i fo rm mix ing  . 
2. Approximately 20 mL water  was added t o  a p l a s t i c  sample bag. 

3. A c a l i b r a t e d  r e - p i p e t t e  was used t o  add 1 mL (1.09 g) o f  t he  d i l u t e d  NBS 

sp ike  s o l u t i o n  t o  the  water.  

4. Approximately 30 mg o f  t he  mixed m a t r i x  s o l i d s  were added t o  the  bag. 

5. The bag was sealed w i t h  double heat  seals a t  t he  t o p  and bottom. 

6. Bag contents were mixed by kneading t h e  bag. 

Overa l l  e r r o r  f o r  t he  assumed sample a c t i v i t y  was est imated t o  be l e s s  

than 2%. Each p a r t i c i p a n t  was sent  15 samples. F i v e  samples were unspiked 

blanks, f i v e  conta ined 1.13 pCi, and f i v e  conta ined 9.58 pCi o f  2 3 9 ~ u .  

SAMPLE IDENTIFICATION AND DISTRIBUTION 

P a r t i c i p a n t s  were assigned a unique code designator ,  A through I .  Codes 

were used throughout t he  study t o  i d e n t i f y  a l l  samples and data. P r i o r  t o  

loading,  each sample bag was l abe led  w i t h  t h e  i n fo rma t ion  shown i n  F igure  1. 

RADIOACTIVE Date: 

Sample: A - Pu - 001 

J. A. MacLellan 
P a c i f i c  Northwest Laboratory 
P.O. Box 999 
Richland, WA 93352 
509-375-2626 

FIGURE 1. Sample Label 

The sample code (e.g., A- Pu - 001) incorpora tes  the  l a b o r a t o r y  code, t he  t e s t  

rad ionuc l i de ,  and the  sample number. The 15 samples were boxed and shipped t o  

the  p a r t i c i p a t i n g  l a b o r a t o r i e s  a long w i t h  the  r e p o r t  form i n  Appendix B. 



QUALITY ASSURANCE 

The c a l i b r a t e d  s o l u t i o n  used t o  spike the  t e s t  samples was obta ined f rom 

the  NBS as 2 3 9 ~ u  i n  approximately 5  molar hyd roch lo r i c  ac id .  Th i s  s o l u t i o n  

had an est imated e r r o r  o f  0.72% associated w i t h  the  c a l i b r a t i o n .  The o v e r a l l  

e r r o r  o f  each t e s t  sample was l e s s  then 1% when c a l c u l a t e d  i n  accordance w i t h  

the  e r r o r  propagation equat ions o f  Appendix C. 

P r i o r  t o  p repar ing  t h e  l a r g e  sample batch f o r  t he  t e s t  samples, a  small 

sample batch was prepared f o r  procedure v e r i f i c a t i o n  and q u a l i t y  assurance. 

Three samples were spiked and submit ted t o  t h e  Chemical Technology Department 

a t  PNL f o r  ana lys i s  (Table 2) .  The repor ted  r e s u l t s  were cons i s ten t  w i t h  an 

accurate and reproduc ib le  s p i k i n g  procedure. 

TABLE 2. Q u a l i t y  Assurance Sample Resul ts  

Sample Number 

1 2 3 

A c t i v i t y  added, pCi 8.80 7.69 11.36 

Reported resu l  t s  , pCi 8.87 7.25 11.28 

R e l a t i v e  b i a s  0.008 -0.057 -0.007 

Average r e l a t i v e  b i a s  -0.019 

Standard d e v i a t i o n  o f  b i a s  0.034 



STATISTICAL INDICATORS OF MEASUREMENT PERFORMANCE 

It i s  g e n e r a l l y  accepted t h a t  a  b ioassay l a b o r a t o r y  shou ld  be a b l e  t o  

p r o v i d e  adequate assurance t h a t  r e p o r t e d  r e s u l t s  a r e  c o n s i s t e n t l y  r e p r o d u c i b l e  

and a c c u r a t e l y  measured down t o  reasonably  low l e v e l s .  A  consensus ,would be 

more d i f f i c u l t  t o  ob ta in ,  though, on what should c o n s t i t u t e  t h e  accep tab le  

numer ica l  1  i m i  t s  f o r  these  concepts. The N a t i o n a l  Counc i l  on R a d i a t i o n  

P r o t e c t i o n  and Measurements (NCRP) recommended t h a t  accuracy o f  measurements 

shou ld  be w i t h i n  430% (NCRP 1978), b u t  o t h e r  documents d iscuss  measurement 

qua1 i ty  assurance p r a c t i c e s  w i t h o u t  s p e c i f y i n g  accep tab le  performance (ANSI 

1973, 1978). 

D r a f t  ANSI Standard N13.30 p rov ides  performance c r i t e r i a  f o r  j u d g i n g  t h e  

q u a l i t y  o f  analyses per formed by  a  rad iob ioassay  l a b o r a t o r y .  Performance i s  

judged by t h r e e  s p e c i f i c  c r i t e r i a :  t h e  r e l a t i v e  b i a s ,  t h e  r e l a t i v e  p r e c i s i o n ,  

and t h e  MDA o f  a  measurement procedure f o r  a  p a r t i c u l a r  r a d i o n u c l i d e .  The 

f o l l o w i n g  sec t i ons  rev iew  how these c r i t e r i a  a r e  c a l c u l a t e d  and i n d i c a t e  t h e  

accep tab le  l e v e l s  f o r  each c r i t e r i o n .  

RELATIVE BIAS 

The r e l a t i v e  b i a s  i s  a  s t a t i s t i c a l  i n d i c a t o r  o f  how c l o s e  t h e  measurement 

r e s u l t s  a r e  t o  t h e  t r u e  a c t i v i t y  i n  a  sample. S ince  t h e  a c t u a l  a c t i v i t y  must 

be known t o  c a l c u l a t e  t h i s  number and s i n c e  t h i s  i s  r a r e l y  known i n  samples 

f rom human sub jec t s ,  t h e  r e l a t i v e  b i a s  can be c a l c u l a t e d  o n l y  f o r  measurements 

on samples which have been sp iked  w i t h  known amounts o f  r a d i o a c t i v i t y .  

