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AN IN-VIVO -EVALUATION OF STANDARD MAN MODEL ABSORBED 

. .  

FRACTIONS US1 NG ""'Tc- SULFUR COLLOID 

J.P. Jones, J. Wagner, and A.B. B r i l l  
D i v i s i o n  of  Nuclear Medicine and*Biophysics 

Vanderb i l t  U n i v e r s i t y  Medical Center 
N a s h v i l l e ,  Tennessee 37232 

.. I ABSTRACT 

This s tudy  was performed t o  check how w e l l  t h e  c a l c u l a t e d  absorbed 
f r a c t i o n  d a t a  (S-factors)  given i n  MIRD Pamphlet No. 5 and r e l a t e d  r e p o r t s  
apply t o  l i v i n g  p a t i e n t s .  An e x t e r n a l  t a r g e t  r e g i o n  was de f ined  on t h e  s k i n  
o f  t h e  Snyder-Fisher phantom, a n t e r i o r  t o  and ove r l ay ing  t h e  c e n t e r  of  t h e  
l iver .  T h i s  t a r g e t  w a s  a 5 crn squa re  by 0.089 cm t h i c k  s l a b  o f  LiF,  and t h e  
S-factors  were computed f o r  t h i s  t a r g e t  and uniform d i s t r i b u t i o n s  of  9 9 9 c  i n  
t h e  l i v e r  and sp leen  by J.W. Poston and G.G. Warner o f  ORNL. Experimental ly ,  
t h i s  t a r g e t  was r ep resen ted  by p l a c i n g  t h i r t e e n  L i F  TLD's of  t h e  same 
t h i c k n e s s  i n  a correspondingly p o s i t i o n e d  5 c m  square area. 
performed w i t h  the  MR. ADAH phantom showed good agreement between t h e  measured 
(TLD) and c a l c u l a t e d  (S-factor)  doses.  

An experiment 

I n  t h e  p a t i e n t  s t u d i e s ,  t h e  group o f  t h i r t e e n  TLD's was correspondingly 
p o s i t i o n e d ,  and t h e  measured TLD dose compared t o  t h a t  c a l c u l a t e d  from t h e  
p a t i e n t  cumulated a c t i v i t y  and t h e  Snyder-Fisher phantom S-factors .  I n  most 
cases, t h e s e  doses agreed t o  w i t h i n  30%, a l though l a r g e r  d i s c r e p a n c i e s  were 
observed w i t h  non-standard s i z e d  p a t i e n t s .  Based upon t h e s e  r e s u l t s ,  i t  is 
d e s i r a b l e  t o  make f u r t h e r  i n v e s t i g a t i o n s  o f  t h i s  type,  e s p e c i a l l y  w i t h  lower 
energy gamma emitters, and t h e  methods o f  dose  and a c t i v i t y  measurement used i n  
t h i s  s t u d y  should be u s e f u l  un le s s  t h e  photon energy i s  too low, o r  t h e  s o u r c e  
a c t i v i t y  changes r a p i d l y  w i t h  t i m e .  

. 

_- .' - 
5' 

I- INTRODUCTION i 

"he primary motivat ion f o r  t h e  e x t e n s i v e  work i n  c a l c u l a t i n g  absorbed 
f r a c t i o n s  and S-factors  is  t o  g ive  parameters  s u i t a b l e  f o r  a c c u r a t e  p a t i e n t  
dose c a l c u l a t i o n s .  

. model, i t  is  important t h a t  t h e i r  a p p l i c a b i l i t y  t o  l i v i n g  p a t i e n t s  be checked. 
The d i r e c t  method f o r  t h i s  would be  t o  measure t h e  r a d i a t i o n  dose t o  a p a t i e n t  
t a r g e t  r eg ion ,  and compare t h i s  t o  t h a t  c a l c u l a t e d  using the a p p r o p r i a t e  
S-factors .  However, p a t i e n t  t a r g e t  r e g i o n s  are e i t h e r  i n t e r n a l  organs o r  t o t a l  
body s k i n ,  s o  d i r e c t  dose measurements would b e  d i f f i c u l t  a t  b e s t .  
vas t o  d e f i n e  a special  t a r g e t  region on t h e  s k i n  of t h e  p a t i e n t ,  fo r  which t h e  
dose was e a s i l y  measured w i t h  no ' p a t i e n t  d i scomfor t .  The major disadvantage 
v a s  t h a t  a s p e c i a l  computer run was needed t o  compute t h e  S - fac to r s  f o r  t h i s  
t a r g e t .  

