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A. Dosimetry and Tracer Kine t ics 
1. Methodology 

a . Hardware Development 

Progress on each of the proposed ins t rumenta t ion p r o j e c t s i s 
descr ibed in the fo l lowing s e c t i o n s . Need f o r t h e development of these 
ins t rumenta t ion systems grew out of our dosimetry p r o j e c t s . The whole 
body scanning bed was designed f o r mapping emission d i s t r i b u t i o n s (with 
t h e Anger Camera) and whole body t ransmiss ion scans . The mult ienergy a p e r t u r e 
camera i n t e r f a c e permits the a c q u i s i t i o n of data from 2 opposed cameras 
o r f o r mul t ip le t r a c e r s s imul taneously . The newly a r r i v e d i n t r i n s i c 
germanium mosaic a r ray wi l l be used f o r mapping m u l t i p l e t r a c e r s 
s imultaneously in small animals f o r comparative dosimetry s t u d i e s , as 
well as f o r high r e s o l u t i o n p a t i e n t s t u d i e s . The CAMAC autonomous 
c r a t e c o n t r o l l e r system development i s designed t o minimize data 
a c q u i s i t i o n c o n f l i c t s by more e f f i c i e n t u t i l i z a t i o n of computer systems. 
The probe-camera system provides data on blood c lea rance along with organ 
flow d i s t r i b u t i o n s f o r s imu la t ion , modell ing, and dosimetry s t u d i e s . 
L a s t l y , the video l i n e b u f f e r provides a monitor d i sp l ay of data being 
c o l l e c t e d t o v e r i f y the f a c t t h a t systems a re opera t ing proper ly . A 
more d e t a i l e d s ta tement of t h e s t a t u s of the p a r t i c u l a r p r o j e c t s fo l lows . 

1. Whole-body Scanning Bed 

Figure 1 shows a block diagram of the scanning bed system as 
p r e sen t l y implemented. 

Lack of space in our c l i n i c a l f a c i l i t y caused a good deal of 
inconvenience when the scanning bed was in t roduced. The scanning 
bed r e q u i r e s a f r e e f l o o r space 14 f e e t by 5 f e e t in order t o perform 
a whole body scan. At p resen t a l l 3 of our s c i n t i l l a t i o n cameras are 
located in a s ing le room 16 f e e t by 37 f e e t and the r o u t i n e commitment 
of the l a rge amount of space requi red by the bed was unacceptable . Thus, 
u n t i l our new space (5000 square f e e t ) i s completed in January 1977, 
we a re unable t o use the scanning bed with the Anger Camera System. 

In the l i g h t of such r e s t r i c t i o n s , we r e d i r e c t e d the use of 
the bed f o r use with our new so l id s t a t e d e t e c t o r a r r a y . The a c q u i s i t i o n 
of the i n t r i n s i c germanium de t ec to r a r ray (described sec t ion 3) 
requi red us to implement a means f o r moving the p a t i e n t s ( s ince the 
d e t e c t o r had to remain s t a t i o n a r y ) f o r the purpose of eva lua t ing the 
d e t e c t o r system in a l abora to ry remote from the c l i n i c imaging a r ea . 
This l abora to ry conta ins a PDP-11/10 with a Camac c r a t e . S ince the 
o r i g i n a l i n t e r f a c e and cont ro l system was designed and implemented 
using the CAMAC hardware a v a i l a b l e on the PDP-9 t h e moving of the 
scanning bed t o the PDP-11/CAMAC system has been accomplished r e a d i l y 
and as soon as the i n t r i n s i c germanium a r ray holder i s complete the 
system wi l l be t e s t e d with t h e scanning bed. 
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Figure 1 Block diagram of Scanning Bed Data 
Acquisition System. 

2. Mult i -energy Aperture Camera 

Ins tead of a mul t ienergy a p e r t u r e camera i n t e r f a c e , as o r i g i n a l l y 
conceived we have implemented a dual camera, dual i so tope system. 
This can be extended to a more general system l a t e r , i f the need a r i s e s . 

The system, shown in f i g u r e 2 , w i l l provide us wi th the c a p a b i l i t y 
of performing dual i so tope s t u d i e s u t i l i z i n g a s i n g l e s t a t i o n a r y 
s c i n t i l l a t i o n camera opera t ing in dual i so topes mode. When opera t ing 
in dual i so tope mode t h e s c i n t i l l a t i o n camera uses two s e p a r a t e s i n g l e 
channel analyzers to d i s c r i m i n a t e energy information and al lows one t o 
image 2 i so top i c d i s t r i b u t i o n s s imul taneous ly . Informat ion from the 
camera opera t ing in t h i s mode i s t r ansmi t t ed to the computer i n t e r f a c e 
on a s e t of 4 wi res . The same p a i r of cables ca r ry X, Y pos i t i on in format ion 
f o r both energ ies but a s e p a r a t e 1 cab le i s used f o r each. The dual ADC 
accep t s these four s i g n a l s and provides an i n d i c a t o r b i t in t h e d i g i t a l 
da ta t o i nd i ca t e in which energy window t h e i n t e r a c t i o n occurred . 

In order to do q u a n t i t a t i v e measurements with t h e Anger camera 
we needed to c o l l e c t da ta from opposed cameras s imul taneous ly . Thus, as 
an extens ion of t h i s dual i so tope c a p a b i l i t y we designed and cons t ruc ted 
a s c i n t i l l a t i o n camera mu l t i p l exe r shown in the block diagram of 
F igure 3 . In e f f e c t , t h i s mu l t i p l exe r causes two s e p a r a t e can&ras 
ope ra t ing in s i n g l e i so tope mode t o appear t o the dual i s o t o p e i n t e r f a c e 
as a s i n g l e s c i n t i l l a t i o n camera opera t ing i a dual i so tope mode. 