The d r a f t  s tandard  de f i nes  t h e  r e l a t i v e  b i a s ,  Bri, f o r  a  s i n g l e  

measurement as f o l l ows :  

where Ai i s  t h e  measured a c t i v i t y  o f  t h e  i t h  sample, and Aai i s  t h e  a c t i v i t y  

o r  amount added t o  t h e  i t h  sample. For  N  measurements, t h e  r e l a t i v e  b i as ,  Br, 

i s  d e f i n e d  as t h e  average o f  r e l a t i v e  b iases  f o r  t h e  i n d i v i d u a l  samples: 



where Bri i s  as de f i ned  i n  Equation (1 ) .  

The d r a f t  s tandard se ts  the  acceptable range f o r  r e l a t i v e  b i a s  a t  -25% t o  

+50%. The asymmetrical range was es tab l i shed  t o  acknowledge t h a t  most e r r o r s  

a r e  m u l t i p l i c a t i v e  ( m u l t i p l y  o r  d i v i d e  by a  f a c t o r )  r a t h e r  than a d d i t i v e .  

RELATIVE PRECISION 

The r e l a t i v e  p r e c i s i o n  i s  a  s t a t i s t i c a l  i n d i c a t o r  o f  t he  v a r i a b i l i t y  o f  

r e s u l t s  f o r  an a n a l y t i c a l  procedure. It i s  est imated by analyses o f  r e p l i c a t e  

samples c o n t a i n i n g  known and equal q u a n t i t i e s  o f  r a d i o a c t i v e  m a t e r i a l  o r ,  i n  

the  case o f  i n  v i v o  bioassay, by repeated counts o f  a  s i n g l e  sample. 

I t  i s  d e s i r a b l e  t o  e s t a b l i s h  b i a s  and p r e c i s i o n  i n d i c a t o r s  t h a t  a re  

s t a t i s t i c a l l y  independent o f  each o t h e r  so t h a t  changes i n  t he  b i a s  do n o t  

a f f e c t  t h e  p r e c i s i o n  i n d i c a t o r .  Two s t a t i s t i c s  have been proposed. The 

standard d e v i a t i o n  o f  sampl'e measurements d i v i d e d  by the  average measurement 

va lue  was de f i ned  i n  t h e  d r a f t  standard as SA: 

where Aiis as de f ined f o r  Equation ( I ) ,  and A i s  t he  mean measured a c t i v i t y  

f o r  N  samples as shown below: 



To make SA usable over more than one a c t i v i t y  t e s t i n g  l e v e l ,  Equat ion ( 4 )  

was manipulated a l g e b r a i c a l l y  t o  p lace  the  denominator term w i t h i n  the 

summation. It can then be r e w r i t t e n  as 

where M = the  number o f  r a d i o a c t i v i t y  ca tegor ies  

N = the  number o f  samples per  category 

Aij = t h e  measured a c t i v i t y  f o r  t he  i t h  sample i n  the  j t h  

category 

xj = the  mean measured value f o r  the  j t h  category 
. N 

The r e l a t i v e  standard d e v i a t i o n  of sample measurements a t  some t r u e  spike 

l e v e l ,  d i v i d e d  by t h e  t r u e  sp ike  l e v e l ,  was def ined i n  t he  d r a f t  standard as 

s~ 

- 
where N, Ai, Aai, and A a r e  as de f i ned  above. 

I t  was a l s o  shown t h a t  t h e  above equat ion i s  a l g e b r a i c a l l y  equ iva len t  t o  

the  standard d e v i a t i o n  o f  t he  b i a s  es t imators  f o r  a group o f  measurements: 

where Br and Bri a r e  as de f i ned  prev ious ly .  



Past analyses o f  t h e  r e l a t i v e  b i a s  and r e l a t i v e  p r e c i s i o n  s t a t i s t i c a l  

i nd i ca to rs ,  however, have shown t h a t  t h e i r  independence i s  p red ica ted  upon t h e  

type o f  e r r o r  predominat ing (Brods ky 1986). When mu1 t i p 1  i c a t i v e  e r r o r s  

predominate ( e r r o r s  associated w i t h  e f f i c i e n c y ,  sample s ize ,  y i e l d )  , t h e  

e r r o r s  cancel o u t  o f  t he  equat ion f o r  SA, and Br and SA a re  independent. 

Likewise, when a d d i t i v e  e r r o r s  predominate, as w i t h  changes i n  background 

l e v e l s ,  B  and SB a r e  considered independent. Because the  predominate e r r o r s  r 
a re  o f t e n  n o t  i d e n t i f i e d ,  both i n d i c a t o r s  have been incorpora ted i n t o  t h e  

standard. The acceptance range f o r  r e l a t i v e  p r e c i s i o n  has been s e t  a t  l e s s  

than o r  equal t o  40% f o r  bo th  SA and SB. 

MINIMUM DETECTABLE ACTIVITY 

To ensure t h a t  a  l a b o r a t o r y  can de tec t  t h e  presence o f  r a d i o a c t i v i t y  i n  

q u a n t i t i e s  small enough t o  main ta in  doses and t h e  associated r i s k  w i t h i n  

acceptable l e v e l s ,  t h e  standard a l s o  es tab l i shes  acceptable minimum de tec tab le  

amounts (acceptable MDAs) . A1 though no s i n g l e  equat ion i s  app rop r ia te  f o r  a1 1  

measurement procedures, t he  standard does prov ide t h e  bas ic  assumptions on 

which an MDA equat ion must be based and g ives suggested equations which w i l l  

be app l i cab le  t o  most s i t u a t i o n s .  