Since t h e  S - fac to r s  are computed using a mathematical 

Our approach 
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' EXPERIMENTAL ARRANGEMENT 

The source - t a rge t  c o n f i g u r a t i o n  i s  i n d i c a t e d  i n  F igu re  1. The s o u r c e  
organs were t h e  l i v e r  and sp leen ,  each f i l l e d  w i t h  a uniform d i s t r i b u t i o n  o f  

I .  

. 

I ' \  

. .  . .  

Figure  1. Tine source - t a rge t  geometry. 

99qc .  
a n t e r i o r  t o  t h e  l i v e r  as shown. 
LiF c o n f i g u r a t i o n s  were c a l c u l a t e d  through t h e  k indness  of W.S. Snyder, 
J.W. Poston, and G.G. Warner of OWL, u s i n g  t h e i r  Monte C a r l o  techniques.  

The t a r g e t  was a 5 c m  squa re  by 0.089 c m  t h i c k  s l a b  of LiF,  on t h e  skin 
S- fac to r s  f o r  t h e  l i v e r  t o  LiF  and s p l e e n  t o  

-. 
Experimental ly ,  t h i s  source d i s t r i b u t i o n  w a s  approximated by us ing  p a t i e n t s  

.'_ . t a r g e t  was approximated by p l ac ing  t h i r t e e n  L i F  TLD's of  t h e  same t h i c k n e s s  as 
I n  o r d e r  t o  assess 

. the a p p l i c a b i l i t y  of  t h e  S-factors ,  one must b e  a b l e  t o  a c c u r a t e l y  measure t h e  

i n j e c t e d  w i t h  9 9 q c - s u l f u r  c o l l o i d  f o r  r o u t i n e  l i v e r / s p l e e n  imaging. The 

t h e  s l a b  i n  a 5 c m  squa re  area over  t h e  c e n t e r  of t h e  l iver .  

TLD dose and t h e  cunulated a c t i v i t y  i n  t h e  l i v e r  and s p l e e n  s e p a r a t e l y .  
Therefore ,  the methods of  measurement used were c a r e f u l l y  checked and eva lua ted .  

c 

c> 
W 
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* METHOD OF ANALYSIS  ! 

The cumulated a c t i v i t i e s  were found by i n t e g r a t i n g  t h e  measured a c t i v i t y  
v i t h  r e s p e c t  t o  time. 
techniques,  w i t h  t h e  scanning system s c h e m a t i c a l l y  o u t l i n e d  i n  F igu re  2. The 

; p a t i e n t  l a y  on a s t a t i o n a r y  bed between d u a l  opposing NaI(T1)  d e t e c t o r s ,  and 
-counts from t h e  140 keV photopeak of 9 9 9 c  were s t o r e d  i n  a PDP-9 corn u t e r  as 
t h e  d e t e c t o r s  moved i n  a r e c t i l i n e a r  raster motion. I n  a d d i t i o n ,  n lg3Ba 
source  (356 keV) was p laced  i n  t h e  t o p  c o l l i m a t o r  and s h i e l d e d  so t h a t  a 
narrow photon beam passed down through t h e  p a t i e n t  t o  t h e  bottom d e t e c t o r .  
These coun t s  were also recorded, g i v i n g  t h e  emiss ion  ( 9 9 T c )  and t r ansmiss ion  
( 3 3 3 ~ a )  s c a n s  s imultaneously.  

The a c t i v i t y ,  i n  t u r n ,  w a s  measured by scanning 

! 
The method used t o  compute organ a c t i v i t y  from t h e  scan  d a t a  i s  o u t l i n e d  
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Figure Schematic of scanning system. 
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in Table  1. The b a s i c  approach was t o  compare 

Table  1. 

1. For l i v e r  a c t i v i t y  

Analysis  of s c a n  d a t a  

1. 
2. Sub t rac t  away background sums 
3. 
4. 