The mul t ip lexe r uses two high speed analog swtiches t o t r an smi t 
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Figure 2 . Dual Isotope Data Col lec t ion System. 
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Figure 3. Block diagram of dual camera data c o l l e c t i o n system using 
a s c i n t i l l a t i o n camera mu l t i p l exe r t o s imulate a dual i so tope inpu t . 
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t ie X, Y pos i t i on s i g n a l s from the appropr i a t e camera t o the dual 
isotope- ADC upon r e c e i p t of a 2 pu l se from the camera. The m u l t i -
p l e x e r i s then locked in t h i s s t a t e u n t i l the ADC i n d i c a t e s t h a t i t has 
completed the convers ion . When used the mul t ip lexe r causes no i n t e r -
a c t i o n between the cameras because the analog swi tches a r e designed 
t o disconnect one be fo re connecting the o t h e r . The other concern in 
t h i s system i s the l o s s of counts due to the dead t ime of the system. 
I f one cons iders the mult iplexed cimeras as a s imple a n t i - c o i n c i d e n c e 
system the loss due to coincidence (CL) can be c a l c u l a t e d by the 
s tandard coincidence equa t ion : 

Ĉ  » 2 Cj c2 t 

where C^ * count r a t e of camera 1 

C2 ® count r a t e of camera 2 

t « dead t ime of the mul t ip lexer 

I f Cj • C2 * 5000 cps and T 3 10 ys 

t h e l o s s i s only 500 c t s / s e c o r 10». 

The mu l t i p l exe r i s so designed t h a t a high count r a t e in one 
camera wi l l not cause an i n o r d i n a t e loss of counts in the o the r camera 
image. At high count r a t e s the mul t ip lexe r w i l l simply togg le between 
t h e cameras. 

The dual camera mul t ip l exe r has been completed and w i l l a l low 
us to use the dual i so tope computer c o l l e c t i o n system t o do c l i n i c a l 
dosimetry s t u d i e s f o r reg ions t h a t a re loca ted between the opposed 
d e t e c t o r s . One study f o r which we designed the system i s Xe-133 lung 
v e n t i l a t i o n in which a p a t i e n t inha les the Xe-133 gas whi le pos i t ioned 
between two s c i n t i l l a t i o n cameras. The images obtained in t h i s s i t u a t i o n 
i n d i c a t e which a r e a s of the lung a r e being proper ly v e n t i l a t e d , and 
due t o the low energy of Xe-133, and geometrical c o n s i d e r a t i o n s , a 
dual camera system i s of g r ea t u t i l i t y f o r c l i n i c a l and dosimetry s t u d i e s . 
Appl ica t ions f o r rena l s t u d i e s a r e a l s o proposed. 

An important j u s t i f i c a t i o n f o r the dual camera system i s the use 
of ceometric mean c a l c u l a t i o n s t o i nc rease the accuracy of 
i s o t o p i c flow and dosimetry s t u d i e s by using two opposed s c i n t i l l a t i o n 
cameras. 

We a re c u r r e n t l y w r i t i n g so f tware which w i l l a l low t h e use of t h e 
dual i so tope /dua l camera da ta a c q u i s i t i o n system. Because of t h e i d e n t i c a l 
formats of the da ta one s e t of so f tware i s being w r i t t e n and wi l l be 
used whether the da ta c o l l e c t e d a re from dual i so tope o r dual camera 
c o n f i g u r a t i o n s . Me a r e awai t ing a l eve l c o n v e r t e r / l i n e d r i v e r c i r c u i t 
t o be de l ive red by Ohio Nuclear f o r a new p o r t a b l e s c i n t i l l a t i o n camera we 
have j u s t received which w i l l be one of the elements in the dual camera 
system. The p o r t a b l e camera i s requi red f o r the dual camera system 
because i t i s not p o s s i b l e t o p lace opposed d e t e c t o r heads of our 
Nuclear Chicago s t a t i o n a r y cameras c l o s e enough toge the r to be u se fu l 
f o r t h i s purpose. 
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3. I n t r i n s i c Germanium Detector Array 

The use of so l id s t a t e o r semiconductor d e t e c t o r s makes i t 
p o s s i b l e to very accura te ly map i so tope d i s t r i b u t i o n s and permits the 
simultaneous mapping of mu l t i p l e i so tope d i s t r i b u t i o n s . These two 
c h a r a c t e r i s t i c s of semiconductor d e t e c t o r s make them very a t t r a c t i v e 
f o r use in determining i n t e r n a l dosimetry da ta from r a d i o i s o t o p e s . How-
e v e r , s e n s i t i v i t y due to t h e i r small s i z e has always l imi ted t h e use-
f u l n e s s of t h e s e d e t e c t o r s . To solve t h i s problem, Goulding and 
Pehl a t t h e Lawrence Berkeley Radiat ion Laboratory designed and f a b r i c a t e d 
a mosaic d e t e c t o r system under funding by a one year g ran t from NIH 
(April 1974-1975). This system a r r ived a t Vanderbi l t in November 1975 
and pre l iminary eva lua t ions and monitoring of the system have been 
performed. 