The main MDA equat ion discussed i n  the  d r a f t  standard i s  

MDA = ( 4 . 6 5 ~ ~  + 3)/aERT 

where sb = standard d e v i a t i o n  o f  t h e  b lank count 

a  = appropr ia te  conversion f a c t o r  f o r  decay per  u n i t  t ime 

t o  a c t i v i t y  u n i t s  ( i .e. ,  2.22 dpm/pCi) 

E = count ing  equipment e f f i c i e n c y  f a c t o r  

R = chemical recovery f a c t o r  

T = count ing  time. 



The 4 . 6 5 ~ ~  te rm  r e s u l t s  f rom d o u b l i n g  t h e  c r i t i c a l  l e v e l .  The nu1 1 

hypo thes is  t h a t  t h e  sample and t h e  b l ank  counts  a r e  t h e  same i s  r e j e c t e d  a t  

t h e  95% l e v e l .  The components o f  t h i s  t e rm  a r e  

where so i s  t h e  s tandard d e v i a t i o n  o f  t h e  n e t  b l ank  count,  and K i s  t h e  9 5 t h  

p e r c e n t i l e  o f  t h e  s tandard  normal v a r i a t e .  The va lue  ' 3 '  i n  t h e  MDA equa t i on  

r e s u l t s  f rom t h e  d e r i v a t i o n  o f  t h e  fo rmu la  and i s  t h e  rounded va lue  o f  t h e  

square o f  t h e  95% va lue  o f  t h e  s tandard  normal d e v i a t e  (1.645). T h i s  te rm i s  

necessary s i n c e  t h e  Poisson va r i ance  i s  p r o p o r t i o n a l  t o  t h e  mean; t h e r e f o r e ,  

t h e  va r i ance  o f  t h e  sample counts  w i l l  be l a r g e r  than  t h e  va r i ance  o f  t h e  

b l ank  counts  ( C u r r i e  1984). I f  t h e  va r i ance  were cons tan t ,  t h e  MDA would 

equal 4.65 sb. The ' 3 '  t e rm  a l s o  p rov ides  a l owe r  bound f o r  t h e  MDA when sb 

approaches zero. 

Four bas i c  assumptions a r e  i n h e r e n t  i n  Equat ion  ( 8 )  ( C u r r i e  1984) : 

1. The p r o b a b i l i t i e s  of  b o t h  f a l s e  p o s i t i v e s  and f a l s e  nega t i ves  a r e  5% o r  

1  ess. 

2. Non-Poisson e r r o r s  a r e  i n s i g n i f i c a n t .  

3. Standard d e v i a t i o n  o f  t h e  b lank  may be es t ima ted  by t h e  square r o o t  o f  

t h e  t o t a l  counts  f o r  t h e  b lank.  

4. Ne t  counts  a r e  determined by  p a i r e d  observa t ions  ( b l a n k  c o u n t i n g  t i m e  

equal t o  t h e  sample' coun t i ng  t ime ) .  

I f  t h e  va r i ance  o f  t h e  b l ank  coun t  r a t e  con ta ins  s i g n i f i c a n t  non-Poisson 

v a r i a b i l i t y ,  b u t  t h e  b l ank  count  r a t e  has been determined t o  be s t a b l e  and i s  

es t ima ted  f rom t h e  average v a l  ue ob ta i ned  f rom rep1 i c a t e  analyses, t h e  

4.65 f a c t o r  i n  Equat ion  (8 )  shou ld  be rep laced  w i t h  t h e  f o l l o w i n g  express ion :  



where t i s  the  value o f  t h e  'It" s t a t i s t i c  f o r  t he  app rop r ia te  degrees o f  

freedom, and 

w i t h  b as t h e  r a t i o  o f  t h e  sample count ing  t ime t o  t h e  t o t a l  count ing  t ime 

used t o  es t imate  t h e  b lank  count ra te .  When a sample i s  compared t o  a s i n g l e  

b lank count, 2 t ( ~ ) ~ / ~  equals 6.03. When f i v e  r e p l i c a t e s  a r e  used t o  es t ima te  

the  standard d e v i a t i o n  o f  t he  b lank and t h e  sample i s  compared t o  t h e  mean o f  

t he  blanks, 2 t ( ~ ) l / ~  equals 4.66 and the  t -es t imate  equat ion and t h e  bas i c  

equat ion g i v e  equ iva len t  r e s u l t s .  

I f  the  e f f i c i e n c y  o r  recovery f a c t o r s  show s i g n i f i c a n t  v a r i a b i l  i t y  and 

they a re  n o t  determined f o r  each sample, Sec t ion  4.3.1 o f  d r a f t  ANSI N13.30 

s p e c i f i e s  use o f  t h e  lower 5% bound o f  the  product  o f  aERT (aERTe05). The 

c a l i b r a t i o n  f a c t o r s  g e n e r a l l y  f o l l o w  a log-normal d i s t r i b u t i o n  so t h a t  a l o g  

t rans form should be performed on the  data s e t  p r i o r  t o  c a l c u l a t i n g  the  

standard dev ia t i on .  

Again i n  accordance w i t h  Sect ion 4.3.1 o f  d r a f t  ANSI N13.30, i f  t r a c e r s  

a r e  added t o  each sample and the  product  o f  e f f i c i e n c y  and chemical recovery 

i s  i nc luded  i n  t h e  de terminat ion  o f  each blank, then sb/(aERT) may be rep laced 

i n  t h e  MDA equat ion by sbt/aT, where sb '  i s  the  standard d e v i a t i o n  o f  t h e  

q u o t i e n t  o f  t h e  b lank count and t h e  product  o f  e f f i c i e n c y  and chemical 

recovery. The remaining terms i n  the  denominator a re  constants which w i l l  n o t  

a f f e c t  sbl. S ince a1 1 p a r t i c i p a n t s  i n  t h i s  s tudy used t r a c e r s  f o r  each sample 

and sb '  was est imated from r e p l i c a t e  counts, t h e  MDA equat ion used f o r  t h i s  

s tudy i s  as f o l l o w s :  

MDA = 2 t ( ~ l ) ' / ~  sbl/aT + 3/[a(ER)0.05T] 

where a l l  terms a r e  as de f ined above. 