Sum top and bottom d e t e c t o r  coun t s  i n d i v i d u a l l y  

Compute t h e  geometr ic  mean (GM) of  t h e s e  sums 
Ca lcu la t e  t h e  equ iva len t  t h i c k n e s s  d from . -  

- L  

r m -1 exp(-pd/2) = m 1 exp(-hdj/2) 

5. 
6. 

1. 
2. 

- 1 
Compute A = GM/F(d) 
Compute t h e  a c t i v i t y  A from 

j 
sp leen  a c t i v i t y :  
Do s t e p s  1-2 above 
Assume A = A. i 

the p a t i e n t  geometr ic  mean counts  t o  F (d ) ,  t h e  geometr ic  mean counts/mCi 
obta ined  from scans  o f  a p o i n t  source  w i t h i n  a water phantom of  t h i c k n e s s  d. 
F i r s t ,  t h e  equ iva len t  p a t i e n t  t h i ckness  d w a s  c a l c u l a t e d  ( ( t h e  d j  are t h e  set 
of body th i cknesses  for a g iven  p a t i e n t ) ,  because  t h e  c a l i b r a t i o n  d a t a  F(d)  
had been obta ined  wi th  a cons t an t - th i ckness  water phantom. From t h i s ,  a 
pre l iminary  a c t i v i t y  estimate, A ,  was found, and i n  t h e  l a s t  s t e p ,  A,  is 
c o r r e c t e d  f o r  s e l f - a t t e n u a t i o n  i n  t h e  l i v e r ,  g i v i n g  the  a c t i v i t y  estimate A. 
The set of l i v e r  t h i c k n e s s e s ,  t j ,  were determined from u l t r a s o n i c  scans .  A 
similar a n a l y s i s  w a s  done f o r  t he  s p l e e n  a c t i v i t y ,  except  t h a t  a c o r r e c t i o n  
f o r  s e l f - z t t e n u a t i o n  w a s  n o t  made, s i n c e  t h e  s p l e e n  is  r a t h e r  t h i n  and a l s o  
con t r ibu ted  r e l a t i v e l y  l i t t l e  dose t o  t h e  TLD's. 
of t h e  measured a c t i v i t y ,  t h e  cumulated a c t i v i t y  was e a s i l y  found. 
observed t h a t  t h e  dec rease  of organ a c t i v i t y  was due e n t i r e l y  t o  t h e  p h y s i c a l  
decay of 9 9 9 c ,  as expected.  A series of  phantom scans  was a l s o  run t o  check 
t h e  accuracy of t h i s  technique;  t he  r e s u l t s  are shown i n  Table  2. 

From s e q u e n t i a l  measurements 
_ .  It was 

The accuracy o f  t h e  dose i n f e r r e d  from TLD readings  was a l s o  a s ses sed .  By 
r epea ted  exposures ,  i t  was found t h a t  t h e  r e p r o d u c i b i l i t y  of  a TLD r ead ing  
could be  kept  a t  approximately 21% a t  t h e  30-100 mrad dose level, provided 
t h a t  one accounted f o r  v a r i a t i o n s  i n  reader pan r e f l e c t i v i t y  and e l e c t r o n i c s  
d r i f t ,  and took care t o  keep t h e s e  v a r i a t i o n s  s m a l l .  

An experiment w a s  t hen  run a t  ORNL wi th  t h e  MR. ADAN phantom t o  check f o r  
- ,  p o s s i b l e  sys t ema t i c  e r r o r  i n  t h e  method of  dose  measurement. 

were f a b r i c a t e d  a t  ORNL. Then TLD measurements were made on MR. ADAM f o r  
a c t i v i t y  i n  t h e  l i v e r  on ly ,  and r epea ted  f o r  a c t i v i t y  i n  t h e  s p l e e n  only.  
resu l t s  a r e  shown i n  Table  3, where t h e  dose p e r  emi t ted  photon i s  computed 
from t h e  espcr imenta l  d a t a  and compared t o  t h e  computer c a l c u l a t e d  va lue .  
both c a s e s ,  t he  measurements and c a l c u l a t i o n s  ag ree ,  w i t h i n  t h e  u n c e r t a i n t i e s .  