The i n t r i n s i c or high p u r i t y (HP) germanium (Ge) d e t e c t o r a r ray 
shown in Figure 1 c o n s i s t s of 9 d e t e c t o r s each 35mm in d i ame te r , 1 cm 
t h i c k , arranged in a 3 x 3 matr ix with 50mm between c e n t e r s . The 9 
d e t e c t o r s a r e cooled by a common l iqu id ni t rogen r e s e r v o i r . The 
e l e c t r o n i c s a s soc ia ted with the system (Figure 2) inc lude two s i n g l e • 
channel ana lyzers (SCA) f o r each de t ec to r coupled to the l i n e a r a m p l i f i e r s . 
All n ine d e t e c t o r s a re powered by a common high vol tage supply with a 
vo l t age d i v i d e r network employed to maintain each d e t e c t o r a t i t s 
optimum opera t ing vo l t age . One of our primary concerns with t h i s system 
was the s t a b i l i t y and l i f e t i m e of mu l t i p l e d e t e c t o r s in a common 
c r y o s t a t . We have r.ow monitored the system f o r s ix months and curves 
of leakage cu r r en t vs . time f o r each of the d e t e c t o r s a r e shown in 
Figure 3 . Eight of t h e nine d e t e c t o r s have remained very uniform in 
performance with f l u c t u a t i o n s seen only when the high vo l t age was 
reduced t o make a l t e r a t i o n s of the operat ing c o n f i g u r a t i o n . However, 
d e t e c t o r #7 began t o show an excess in cu r r en t leakage s h o r t l y a f t e r 
a r r i v a l . I t has now been disconnected from the system high vo l tage 
supply and placed on a s e p a r a t e supply so t h a t high vo l tage can be 
appl ied only when the system i s t o be used. This problem i s believed 
t o be due t o a small amount of contaminant on the s u r f a c e of the 
d e t e c t o r and probably can be removed by recyc l ing t h e vacuum of the 
system. This w i l l be attempted a f t e r pre l iminary s t u d i e s with the 
system a r e concluded. 

Energy r e s o l u t i o n and r e l a t i v e s e n s i t i v i t y measurements made 
with a po in t source of Tc-99m a t 3 f e e t from the f r o n t s u r f a c e of 
the d e t e c t o r s are shown in Figure 4. These data show t h a t t h e d e t e c t o r s 
and e l e c t r o n i c s a r e very c l o s e l y matched and the r e s o l u t i o n i s e x c e l l e n t . 

For r o u t i n e f r o n t a l p lane scanning 19 hole focussed c o l l i m a t o r s 
wi th a geometric r e so lu t i on of 0 .22 inches and a foca l length of 3.25 
Inches have been designed and cons t ruc t ed . Line spread func t ions f o r 
t h e s e c o l l i m a t o r s measured with a Tc-99m (140keV) l i n e source in a i r 
a re shown in Figure 5. These co l l ima to r s have e x c e l l e n t r e s o l u t i o n 
and r e l a t i v e l y uniform response from 1 to 5 inches from the f a c e of 
the c o l l i m a t o r . 

The d e t e c t o r e l e c t r o n i c s have been i n t e r f a c e d to a PDP/11 
minicomputer via CAMAC f o r da ta a c q u i s i t i o n . The system i s designed 
t o remain s t a t i o n a r y during an imaging procedure with the o b j e c t t o 



Fig . 1 Photograph of nine d e t e c t o r i n t r i n s i c gernanium system. 

F ig . 2 Photograph of e l e c t r o n i c s f o r t h e i n t r i n s i c germanium 
d e t e c t o r system. 
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DETECTOR 
ENERGY 

RESOLUTION 
(keV) 

RESOLUTION 
USICOLLIMATED 

RELATIVE 
SENSITIVITY 

(s> 

8 
COLL1MATED 
RELATIVE 

SENSITIVITY 
(%) 

1 1.13 0.31 110 114 
2 1.13 0.81 108 91 
3 1.17 0.34 98 87 
4 1.13 0.84 114 118 
5 1.11 0.79 100 94 
S 1.12 0 .80 78 90 
7 1.06 0.76 102 99 
8 1.06 0.76 94 102 
9 1.14 0.81 95 105 

Fig . 4 Energy r e so lu t ion and uncol l inated r e l a t i v e s e n s i t i v i t y 
measurements wore made with a Tc-?9m point source a t 3 f e e t from 
the sur face of the d e t e c t o r s . Collimated s e n s i t i v i t y measurements 
were made with a plane source of Tc-99m . 

LSFs in Air wi th Tc-99m 

3 . 2 5 

Fig . 5 Line spread func t ions of the 19 hole focussed co l l imators 
const ructed fo r use with the i n t r i n s i c germanium d e t e c t o r s . 
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t o be imaged being moved in an x-y r a s t e r . Two modes of opera t ion a re 
a v a i l a b l e with the ins t rument . 

For phantom and small animal s tud ies the col l imated system i s 
suspended over a p rec i s ion s tepping motor-control led x-y d r ive system. 
This scanning system i s a l so i n t e r f a c e d to the PDP/11 computer via 
CAMAC as shown in the block diagram in Figure 6. The x-y scanner i s 
moved in a r e c t i l i n e a r r a s t e r under computer control and da ta a re 
c o l l e c t e d from each of the 18 s i n g l e channel ana lyzers (2 f o r each 
d e t e c t o r , i . e . 2 photopeaks) s imul taneously . I n t e r p r e t i v e language 
progra.ns have been wr i t t en such t h a t by moving the o b j e c t t o be scanned 
in a 50 x 50mm r a s t e r (50mm i s t h e d i s t a n c e between d e t e c t o r c e n t e r s ) 
and c o l l e c t i n g 21 x 21 (medium s p a t i a l r e so lu t ion (2.4mm/point)) o r 
42 x 42 (high r e so lu t i on (1.2mm/point)) data po in t s from each d e t e c t o r 
a 64 x 64 o r l 2 8 x 128 array can be const ructed corresponding t o a 150 x 150 mm 
scan f i e l d . The d e t e c t o r s arid e l e c t r o n i c s are very c l o s e l y matched in 
e f f i c i e n c y and performance making i t poss ib le to normalize between 
d e t e c t o r s by counting a plane source of a c t i v i t y with each d e t e c t o r 
and thereby obta ining co r rec t ion f a c t o r s . A 64 x 64 da ta p o i n t scan 
of a 125 x 125 mm l i n e phantom of Tc-99m i s shown in Figure 7 t o 
demonstrate t h i s da ta c o l l e c t i o n technique. 