The ' 3 '  term i n  the  MDA equat ion l i m i t s  Type I1 e r r o r s  ( f a l s e  negat ives)  

t o  5% when sbl i s  near  zero. The ' 3 '  term has u n i t s  o f  counts and i s  con- 

ve r ted  t o  u n i t s  o f  a c t i v i t y  us ing  the  lower 5% bound o f  t he  d i s t r i b u t i o n  o f  

the  c a l i b r a t i o n  f a c t o r  [ (ER)  .05]. The values o f  ' a '  and ' T '  remain constant  
7 

and a re  n o t  inc luded i n  the  d i s t r i b u t i o n .  

The MDA c a l c u l a t e d  as descr ibed above may be i n t e r p r e t e d  as a mean value 

f o r  t he  measurement procedure. I f  a conf idence i n t e r v a l  i s  desired, t he  

chi-square d i s t r i b u t i o n  may be used, as descr ibed i n  C u r r i e  (1984). 

The acceptable MDAs s p e c i f i e d  i n  t he  d r a f t  s tandard f o r  each t e s t  

category and nucl  i d e  were es tab l  i shed a f t e r  eva lua t i ng  both needs r e l a t e d  

t o  h e a l t h  physics and the  present  c a p a b i l i t i e s  o f  competent radiobioassay 

l abo ra to r i es .  The d r a f t  standard acceptance c r i t e r i o n  f o r  f e c a l  ana lys i s  o f  

2 3 9 ~ u  i s  1 pCi per  sample. 



RESULTS 

Four o f  t he  n i n e  l a b o r a t o r i e s  re tu rned  data f o r  a l l  samples sent. Four 

- p a r t i c i p a n t s  repo r ted  they  were unable t o  complete t h e  analyses. One o t h e r  

l a b o r a t o r y  cou ld  analyze o n l y  s i x  samples ( t h r e e  b lanks and t h r e e  l o w - a c t i v i t y  

samples) . 
Reported assay r e s u l t s  f o r  each sample measurement a re  g iven i n  Appen- 

d i x  D. These data were analyzed by the  s t a t i s t i c a l  methods s p e c i f i e d  i n  t he  

d r a f t  standard (i.e., r e l a t i v e  b ias,  r e l a t i v e  p rec i s ion ,  and MDA). Table 3 

shows the  c a l c u l a t e d  values o f  r e l a t i v e  b ias,  r e l a t i v e  p rec i s ion ,  and MDA. 

F a i l u r e  t o  meet any one o f  t he  c r i t e r i a  r e s u l t e d  i n  f a i l u r e  f o r  the  perform- 

ance t e s t .  

F igure  2 i s  a  p l o t  o f  the  r e l a t i v e  b i a s  versus r e l a t i v e  p r e c i s i o n  f o r  

each l abo ra to ry .  There were no f a i l u r e s  f o r  these c r i t e r i a  and the  95% con- 

f idence i n t e r v a l s  f o r  r e l a t i v e  b i a s  and r e l a t i v e  p r e c i s i o n  were w i t h i n  the ' 

acceptance region.  

F igure  3 shows the  PNL-calculated MDA f o r  each labora tory .  For t h i s  

c r i t e r i o n ,  f o u r  o f  t he  f i v e  l a b o r a t o r i e s  (80%) passed. For a l l  f o u r  o f  these 

l abo ra to r i es ,  the e n t i r e  90% conf idence i n t e r v a l  was l ess  than the  s p e c i f i e d  

acceptable MDA (1 pCi) .  For t he  f i f t h  l abo ra to ry ,  t he  PNL-calculated MDA was 

80% above the  acceptable MDA and the  e n t i r e  conf idence i n t e r v a l  exceeded 

1 pCi. 



TABLE 3. Performance C r i t e r i a  Resu l t s  

Labo ra to r y  Sample Aai, pCi 
Code Number 

A 1 - 5  0.00 

A 5 1  - 55 1.13 

A 101 - 105 9.58 

A TOTAL ---- 

B NO DATA RETURNED 

C NO DATA RETURNED 

D NO DATA RETURNED 

E NO DATA RETURNED 

F 26 - 30 0.00 

F 76 - 80 1.13 

F 126 - 130 9.58 

F TOTAL ---- 

G 3 1  - 35 0.00 

G 8 1  - 85 1.13 

G 131 - 135 9.58 
G TOTAL ---- 

H 36 - 40 0.00 

H 86 - 90 1.13 

H 136 - 140 9.58 

H TOTAL ---- 

MDA, pCi 
'Lower U m e r  , , 

Br S~ 5 % 95% 
Bound Mean Bound --- - 
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DISCUSSION 

Resu l ts  f o r  t h e  f e c a l  ana lys i s  performance t e s t s  a re  s i m i l a r  t o  those 

f o r  u r i n a l y s i s  and i n  v i v o  count ing  (Robinson, F isher  and Hadley 1984; 

Robinson e t  a l .  1986; MacLellan, Traub, and F isher  1988). Re la t i ve  b i a s  and 

r e l a t i v e  p r e c i s i o n  c r i t e r i a  were e a s i l y  met, w h i l e  c a l c u l a t e d  MDAs f o r  some 

l a b o r a t o r i e s  were g rea te r  than t h e  acceptable amount. The ca l cu la ted  re1  a t i v e  

biases f o r  a l l  l a b o r a t o r i e s  were w e l l  w i t h i n  the  c r i t e r i a  o f  the  standard 

(-0.25 t o  +0.5). Biases f o r  t h ree  l a b o r a t o r i e s  were about 5% and the  two 

o thers  were w i t h i n  t h e  +20% range. 