Under t h e  
; d i r e c t i o n  of J.W. Poston and P.S. Stansbury ,  hol low l i v e r  and s p l e e n  "organs" 

The 

I n  

I 
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Table 2. 
Source-Phantom True A c t i v i t y  Ca lcu la t ed  Ca lcu la t ed  A Error 

R e s u l t s  of phantom scans  

(mci) (di) (XI Desc r ip t ion  ( d i )  

P lane  Source 
Homo gene ou s 1.35 1.37 1.37 +1.4 

_ -  _---- - -  - . - - - _-_ -_- _--- ---- - - Cube Source 
Homogeneous 1 . 2 8  1.41 1.29 iQ.9 

Heterogeneous 1 . 2 8  1.41 1.29 H.9 
Cube Source 1.40 1.54 1 . 4 1  M.8 

I r r e g u l a r  Source 0 .689  0.762 0.709 +2.9 
Reterogencous 0.664 0.729 0.679 +2.3 

- Tab le  3. MR. ADAM r e s u l t s  

-14 Source - Dose (X10 rads/photon)  
Organ From Measurements Computer-Calculated Meas/Cal 

L ive r  5.37 f 6.5% 
Spleen 3.66 5 9 .4% 

PAT1 ENT RESULTS - 

5.305 2 12.232 1.01 
4.033 2 26.1% 0.91 

- -  

The p a t i e n t  r e s u l t s  are shown g r a p h i c a l l y  in Figure  3; &he dashed l i n e s  
., h d i c a t e  a 30Z d i f f e r e n c e  i n  e i t h e r  d i r e c t i o n .  Each measured dose  was 

found from TLD readings  and f e l t  t o  have an o v e r a l l  u n c e r t a i n t y  of 25%, whi le  
each c a l c u l a t e d  dose w a s  found from t h e  cumulated a c t i v i t i e s  and S - fac to r s ,  
and f e l t  t o  have an o v e r a l l  accuracy  of 510%. I n  most c a s e s ,  t h e  d iscrepancy  
is +30% o r  less,  i n d i c a t i n g  t h a t  t h e  model does apply  reasonably  w e l l  t o  
p a t i e n t s .  
l a r g e r  t han  t h e  measured dose (up t o  67% l a r g e r ) ,  t h e  p a t i e n t  w a s  e i t h e r  
l a r g e r  than t h e  model ( t a l le r  and h e a v i e r )  o r  else t h e  a c t i v e  l i v e r  was 
abnormally small due t o  d i s e a s e  ( c i r r h o s i s ) .  
c a l c u l a t e d  dose w a s  smaller (down t o  only  45% of measured dose ) ,  the p a t i e n t  
was sma l l e r  than t h e  model. 
depend upon t h e  amount of  a t t e n u a t i n g  material between t h e  l i v e r  and TLD's, 

Fur the r ,  i n  a l l  cases where t h e  c a l c u l a t e d  dose was a p p r e c i a b l y  

I n  a l l  cases where t h e  

Th i s  i s  as expec ted ,  s i n c e  any d iscrepancy  would 

. r e l a t i v e  t o  t h a t  of t h e  model. 

! 
.. 
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. Figure  3. P a t i e n t  r e s u l t s .  

'MEASURED DOSE ( m a d )  

! . 
REMARKS I 

While t h i s  s tudy  g i v e s  some i d e a  of how w e l l  t h e  model S - fac to r s  apply t o  
real p a t i e n t s ,  i t  is  only  the beginning  of a needed e v a l u a t i o n ,  s i n c e  
comparable r e s u l t s  might n o t  e x i s t  f o r  o t h e r  sou rce - t a rge t  conf igu ra t ions .  
But  some gene ra l  conc lus ions  can be drawn. 
ene rg ie s ,  geometric d i f f e r e n c e s  between the  model and p a t i e n t s  w i l l  have l e s s  
e f f e c t ,  because the  a t t e n u a t i o n  i s  l e s s .  Also,  f o r  much lower photon e n e r g i e s ,  
geometric d i f f e r e n c e s  w i l l  a g a i n  be l e s s  impor tan t ,  because most of  t he  photon 
energy w i l l  be  absorbed by t h e  source  organ(s ) .  B u t  f o r  i n t e r m e d i a t e  e n e r g i e s ,  
geometric d i f f e r e n c e s  w i l l  be more impor tan t ,  e s p e c i a l l y  f o r  t h o s e  ene rg ie s  
somewhat l e s s  than 140 keV. The should be i n v e s t i g a t e d ,  because some commonly 
used i s o t o p e s  ( 1 3 1 1 ,  133Xe, lg7Hg) emit photons of energy 70-80 keV. 