For l a r g e animals and p a t i e n t s t h e computer i s i n t e r f a c e d t o 
our scanning bed (dashed l i n e s in Figure 6) which can be moved in 
an x-y r a s t e r under computer c o n t r o l . This i n t e r f a c i n g was accomplished 
i n i t i a l l y on our PDP/9 computer via CAMAC (see sec t ion A . l a l ) and the same 
system i s ing dupl ica ted f o r use with the PCP/11. The system wi l l 
opera te i ne same fash ion as f o r the s tepping motor -cont ro l led system 
desc r i be 4 ove. In scanning a reas l a r g e r than 150 x 150 mm, the 
scanning bod i s being programmed such t h a t mul t ip le scan f i e l d s wi l l 
be mapped and the r e s u l t i n g data wi l l be rearranged in the computer t o 
produce a s i n g l e image corresponding to the t o t a l scan f i e l d . A 
C-frame support arrangement has been designed and cons t ruc ted (Figure 8} 
so t h a t the de t ec to r ar ray wi l l be suspended over the scanning bed 
with the only poss ib l e movement being in the v e r t i c a l d i r e c t i o n f o r 
p o s i t i o n i n g . The d e t e c t o r system wi l l then be s e l f - c o n t a i n e d wi th t h e 
e l e c t r o n i c s mounted a t the back of the C-frame. 

The system as c u r r e n t l y used has the a b i l i t y of s e l e c t i n g two 
energy windows per de tec tor . However, i t may become necessary to 
s e l e c t a l a rge number of windows and t h i s may be accomplished by 
use of an ADC and signal rout ing information derived from a r e l a t i v e l y 
wide window SCA. A diagram showing thfe ADC system to be used with 9 
d e t e c t o r s i s shown in Fgiure 9A. The dot ted l i n e s i n d i c a t e a d d i t i o n a l 
e l e c t r o n i c s t h a t we borrowed to t e s t t he system concept . A wide 
window i s s e t t o include the region of the spectrum to be analyzed 
by each d e t e c t o r . This i s a rou t ing and gat ing pulse t o s t a r t 
d i g i t i z a t i o n in the ADC. Analog i n v e r t e r s are needed between the 
l i n e a r a m p l i f i e r s and the ADC inpu t s because the germanium e l e c t r o n i c s 
produce p o s i t i v e s i g n a l s while the CAMAC ADCs requ i r e nega t ive i n p u t s . 
Timing requi red by the ADCs i s such t h a t the ga te s ignal must b racke t 
in time the analog signal t o be d i g i t i z e d . The system would f u n c t i o n 
in the fo l lowing manner. When an event i s detected by one of the 
d e t e c t o r s and f a l l s i n t o the region of the spectrum to be ana lyzed , 
a gate pu lse i s sent to the ADC t o s t a r t d i g i t i z a t i o n . A f t e r 12.5 
micro-seconds an 8 b i t d i g i t i z e d value i s ava i l ab l e f o r reading by 
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I I 

Fig. 7 Photograph of scan of l i n e phantom imaged with i n t r i n s i c 
germanium system. White frame corresponds t o a 150 x 159 mm. a r ea . 

i 

i 
Fig . 8 Photograph of d e t e c t o r mounting system f o r use with the 
scanning bed in imaging la rge animals and p a t i e n t s . 



j PETECTOk IH [ — » ) L1H. AMP. « l 

t OETECTOtt # 2 

DETECTOR # 3 -

OETECiOR H i 

DETECTOR # 5 -

I DETECTOR (6 -

DETECTOR i l 

! DETECTOR C8 -

DETECTOR H 

J — ) SCA 

..ANALOG 
» HiVtHJHX 01 

=3 
•—» 

L J ' I . A M P . F 9 * * | ' 

I 

SCA { 

9 INPUT 

GATE 

;ALOG 

— 12 

CAMAC 
ACC 
KOCULE i 
GAT* 
INPUT i 

ADC '1 i 
ADC '2 i 
AOC =3 
ADC *4 i PDP-11 
ADC -*5 i C3HPUTEP. 
ADC »S 
ADC P7 I i 
ADC *8 
ADC t9 i 

J . V I A U 
" • ^ I H V E R T L R * 9 ^ 

9 A. Block diagram of mu l t i p l e ADCs in CAMAC f o r simultaneous c o l l e c t i o n of 
m u l t i p l e energy peaks from m u l t i p l e d e t e c t o r s . 

+> e 

c j 

2500 

2000 

1500 

1000 

500 

110 120 130 140 
Energy in keV 
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t he computer. A f l a g i s s e t by + le ADC module i n d i c a t i n g the 
p a r t i c u l a r ADC t h a t has the valo<; t o be read . Since the data 
r a t e s from the individual d e t e c t o r s a r e not extremely h igh, the 
p r o b a b i l i t y of chance coincidences wi l l be smal l . I f t h i s becomes 
a problem, the SCA pulses can be used to determine the d e t e c t o r from 
which the event came by means of a CAMAC i n t e r r u p t r e g i s t e r module. 
An experimental evaluat ion was performed with a s i n g l e Ge(Li) 
d e t e c t o r with r e l a t i v e l y poor r e s o l u t i o n , not one of the 9 d e t e c t o r s 
in the i n t r i n s i c a r r a y , and a LRS 12 input peak-sensing ADC CAMAC 
module obtained on loan to study the f e a s i b i l i t y of t h i s concept . 
Figure 9 shows an energy spectrum obtained from a Co-57 source and 
c l e a r l y demonstrates t h e c a p a b i l i t y of t h i s system. The SCA window 
was s e t t o include the e n t i r e spectrum of energies from 35 t o 145 keV. 