For a l l  p a r t i c i p a t i n g  l a b o r a t o r i e s ,  t he  r e l a t i v e  p r e c i s i o n  o f  analyses 

was a l s o  much l e s s  than t h e  40% acceptance c r i t e r i o n  o f  t h e  standard. For  one 

l abo ra to ry ,  r e l a t i v e  p r e c i s i o n  was l e s s  than 15%; f o r  two, i t  was l e s s  than 

10%; and f o r  t h e  remaining two, i t  was l e s s  than 5%. I n  a l l  cases t h e  SA and 

SB s t a t i s t i c s  f o r  any g iven l abo ra to ry  d i f f e r e d  by l ess  than 3%. 

Three 1  abo ra to r i es  passed t h e  MDA c r i t e r i o n  w i t h  c a l c u l a t e d  MDA v a l  ues 

t h a t  were l e s s  than 10% o f  t h e  acceptable MDA, and one a d d i t i o n a l  l a b o r a t o r y  

passed w i t h  an MDA about h a l f  the  acceptable MDA. The l abo ra to ry  f a i l i n g  t h e  

MDA c r i t e r i o n  repor ted  data f o r  one b lank  sample ana lys i s  t h a t  was much l a r g e r  

than t h e i r  mean repo r ted  value. I f  the  ana lys i s  r e s u l t  was an example o f  a  

t r u e  " o u t l i e r , "  i t  might  be appropr ia te  t o  exclude i t  from the  c a l c u l a t i o n s .  

I f  i t  were excluded, t h e  l abo ra to ry  would pass the  MDA c r i t e r i o n .  Th i s  should 

n o t  be done, however, unless the re  i s  a  known cause f o r  t h e  e r r o r ,  such as a  

mistake i n  p u r i f i c a t i o n  o f  t he  analyte.  To exclude i t  w i t h o u t  a  thorough 

process eva lua t i on  cou ld  h ide  s i g n i f i c a n t  systemat ic  e r r o r s  i n  t h e  ana lys i s  

procedure and g ross l y  underest imate the  MDA. 



RECOMMENDATIONS 

The primary objective of t h i s  project i s  t o  evaluate the appropriateness 

of the performance c r i t e r i a  specified in draf t  ANSI Standard N13.30. 
Secondly, the study findings are  used t o  develop recommendations fo r  changes 

in the standard. 

Frequent discussions took place between members of the project team and 
members of the Health Physics Society Working Group 2.5 preparing the d ra f t  

standard. Project representatives attended a l l  meetings of the working group 
to ensure that  the intercomparison test ing corresponded to the recommendations 
of the d ra f t  standard. Project s t a f f  members provided numerous suggestions 

for  improving the draf t  standard during these meetings. Many of the following 
recommendations were incorporated or are currently under consideration by the 

working group: 

additional definit ions of terms 

selection of categories and radionuclides fo r  in v i t ro  tes t ing 

changes in acceptance c r i t e r i a  

descriptions of qua1 i ty control procedures 

use of a r t i f i c i a l  feces t e s t  matrix 

reformulation o f  performance c r i t e r i a  s t a t i s t i c s .  

Specific recommendations formulated in response t o  resu l t s  of the fecal 
analysis study are  a s  follows: 

The present acceptance c r i t e r i a  for  re la t ive  bias and re la t ive  precision 

are appropriate f o r  the' evaluation of laboratories performing fecal 
analysis f o r  2 3 9 ~ u .  

The a r t i f i c i a l  fecal material provides an appropriate t e s t  matrix and 
should be used f o r  accreditation test ing.  

The MDA calculation procedure should be custom-fitted to  the measurement 

procedure being evaluated and the performance test ing procedure i t s e l f .  



Although t h e  r e l a t i v e  b ias  and r e l a t i v e  p r e c i s i o n  s t a t i s t i c a l  i n d i c a t o r s  

a re  e a s i l y  a p p l i e d  and i n t e r p r e t e d ,  MDA i n t e r p r e t a t i o n  r e q u i r e s  g r e a t e r  

knowledge o f  t h e  unde r l y i ng  assumptions. Cons idera t ion  should be g i ven  

t o  t h e  s t a t i s t i c a l  interdependence o f  parameters of t h e  a n a l y s i s  

( e f f i c i e n c y ,  recovery, e t c . )  and the  degrees o f  freedom of t h e  es t ima te  

o f  t h e  s tandard d e v i a t i o n  f o r  t h e  ana l ys i s .  

The 4.65 f a c t o r  i n  t h e  MDA equat ion  should be rep laced w i t h  2 t ( n ) $  i f  t h e  

var iance of  t h e  b lank  count  r a t e  conta ins  s i g n i f i c a n t  non-Poisson 

v a r i a b i l i t y ,  and t h e  b lank  count r a t e ,  which has been determined t o  be 

s tab le ,  i s  es t imated  f rom t h e  average value ob ta ined from r e p l i c a t e  

analyses. When e f f i c i e n c y  and recovery  a r e  es t imated  f o r  each sample t h e  

MDA equat ion  should be as f o l l o w s :  
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LETTER OF INOUIRY 

Dear 

TECHNICAL EVALUATION OF DRAFT ANSI STANDARD N13.30 

Thank you f o r  you r  pas t  i n t e r e s t  i n  t h e  DOE bioassay in tercompar ison study. 
As you are  aware, the purpose o f  t h i s  program i s  t o  evaluate the  
appropriateness of performance c r i t e r i a  i n  d r a f t  ANSI Standard N13.30, 
"Performance C r i t e r i a  o f  Radiobioassay," by measuring the  a b i l  i ty  o f  e x i s t i n g  
bioassay l a b o r a t o r i e s  t o  meet t he  c r i t e r i a  s p e c i f i e d  i n  t h a t  standard. The 
end r e s u l t  o f  t he  t e s t i n g  program w i l l  be a manual t h a t  recommends procedures 
and c r i t e r i a  f o r  t he  a c c r e d i t a t i o n  o f  l a b o r a t o r i e s  p r o v i d i n g  bioassay 
serv ices.  