. For example, w i th  h i g h e r  photon 

. 
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The gene ra l  approach used h e r e ,  of  def%ng a n  e x t e r n a l  t a r g e t  r e g i o n  
s u i t a b l y  pos i t i oned  c l o s e  t o  a major sou rce  o rgan ,  could b e  used t o  e v a l u a t e  
o t h e r  source d i s t r i b u t i o n s .  However, one must be sure t h a t  t h e  t a r g e t  dose is  
l a r g e  enough t o  be a c c u r a t e l y  measured (220  mrad f o r  L i F  TLD’s), and t h a t  
t h e  cumulated a c t i v i t y  can a l s o  be a c c u r a t e l y  determined. 
a c t i v i t y  determinat ion used h e r e  may be u s e f u l ,  e s p e c i a l l y  i f  there are m u l t i p l e  
sou rce  organs t o  cons ide r ,  because i t  a l l o w s  one t o  c a l c u l a t e  t h e  a c t i v i t y  of 
r e so lved  sources  s e p a r a t e l y .  T h i s  method i s  shown i n  more d e t a i l  i n  Table  4, 

photon a t t e n u a t i o n  i n c r e a s e s .  

The method of 

- b e c a u s e  i t  involves  approximations which become less v a l i d  as t h e  amount o f  

Table 4. The method of a c t i v i t y  d e t e r m i n a t i o n  

Schwarz I n e q u a l i t y  is 

m m rn 

m J 
4 L 

I f  oxle defines A = A / I  E j  exp[(-vdj + u d ) / 2 ] ,  
j 

t hen  

A = AT, i f  exp (-udj + u t j  + 2512 
A > AT, otherwise (2) 

) is independent  of  j (1) I i l  

*. 

Assuming t h a t  t h e  d e t e c t o r s  are wel l -co l l imated ,  t h e  sou rce  is uniform, 
and t h e  a t t e n u a t i o n  of photons by t h e  s c a t t e r i n g  medium can be  d e s c r i b e d  by a 
simple exponen t i a l  f u n c t i o n  l e a d s  t o  t h e  f i rs t  equat ion shown, where A, A, d, 

- d , and t .  are t h e  same as i n  Table  1, and t h e  z are t h e  set of c o o r d i n a t e s  
03 t h e  bo$tom of t h e  s o u r c e  organ. 
d i r e c t l y ,  t he  Schwarz I n e q u a l i t y  w a s  a p p l i e d ,  l e a d i n g  t o  equa t ion  (1) and 
i n e q u a l i t y  ( 2 ) .  
relates t h e  sou rce  and t o t a l  body t h i c k n e s s e s .  By a n a l y s i s  of u l t r a s o n i c  
l i v e r  scans,  w e  found t h a t  d . ,  t . ,  and z . ~  were such t h a t  t5is c o n d i t i o n  w a s  
n o t  m e t .  B u t  i f  p i s  small Jnou8h, t h e  h q m n e n t i a l : w i l l  s t i l l  not vary by 

T h i s  is3important because i t  can  
be proven t h a t  t h e  Schwarz I n J q u a l i t y  i s  s t i l l  a n  e q u a l i t y  f o r  f i r s t  o r d e r  
v i o l a t i o n s  of t h a t  c o n d i t i o n ;  t h e  i n e q u a l i t y  i s  due t o  second o r d e r  e f f e c t s .  
Again using t h e  u l t r a s o n i c  s c a n s  t o  estimate a s e t  of  d . ,  t , and z 
we found p t o  be small enough i n  t h i s  s t u d y  t h a t  (1) wa4 only 5% i n  error. 