In Figure 10 a re shown images of a thyroid phantom conta in ing 
Tl-201 t h a t were obtained with the germanium system and with two 
Anger s c i n t i l l a t i o n cameras u t i l i z i n g the 70 keV peak of Tl-201 to 
t e s t t he imaging a b i l i t y of the system a t low energ ies . From the 
images i t i s observed t h a t the s p a t i a l r e so lu t ion of the system i s 
comparable t o t h a t of our h ighes t r e s o l u t i o n s c i n t i l l a t i o n camera, 
the Ohio-Nuclear mobile camera a t t h i s energy. 

An experiment was conducted to t e s t the germanium system f o r the 
simultaneous imaging of mul t ip le i so tope d i s t r i b u t i o n s in a s i t u a t i o n 
in which the energy spec t r a would i n t e r f e r e with each o the r when 
measured with Nal (Tl ) . The i so topes chosen were Tc-99m (140 keV) and 
Tl-201 (70 keV). In a c l i n i c a l s i t u a t i o n these two i so topes could be 
used in imaging and diagnosing a p a t i e n t with myocardial i n f a r c t s . A 
region of i n f a r c t i o n would appear as an area of increased uptake 
on a Tc-99m pyrophosphate image and an area of decreased uptake on a 
Tl-201 image. The simultaneous imaging of these two i so topes i s 
d i f f i c u l t with c u r r e n t l y a v a i l a b l e Nal (Tl) because s c a t t e r e d photons 
from Tc-99m may be de tec ted as primary Tl-201 photons. A diagram of 
the phantom used and the images obtained a re shown in Figures 11. The 
volume was f i l l e d with Tl-201, one v ia l with wate r , and the o the r 
with Tc-99m. The Tc-99m a c t i v i t y was 50% of the Tl-201 a c t i v i t y . Both 
systems imaged the Tc-99m d i s t r i b u t i o n s a t i s f a c t o r i l y . The Tl-201 
images show t h a t a void can be imaged with the camera only in the 
absence of Tc-99m ir. the void whereas the germanium system images 
both voids q u i t e we l l . Thus the germanium system should be very use-
f u l in the simultaneous mapping of mu l t i p l e d i s t r i b u t i o n s such as used 
in t h i s s tudy. 
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Fig. 10 Photograph of scans of the Picker thy ro id phantom imaged 
with two s c i n t i l l a t i o n cameras and the i n t r i n s i c germanium system. 
The phantom contained Tl-201 and SCA windows were s e t on the 70 
keV peak. 
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Fig . 11 Photograph of images obtained with t h e Ohio Nuclear mobile 
camera and the i n t r i n s i c germanium system of a dual i so tope d i s t r i -
bution of Tc-99m and Tl-201. 
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4. CAMAC: Design of Autonomous Crate C o n t r o l l e r 

During the pas t year we have worked with engineers a t Fermi 
National Accelera tor Laboratory (FNAL) who have designed an autonomous 
CAMAC c r a t e c o n t r o l l e r . 

We have j u s t received on April 22, a prototype version of t h i s 
c o n t r o l l e r t o eva lua te in our environment. The system which we have 
received i s based on the In te l 8080 microprocessor and i s diagrammed 
in Figure 1 . The microprocessor c o n t r o l l e r i s programmed t o perform 
t h e appropr ia te f u n c t i o n s by means of the RS-232 module. This module 
a l lows program i n s t r u c t i o n s to be sent to the microprocessor over a 
s tandard telephone l i n e from any system capable of d r iv ing a computer 
terminal such as a t e l e t y p e . This allows us to opera te the c r a t e 
from any of our a v a i l a b l e computers, i . e . , Sigma 7, PDP-9, or PDP-11. 
Thus, t h i s i s the f i r s t s t e p in making CAMAC a common data c o l l e c t i o n 
means in our l abora to ry . 

At presen t the RS-232 module i s the only means of t r a n s f e r r i n g 
da ta as well as programs to and from the microprocessor in the c r a t e 
c o n t r o l l e r . At the 1200 bi t /second r a t e which i s the frequency used 
by the ma jo r i t y of our RS-232 p o r t s we wi l l be able to t e s t the u t i l i t y 
of the autonomous c r a t e c o n t r o l l e r with slow data r a t e procedures such 
as s c i n t i l l a t i o n probe and r e c t i l i n e a r scanner s t u d i e s . This w i l l , 
however, allow us to thoroughly t e s t the concept of d i s t r i b u t e d da ta 
c o l l e c t i o n systems in a c l i n i c a l environment and wi l l permit the c o l l e c t i o n 
of dosimetry data from our whole body scanning systems. 

When used as a da ta c o l l e c t i o n system the I n t e l 8080 microprocessor 
i s programmed j u s t as any o the r computer with CAMAC would be. I t 
c o n t r o l s the timing of t h e reading of the sea ler -modules , and the 
c o l l e c t i o n of pos i t i ona l information from r e c t i 1 near scanners through 
encoder fo l lower modules. The data a re co l l e c t ed and compressed by 
the 8080 and sent v ia the RS-232 module to the master computer t o which 
i t i s connected. 