We w i l l  soon have an a r t i f i c i a l  f e c a l  t e s t  m a t r i x  sp iked w i t h  p lutonium 
a v a i l a b l e  t o  p a r t i c i p a n t s  as p a r t  o f  t he  f i n a l  phase o f  the  i n - v i t r o  t e s t i n g  
p o r t i o n  o f  t he  program. P a r t i c i p a n t  i d e n t i f i c a t i o n  and the  data prov ided f o r  
t h i s  program w i l l  be h e l d  i n  the  s t r i c t e s t  conf idence. The a r t i f i c i a l  m a t r i x  
m a t e r i a l  w i l l  con ta in  i no rgan ic  and b i o l o g i c a l  c o n s t i t u e n t s  i n  approximate 
phys io log i ca l  amounts. We would g r e a t l y  apprec ia te  r e c e i v i n g  your  s p e c i f i c  
comments regard ing  t h i s  op t ion .  

Your cooperat ion i s  essen t i a l  f o r  t he  development o f  a workable standard and 
meaningful recommendations f o r  a good a c c r e d i t a t i o n  procedure. I f  you a re  
i n t e r e s t e d  i n  p a r t i c i p a t i n g  i n  t h e  f e c a l  t e s t i n g  program, please complete and 
r e t u r n  the  at tached form. We w i l l  be con tac t i ng  the  responding f a c i l i t i e s  t o  
v e r i f y  t h e i r  i n t e r e s t  i n  the  program. 

S incere ly ,  

Jay A. MacLel 1 an 
Senior  Research S c i e n t i s t  
Heal t h  Physics Techno1 ogy Sect ion  
HEALTH PHYSICS DEPARTMENT 

Richard J. Traub 
Senior  Research S c i e n t i s t  
Dosimetry Technology Sect ion  
HEALTH PHYSICS DEPARTMENT 

Attachment 



Return t o :  

P a c i f i c  Northwest Laboratory 
Hea l th  Physics Department 
RTL B u i l d i n g  
P.O. Box 999 
Richland, WA 99352 

A t ten t i on :  JA MacLellan/RJ Traub 

Yes, we may be i n t e r e s t e d  i n  p a r t i c i p a t i n g  i n  t h e  feca l  ana lys i s  program. 
Please con tac t  me and prov ide more d e t a i l s .  

Comments: 

Technical con tac t  

Tel  ephone 

F a c i l i t y  name 
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APPENDIX B 

IN VITRO MEASUREMENTS REPORT FORM 

Name of Laboratory and/or Code Letter 

Contact Person Phone ( ) 

Date of Receipt Date of Analysis 

Apparatus/Instrumentation Used: 

Sample Total Count Background Counting pCi /  Est. 
No. Counts Time C o u n t  Rate Efficiency Recovery Sample Error 

- 
Sb - pCi (estimated er ror  fo r  the procedure) 

MDA = PC i 

Please return t h i s  form and requested procedures to:  

J .  A. MacLel lan 
Pacific Northwest Laboratory 
P.O. Box 999 
Richland, WA 99352 
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APPENDIX C 

PROPAGATION OF ERROR I N  SPIKED ARTIFICIAL FECAL SAMPLES 

The methods used t o  est imate the  t o t a l  e r r o r  i n  t h e  i n  v i t r o  t e s t  samples 

were t h e  same as those discussed by Kanipe (1977). B r i e f l y ,  we assumed t h a t  

the i n d i v i d u a l  components o f  t he  t o t a l  e r r o r  were independent, normal ly  

d i s t r i b u t e d  va r iab les  and t h a t  propagation o f  e r r o r  f o r  t he  man ipu la t ion  o f  

var ious  func t i ons  cou ld  be expressed as below. 

Funct ion E r r o r  Formula 

Q = X + - Y  uQ = (ox2 + o 
Y 

Q = ax + bY 2 2  2 2  
uQ = (a ux + b uy ))t 

Q = XY uQ = XY (ux2/x2 + u 2 2 
Y / Y  I f  

Q = X / Y  2 2 
uQ = X / Y  (ox2/x2 + o / Y  )f 

Y 

Using t h e  e r r o r  formulas above, t he  equat ions f o r  t he  d i l u t i o n  steps, and 

the  e r r o r  est imates quoted i n  t h e  Nat iona l  Bureau Standards c e r t i f i c a t e s  

supp l ied  fo r  each nuc l ide ,  t he  t o t a l  e r r o r  i n  the  prepared samples was 

est imated. 
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TABLE D.1. PARTICIPANT-SUPPLIED DATA 

Laboratory 
Code 

Sample 
Number 

To ta  1 
Counts 

Count Time, Background, Counting Chemical 
m i  n cpm E f  f i c i  ency Recovery 

Assay, 
PC i 

Percent 
E r ro r  MDA 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

0.0051 

0.0051 

0.0051 

0.0051 

0.0051 



TABLE D. 1. ( c o n t d )  

Sample 
Number 

T o t a l  
Counts 

Count Time, 
mi n 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

3333.33 

720.00 

720.00 

720.00 

720.00 

720.00 

720.00 

720.00 

720.00 

720.00 

720.00 

Background, 
cpm 

0.0006 

0.0011 

0.0009 

0.0000 

0.0080 

0.0008 

0.0003 

0.0008 

0.0005 

0.0011 

0.000 

0.002 

0.0008 

0.0008 

0.0008 

0.0003 

0.0000 

0.0013 

0.0013 

0.0010 

Count ing  
E f f i c i e n c y  

0.244 

0.264 

0.272 

0.284 

0.291 

0.256 

0.274 

0.270 

0.274 

0.297 

0.201 

0.210 

0.224 

0.199 

0.213 

0.300 

0.212 

0.208 

0.119 

0.211 

C hemi ca 1 
Recovery 

0.951 

0.891 

0.783 

0.702 

0.672 

0.935 

0.724 

0.831 

0.586 

0.435 

0.425 

0.420 

0.390 

0.451 

0.464 

0.290 

0.494 

0.501 

0.783 

0.440 

Assay, 
pCi 

1.0278 

1.0882 

0.9879 

1.0950 

1.0784 

8.3834 

8.2849 

7.8579 

6.8681 

7.6537 

-0.01 

0.0045 

0.54 

-0.12 

-0.08 

1.01 

1.04 

1.30 

1.48 

1.26 

Percen t  
E r r o r  

2.4 

2.3 

2.5 

2.5 

2.5 

82.1 

90.6 

87.5 

111.0 

115.0 

500.0 

1300.0 

12.3 

33.3 

62.5 

8.9 

8.7 

6.9 

6.8 

7.1 

Labo ra to r y  
Code 





TALBE D.1. ( con td )  