. F u r t h e r ,  t h i s  e r r o r  i s  s y s t e m a t i c ,  so i t  could b e  a c c u r a t e l y  c o r r e c t e d  for. 
For h i g h e r  energy photons (smaller p) i t  f o l l o w s  t h a t  t h i s  e r r o r  would b e  

. less, while  f o r  lower energy ones,  t h e  e r r o r  would slowly i n c r e a s e  w i t h  
i n c r e a s i n g  p u n t i l  second o r d e r  e f f e c t s  became pronounced. 
would i n c r e a s e  r a p i d l y  w i t h  i n c r e a s i n g  p, and t h i s  method would f a i l .  

j l  Because t h i s  equat ion could n o t  be evaluated 

The c o n d i t i o n  f o r  (1) t o  b e  v a l i d  is  a geometric one,  s i n c e  i t  

- much, r e g a r d l e s s  of  how t h e  d . ,  etc. vary.  

v a l u e s ,  
j l  

Then, t h e  error 
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a .  To q u a n t i t a t i v e l y  e s t i m a t e  t h e  a p p l i c a b i l i t y  of t h i s  method f o r  lower 
photon  e n e r g i e s ,  t h e  same set of  d , t , and z 
w i t h  va lues  of u corresponding t o  bo kdV, and 4Aen 30 keV photons. 
t h e  error of (1) was about 152, and f o r  30 keV, i t  exceeded 50%. Thus a t  
80 keV, t h i s  method should be adequa te ,  because a 15% c o r r e c t i o n  is n o t  too 
l a r g e  t o  make accura t e ly .  B u t  f o r  30 keV, t h i s  is  n o t  t r u e ,  and t h i s  
method w i l l  probably f a i l .  

were used as  b e f o r e ,  a l o n g  
For 80 keV, 

Because of t h e  t e d i u m  of e v a l u a t i n g  t h e s e  e q u a t i o n s  with sets of d . ,  
t , and z . ~ ,  i t  i s  d e s i r a b l e  to u s e  a s i m p l e r  e q u a t i o n  t o  check t h i s  method. 
T $ i s  can de done by s i m p l y  (with a computer) computing t h e  pe rcen t  s t a n d a r d  

If this p e r c e n t  s tandard d e v i a t i o n  is a p p r e c i a b l e  (*IO%), then IJ is l i k e l y  
not small enough t o  allow (1) t o  b e  v a l i d .  
4% i n  t h i s  s t u d y ) ,  then I.I i s  c e r t a i n l y  small enough t o  mask t h e  v a r i a t i o n  o f  
t h e  d 
a p p r o h a t e l y  c o r r e c t  (provided t h a t  t h e  numbers t 
w i l d l y ,  which is u n l i k e l y  s i n c e  t h e y  are p r o p o r t i o d a l  toJ&he s e t  of mid-depths 
of the source  organ) .  Also, i f  t h i s  p e r c e n t  s t a n d a r d  d e v i a t i o n  is small, one 
can approximate exp[-u(d - d ) / 2 ]  by u n i t y ,  which r e s u l t s  i n  t h e  e q u a t i o n  f o r  

. - .  d e v i a t i o n  from t h e  mean of t h e  s e t  of v a l u e s  exp(-ud./2),  j=1, . . . rn. '- 

But i f  i t  is small (observed t o  be  

v a l u e s ,  and is l i k e l y  t o  be  small enough t o  a s s u r e  t h a t  (1) is - 22. do n o t  f l u c t u a t e  

A given i n  Table  1. 3 

-ACKNOWLEDGEMENTS 

The a u t h o r s  wish t o  expres s  t h e i r  a p p r e c i a t i o n  t o  D r .  W.S. Synder, 
Dr .  J.W. Poston, and t h e i r  a s s o c i a t e s  of t h e  Heal th  Phys ic s  D i v i s i o n ,  Oak 
p d g e  N a t i o n a l  Laboratory,  f o r  c a l c u l a t i n g  t h e  S - f a c t o r s  f o r  t h i s  p r o j e c t  and 
a s s i s t i n g  w i t h  t h e  MR. ADMl experiments .  
t o  us by Dr. R.E. Johnston of t h e  U n i v e r s i t y  of Korth Caro l ina ,  who made 

A l s o ,  t h i s  p r o j e c t  was f i r s ;  suggested 

.-many h e l p f u l  sugges t ions  du r ing  t h i s  work. 

This r e s e a r c h  was supported i n  p a r t  by U.S. ERDA Contract  No. E-(40-1)-2401 

! 

. .  