We are await ing an updated vers ion of the I n t e l c ros s assembler 
which we wi l l implement on the U n i v e r s i t y ' s Sigma 7 computer. Once 
t h i s i s accomplished we wi l l begin the ac tua l opera t ion of t h e autonomous 
CAMAC c r a t e in our l abora to ry . 

The RS-232 access to the autonomous c r a t e i s a r e s t r i c t i o n t h a t i s 
not r e a l i s t i c f o r our enviornment f o r rou t ine use . Thus, we have planned 
an expansion of the concept which wi l l al low f a s t t r a n s f e r of da t a . 
This concept i s shown in Figure 2 . The program or primary contro l of 
the I n t e l 8080 wi l l s t i l l be via the RS-232 por t bit the data c o l l e c t e d 
wi l l be sent back to the control computer ( in our case a PDP-9) v ia a 
high speed l ink which wi l l en t e r the l a t t e r through d i r e c t memory 
access p o r t . We are c u r r e n t l y designing the d e t a i l e d s p e c i f i c a t i o n s of 
t h i s hardware f o r the PDP-9. The non-DMA por t on the 8080 i s in the 
f i n a l s tage of implementation a t FNAL and wi l l be borrowed t o t e s t our 
PDP-9 DMA p o r t . This module w i l l , however, t i e up the CAMAC data way and 
the I n t e l 8080 when t r a n s m i t t i n g da ta so t h a t we a r e a l s o planning a t 
t he present time the design of a s imi l a r module t o perform d i r e c t memory 
access of the 8080 and which wi l l not have these d i sadvantages . 
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Figure 1. Block diagram of the autonomous CAMAC c r a t e c o n t r o l l e r 
system based on the In te l 8030 microprocessor . 

Figure 2. Block diagram of t h e autonomous CAMAC c r a t e c o n t r o l l e r 
showing the high speed, b i t s e r i a l data l ink between t h e DMA of the 
PDP-9 and the DMA of the In t e l 8080 microprocessor . 

BE f i SUE O B 1 I IC MAY ' 2 1976 
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5. In t eg ra t ed Anger Camera-Stationary S c i n t i l l a t i o n 
Probe 

Me have developed a system whereby simultaneous data from an 
Anger Camera and s t a t i o n a r y probes are co l l e c t ed from t h e same 
p a t i e n t . Such a system became necessary , s ince f o r a number of 
our s t u d i e s the camera was inadequate t o monitor a l l of t h e organs of 
i n t e r e s t s imul taneously . Data presented in sec t ion A.2c on 1-131 
hippuran dosimetry required use of t h i s sys.em. In those s t u d i e s , t h e 
camera was capable of monitoring the k idney i , but t h e f i e l d of view 
was not ab le to include the bladder and an adequate blood pool . Thus, 
probes were d i r ec t ed a t t he bladder and hear t f o r t h e s e measurements. 

A block diagram of the i n t e g r a t e d camera/probe da ta a c q u i s i t i o n 
system i s shown in Figure 1. An a l t e r n a t e system has a l so been 
developed which d i f f e r s from Figure 1 in t h a t both t h e camera and 
probe systems are i n t e r f a c e d via CAMAC. Figure 2 shows an example 
of the data obtained from the in t eg ra t ed system from a p a t i e n t 
rece iv ing an 1-131 hippuran renal s tudy a t 10 days a f t e r renal 
t r a n s p l a n t a t i o n . 
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6. Video Line Buffer Display System 

" new i n t e r f a c e f o r the computer generat ion of high r e so lu t i on 
gray sca le images has been designed and b u i l t . This i n t e r f a c e , ca l l ed 
a video l i n e b u f f e r (VLB) l i n k s the PDP-9 computer t o a mu l t i p l e t r ack 
video d i s c recorder . I t conta ins a high speed b ipo l a r 512 x 10 b i t 
random access memory, a f a s t 10 b i t d i g i t a l - a n a l o g c o n v e r t e r , and a 
l og i c to synchronize the memory with the video d i s c . 

Data represen t ing a s i n g l e hor izonta l video l i n e a r e loaded i n t o 
the memory, with up t o ten b i t s of gray sca l e informat ion a t each 
po in t and up t o 256 po in t s per l i n e . When the memory i s f i l l e d , the 
computer loads the i n t e r f a c e with a n i n e - b i t number r ep resen t ing the 
video l i n e a t which the data i s to be w r i t t e n . When t iming s i g n a l s 
from the video d i s c i n d i c a t e the d i sc i s pos i t ioned a t t he proper 
l i n e , the memory i s dumped onto the video d i s c a t a 5 MHz r a t e . 
A complete video p i c t u r e (525 l i n e s of 256 x 10 b i t p i x e l s ) can be 
w r i t t e n in about e i g h t seconds. 