Labo ra to r y  Sample 
Code Number 

I 4 1 

I 43 

I 4 5 

I 92 

I 9 3 

I 94 

T o t a l  
Counts 

Count Time, 
m i  n 

Background, 
cpm 

0.005 

0.005 

0.006 

0.002 

0.006 

0.002 

Count i ng 
E f f i c i e n c y  

0.299 

0.297 

0.289 

0.278 

0.289 

0.278 

Chemical Assay, 
Recovery pCi 

0.867 -0.005 

0.86 1 0.000 

0.869 -0.003 

0.897 1.158 

0.932 1.169 

0.480 1.186 

Percen t  
E r r o r  MDA 

120.0 0.02 

100.0 0.02 

100.0 0.02 

4.6 0.02 

7.6 0.02 

10.6 0.02 



DISTRIBUTION 

No. o f  
Copies 

No. o f  
Copies 

OFFSITE 

10 . DOE/Office o f  S c i e n t i f i c  and 
Techn ica l  I n f o r m a t i o n  

DOE Headquarters 

R. P. Berube, Deputy A s s i s t a n t  
D i r e c t o r  f o r  Environment 

U.S. Department o f  Energy 
Washington, DC 20545 

J. D. Foulke 
O f f i c e  o f  Nuc lear  Sa fe t y  
U.S. Department o f  Energy 
Washington, DC 20545 

J. P. Kn igh t ,  D i r e c t o r  
O f f i c e  o f  Nuc lear  S a f e t y  
U.S. Department o f  Energy 
Washington, DC 20545 

B e t t e  L. Murphy 
O f f i c e  o f  Nuc lear  S a f e t y  
U.S. Department o f  Energy 
Washington, DC 20545 

D. R. Nelson 
O f f i c e  o f  Nuc lear  S a f e t y  
U.S. Department o f  Energy 
Washington, DC 20545 

R. W .  S t a r o s t e c k i ,  A s s i s t a n t  
Sec re ta r y  f o r  Sa fe ty ,  Hea l t h  , 
and Qua1 i t y  Assurance 

U.S. Department o f  Energy 
Washington, DC 20545 

10 E. J. V a l l a r i o ,  A c t i n g  D i r e c t o r  
R a d i o l o g i c a l  C o n t r o l s  D i v i s i o n  

U.S. Department o f  Energy 
Washington, DC 10545 

A s s i s t a n t  Sec re ta r y  f o r  
Environment, Safety ,  and 
Hea l t h  

U.S. Department o f  Energy 
Washington, DC 20545 

DOE A1 buquerque Operat ions O f f i c e  

R. E. Alexander 
Pantex P l a n t  
Mason & Hanger--Si las Mason Co., 

I nc .  
P.O. Bo ix  30020 
A m a r i l l o ,  TX 79177 

W .  D. B u r n e t t  
DOE Sandia Na t i ona l  L a b o r a t o r i e s  
M a i l  Code 3312, Bldg. 8619 
P.O. Box 2800 
Albuquerque, NM 87115 

G. W. Campbell 
Rockwel l  I n t e r n a t i o n a l  
Rocky F l a t s  P l a n t  
P.O. Box 464 
Golden, CO 80401 

J. W. Doty  
Mound Labo ra to r y  
Monsanto Research Co rpo ra t i on  
Miamisburg, OH 45342 

R. F a l k  
Rockwel l  I n t e r n a t i o n a l  
Rocky F l a t s  P l a n t  
P.O. Box 464 
Golden, CO 80401 

W .  D. Moss 
Los Alamos N a t i o n a l  Labo ra to r y  
P.O. Box 1663 
Los Alamos, NM 87545 



No. o f  
C o ~ i e s  

P. M. Ramey 
U.S. Department o f  Energy 
A1 buquerque Operat ions O f f i c e  
P.O. Box 5400 
A1 buquerque , NM 87115 

R. G. S t a f f o r d  
Los Alamos Nat iona l  Laboratory 
P.O. Box 1663 
Los Alamos, NM 87545 

J. G. Themelis 
U.S. Department o f  Energy 
Albuquerque Operat ions Off ice 
P.O. Box 5400 
A1 buquerque, NM 87115 

DOE Chicago Operat ions Off ice 

L. V. Coulson 
Fermi Na t i ona l  Acce le ra to r  

Labora tory  
P.O. Box 500 
Batavia, I L  60510 

R. A. Mayes 
U.S. Department o f  Energy 
9800 South Cass Avenue 
Argonne, I L  60439 

C. B. Meinhold 
Brookhaven Na t iona l  Laboratory 
Associated U n i v e r s i t i e s ,  Inc.  
Upton, NY 11973 

D. P. O 'Ne i l  
Argonne Nat iona l  Laboratory 
9800 South Cass Avenue 
Argonne, I L  60439 

DOE Idaho O ~ e r a t i o n s  O f f i ce  

J. H. Barry 
U.S. Department o f  Energy 
Idaho Operat ions O f f i c e  
785 DOE Place 
Idaho Fa1 1 s, I D  83402 

No. o f  
Copies 

B. L. Rich 
EG&G Idaho 
P.O. Box 1625 
Idaho F a l l s ,  ID 83401 

A. N. Tschaeche 
WINCO 
M/S CPP-630 
P.O. Box 4000 
Idaho F a l l s ,  ID 83403 

DOE Nevada Operat ions O f f i c e  

A. E. B i cke r  
Reynolds E l e c t r i c a l  & 

Engineering, Co., Inc.  
P.O. Box 14400 
Las Vegas, NY 89114 

P. K. Fitzsimmons 
U.S. Department of Energy 
Nevada Operat ions O f f i c e  
P.O. Box 14100 
Las Vegas, NY 89114 

DOE Oak Ridge Operat ions O f f i c e  

R. J. C l o u t i e r  
Oak Ridge Associated U n i v e r s i t i e s  
P.O. Box 117 
Oak Ridge, TN 37831 

R. E. H a l l i b u r t o n  
Oak Ridge Na t iona l  Labora tory  
P.O. Box X 
Oak Ridget,  TN 38730 

S. L. H inne fe ld  
Westinghouse Ma tge r ia l  s Co. 

o f  Ohio 
P.O. Box 398704 
C inc inna t i ,  OH 45239 

D. B. Howard 
U.S. Department of Energy 
Oak Ridge Operat ions O f f i c e  
P.O. Box E 
Oak Ridge, TN 37831 



No. of 
Copies 

No. of 
C o ~ i e s  

W. T. Mee 
Y-12 
P.O. Box Y 
Oak Ridge, TN 37830 

D. C. Parzyck 
Oak Ridge Nat iona l  Labora tory  
P.O. Box X 
Oak Ridge, TN 37830 

S. F  S e l t z e r  
Paducah Gaseous D i f f u s i o n  P l a n t  
P.O. Box P  
Oak Ridge, TN 37831 

J. E. Shoemaker 
Oak Ridge Gaseous D i f f us ion  

P l a n t  
P.O. Box P  
Oak Ridge, TN 37831 

F. G. VanLoocke 
R M I  Company 
P.O. Box 579 
Ashtabula, OH 44004 

E. R. Wagner 
Portsmouth Gaseous D i f f u s i o n  

P lan t  
M a r t i n  M a r i e t t a  Energy Systems 
P.O. Box 628 
Piketon, OH 45661 

DOE San Francisco Operat ions 
mi ce 

T. R. C r i t e s  
Lawrence L i  vemore  Na t i ona l  

Labora tory  
P.O. Box 5505 
Livermore, CA 94550 

J. T. Davis 
U.S. Department of Energy 
San Francisco Operat ions O f f i c e  
1333 Broadway 
Oakland, CA 94612 

R. C. McCall 
S tan fo rd  L i n e a r  Acce le ra to r  
P.O. Box 4349 
Stan ford ,  CA 94305 

R. G. Thomas 
DOE Lawrence Berkeley Nat iona l  

Labora tory  
U n i v e r s i t y  o f  C a l i f o r n i a  
Berkeley, CA 94720 

G. Warren 
S tan fo rd  L i n e a r  Acce le ra to r  
P.O. Box 4349 
Stanford,  CA 94305 

DOE Savannah R i v e r  Operat ions 
D f f i c e  

D. N. Br idges 
U.S. Department o f  Energy 
Savannah R ive r  Operat ions O f f i c e  
P.O. Box A 
A i  ken, SC 29809 

W. C. Re in ig  
E. I. duPont de Nemours & Co. 
Savannah R ive r  P l a n t  
Aiken, SC 29809 

EPA O f f i c e  o f  Rad ia t i on  Programs 

A. Richardson 
401 M S t ree t ,  SW 
Washington, DC 20460 

Nat iona l  Center f o r  Devices and 
R a d i o l o a i c a l  Hea l th  

J. C. V i l l f o r t h  
FDA Bureau o f  Rad io log i ca l  Hea l th  
Rockv i l l e ,  MD 20852 

Na t i ona l  Bureau o f  Standards 

E. H. Eisenhower 
Nat iona l  Bureau of Standards 
Gaithersburg, MD 20899 
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R. Loevinger  
Nat iona l  Bureau o f  Standards 
Gaithersburg, MD 20899 

Nuclear Reaulatorv Commission 

R. E. Alexander 
U.S. Nuclear  Regulatory 

Comni ss ion  
Washington, DC 20555 

OTHER 

A. Brodsky 
16412 Kip1 i n g  Road 
Derwood, MD 20855 

F. Bronson 
Canberra/RMC 
One S t a t e  S t r e e t  
Meriden, CT 06450 

K. R. He id  
2318 Davison Avenue 
Richland, WA 99352 

D. McCurdy 
Yankee Atomic E l e c t r i c  Co. 
1671 Worcester Road 
Framingham, MA 01701 

R. M e l l o r  
Yankee Atomic E l e c t r i c  Co. 
1671 Worcester Road 
Frami ngham, MA 01701 

M. O r t i z  
Eber l  i n e  A n a l y t i c a l  
P.O. Box 3874 
A1 buquerque, NM 87190 

B. Wes sman 
TMA/Norcal 
2030 Wright  Avenue 
Richmond, CA 94804 

ONSITE 

2 DOE Rich land Operat ions O f f i c e  

D. T. Evans 
D. L. Sours 

Westinahouse Hanford Corn~anv 

R. 0. Budd 

2 U.S. Tes t i ng  Company, I nc .  

M. M. Lardy 
A. V .  Robinson 

64 P a c i f i c  Northwest Labora tory  

W. J. B a i r  
L. W. Brackenbush 
3. T. Denovan 
L. G. Faust 
D. R. F i she r  
G .  R. Hoenes 
J. A. MacLellan (15) 
J. B. M a r t i n  
J. M. Selby (30) 
K. L. So lda t  
K. L. Swinth 
R. J. Traub 
M. T. Upton 
Hea l th  Physics Department L i b r a r y  
Pub l i sh ing  Coord ina t ion  (2 )  
Technical  Report F i l e s  (5 )  