This video l i n e b u f f e r i s in the f i n a l s t ages of development, 
and the images p r e s e n t l y produced a re f a r super io r to those of the 
scan conver ter d i sp l ay used p rev ious ly . As each l i n e of da ta i s acqu i red , 
monitor images of a n t e r i o r and p o s t e r i o r views a re d isplayed on a s i n g l e 
video frame. This g ives the i n v e s t i g a t o r confidence t h a t the t o t a l 
system i s working and da ta a r e in accord with e x p e c t a t i o n s . A f t e r the 
study i s f i n i shed t h e high q u a l i t y image permits i n t e r a c t i o n to 
i d e n t i f y regions of i n t e r e s t by use of a joy s t i c k , and a l s o i s use fu l 
f o r organ volume c a l c u l a t i o n s . The system we have developed f o r these 
i n t e r a c t i o n s i s i nd ica t ed in Figure 1. As an example of the q u a l i t y 
of t h i s d i sp l ay , images of a l i v e r and spleen obtained from the 
s c i n t i l l a t i o n camera a re shown in Figure 2. This system wi l l a l so 
be use fu l as a monitor f o r computerized image process ing as shown by 
the example in Figure 3. This i s t he same scan as shown in Figure 2 
a f t e r processing using an expanded contours a lgor i thm. Adequate 
r e s o l u t i o n i s a v a i l a b l e f o r d i sp lay ing s ix teen s c i n t i g r a p h i c images 
on the video frame as shown by the bra in bolus images in Figure 4. 
A video d i sc remote control loca ted i n the scan reading room allows 
phys ic ians t o review computer-processed p a t i e n t s t u d i e s . Dynamic 
s t u d i e s with mul t ip le images may be played back in forward , r e v e r s e , 
o r s top-f rame modes to a id in i n t e r p r e t a t i o n . 

Since data can be w r i t t e n on se lec ted video f i e l d s , the VLB has 
a p o t e n t i a l f o r producing s t e reoscop ic d i s p l a y s . An image t o be 
viewed by the r i g h t eye can be w r i t t e n on one f i e l d and t h e l e f t eye 
image on the a l t e r n a t e f i e l d . When viewed through a s h u t t e r 
synchronized with the video frame r a t e , the image w i l l appear t o be 
s t e r e o s c o p i c . We have on loan from Honeywell a p a i r of e l e c t r o -
o p t i c a l l y switched g l a s s e s which we wi l l eva lua te in t h i s a p p l i c a t i o n 
f o r improving 3D v i s u a l i z a t i o n of emission d i s t r i b u t i o n s viewed from 
d i f f e r e n t angles wi th t h e Anger camera. 
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C O M P U T E R LAB 
MONITOR 

Fig. 1 Block diagram of video e l e c t r o n i c s c o n f i g u r a t i o n . 

F ig . 2 Photograph of a l i v e r and spleen scan imaged with the 
s c i n t i l l a t i o n camera and photographed from a video d i s p l a y produced 
by t h e video l i n e b u f f e r . 
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Fig. 3 Photograph of the same scan as shown in Fig. 2 a f t e r 
computer process ing with an expanded contours a lgor i thm and d isp layed 
with the video l i n e b u f f e r . 

Photo not included due to 

inadequate photographic reproduc t ion . 

F ig . 4 Photograph of 16 frames of a bra in bolus d isp layed with 
the video l i n e b u f f e r . 



22 
b. Software Development 

1. Simulation and Modelling : 

We a re cont inu ing to develop and t e s t new k i n e t i c models in an 
e f f o r t to understand b e t t e r the t o t a l body and organ r e t e n t i o n of 
medica l ly adminis tered r a d i o a c t i v e m a t e r i a l s . So lu t ions to these 
models have been sought g e n e r a l l y through the use of Berman's SAAM 
25 computer program. Our e f f o r t s a re being d i r e c t e d toward improving 
model accuracy through the use of ex te rna l q u a n t i t a t i v e measurements 
a s supplemental t o r o u t i n e k i n e t i c da t a . Models a r e c u r r e n t l y being 
used t o analyze da ta from s t u d i e s of i r o n , 1-131 h ippuran , 1-131 
Iodocholes te ro l and iod ine k i n e t i c s in a d d i t i o n t o a number of new 
rad iopharmaceu t i ca l s . The d e t a i l s of these models and model c a l c u -
l a t i o n s wil l be d i scussed in the succeeding s e c t i o n s dea l ing with 
t h e s p e c i f i c m a t e r i a l . 

As a member of t h e MIRD t a sk group t o ga the r da t a on Fe-59 
dos imet ry , we a re using the Vanderb i l t SAAM-25 i ron k i n e t i c s model 
t o d e s c r i b e the k i n e t i c s of normal and abnormal s u b j e c t s s tud ied 
a t Vanderbi l t and a t t h e Un ive r s i t y of C a l i f o r n i a . Data from the 
two l a b o r a t o r i e s a r e being merged and the r e s u l t i n g dosimetry 
in fo rmat ion wi l l be publ ished as a MIRD pamphlet . 
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2. Mul t i - ins t rument Executive f o r Data Col lec t ion 
and Display 

We are using the execut ive program as descr ibed in d e t a i l in t h e 
1975 proposal f o r rou t ine data c o l l e c t i o n s . We have n o t , however, 
expanded the execut ive program as proposed t h e r e . This i s a r e s u l t 
of 2 unforeseen occurrances . The f i r s t of which was t h a t t h e hard-
ware system, i . e . , the I/O bus s t r u c t u r e of the PDP-9 and the mul t i -
l eve l i n t e r f a c e t o the CAMAC c r a t e , i s l imi ted in t h a t i t i s unable 
t o s u c c e s s f u l l y sus t a in high data r a t e s 
without occasional e r ros due t o marginal t iming. 

The second reason f o r our not expanding the execut ive was the l o s s of 
the programmer who was r e spons ib l e f o r t h i s sof tware system. We were 
unable to ded ica te o ther personnel t o the t ask and have t h e r e f o r e 
simply maintained and operated the system as configured a t t h e time 
of the 1975 proposa l . 
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3. Sharing of Computer Programs in Nuclear Medicine 

During t h e pas t y e a r , we have received and d i s t r i b u t e d a 
number of computer programs f o r the q u a n t i t a t i o n and a n a l y s i s of 
r a d i o i s o t o p i c spec t ra l and image da t a . We have continued to 
work with Dr. Berman and Mrs. Weiss to help d i s t r i b u t e the NIH 
Simulation and Modelling Program Package (SAAM) t o users with 32 -b i t 
computers. To date we have suppl ied copies t o four medical c e n t e r s . 
We wi l l continue t o he lp in t roduce new users to t h e c a p a b i l i t i e s 
of the SAAM Programs f o r the analyses of k i n e t i c data and the 
c a l c u l a t i o n of r a d i a t i o n absorbed doses. 

During the pas t y e a r , we have worked with the personnel of 
the Biomedical Computing Technology Information Center (BCTIC) 
in Oak Ridge t o d e v e l o p a d i r e c t o r y of nuclear medicine computer u s e r s . 
The d i r e c t o r y will be publ ished in Ju ly 1976. At p r e s e n t , t h e d i r e c t o r y 
conta ins de sc r ip t i ons of over 80 U.S. and 20 fo re ign i n s t a l l a t i o n s 
where research i s being c a r r i e d out in the app l i ca t i on of computers 
to nuc lear medicine problems. The d i r e c t o r y should g r e a t l y f a c i l i t a t e 
the in terchange of sof tware packages in the f u t u r e . 

* 
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c . Cor re la t ion Studies between Calcula ted and TLO Measurements 

of Radiat ion Dose-Applied t o Tc-99m S u l f u r Col loid Liver 
Scanning 

The purpose of t h i s research i s t o compare the r a d i a t i o n dose 
c a l c u l a t e d from "standard man" absorbed f r a c t i o n s (MIRD Pamphlets 
#5 and #11) to ac tua l measured p a t i e n t dose, in order t o eva lua te the 
range of devia t ions observed in d i f f e r e n t d i seases and to eva lua te the 
v a l i d i t y of the model c a l c u l a t i o n s in idea l i zed c i rcumstances . 
This p r o j e c t compares the ca l cu l a t ed dose to a LiF t a r g e t on the 
p a t i e n t ' s skin to t h a t measured with LiF TLD's. The source 
organs are the l i v e r and sp l een , each conta in ing Tc-99m s u l f u r c o l l o i d . 
In o rde r t o eva lua te the model, both the dose measurements (TLD) and 
p a t i e n t a c t i v i t y measurements must be accu ra t e ly made; otherwise d i sc repanc ies 
due to the model wi l l be obscured by measurement e r r o r s . 

Careful eva lua t ions of a l l measurements had been previous ly made, 
and a s i z a b l e e r r o r noted. We proposed several s teps to f i nd the 
cause ( s ) of e r r o r ; these s t eps have been performed, the cause of e r r o r 
d i scovered , and the la rge sys temat ic e r r o r e l imina ted . Also, s u f f i c i e n t 
p a t i e n t data have been obtained to eva lua te t h e model. As wi l l be seen 
below, these data showed the discrepancy between measured and ca l cu la t ed 
dose ranging from s l i g h t (<5%) t o r a t h e r l a rge ( f a c t o r of two), 
depending upon the s i z e of the p a t i e n t r e l a t i v e to the model. A summary 
of t h e methods and r e s u l t s wi l l be given h e r e ; d e t a i l s can be found in 
the appendix (O.P. Jones , Ph.D. Thes i s , Vanderbi l t U n i v e r s i t y ) . 

The cause of the la rge sys temat ic e r r o r was t r a c e d t o the TLD 
c a l i b r a t i o n . This c a l i b r a t i o n was done by exposing TLD's on a l u c i t e 
cube conta ining Tc-99m; the dose was computed from absorbed f r a c t i o n s 
s p e c i a l l y ca lcu la ted f o r t h i s geometry by W.S. Snyder and J.W. Poston 
of ORNL, and the known a c t i v i t y within the cube. I t was a l so found, by 
making a cross-check between our labora tory and ORNL, t h a t t h e a c t i v i t y 
determinat ions were f a i r l y accura te ( to wi th in 8%). Thus, the absorbed 
f r a c t i o n s used f o r these s t u d i e s were i n c o r r e c t . 

We a l so attempted t o determine whether the e r r o r in the absorbed 
f r a c t i o n s was computational o r experimental ( i . e . , non-uniform d i s t r i b u t i o n 
of a c t i v i t y in cube caused by adsorpt ion of a c t i v i t y on cube w a l l s ) . Our 
r e s u l t s ind ica ted t h e fo rmer , but did not prove t h i s , so i t was 
decided to d iscard the cube and c a l i b r a t e the TLD's by another method. 
This method was t o expose t h e TLD's to a r ad i a t i on source whose output 
we were very conf ident o f , which was a 100 mCi Cs-137 source . However, 
Cs-137 gamma rays have a much d i f f e r e n t energy than those from Tc-99m, 
so we needed to check f o r poss ib le energy dependence of t h e TLD response. 

This was done by repeated TLD exposures t o t h e Cs-137 source , as 
well as repeated exposures t o "point" sources of h i g h - a c t i v i t y Tc-99m 
sources (200 mCi - 700 mCi). The response t o each i so tope was expressed 
as counts/mrad t o LiF (as opposed to c o u n t s / m i l l i - r o e n t g e n ) , and found 
to be no more than 6% d i f f e r e n t f o r the two i s o t o p e s . We f e e l t he 
ac tua l d i f f e r e n c e t o be l e s s than t h i s , but the widely d i f f e r e n t photon 
energ ies emitted by Tc-99m (18.5 keV x-rays and 140 keV gamma rays) 
precluded more accura te measurements. (The x-rays a re i n t ense enough to 
d e l i v e r a dose comparable t o the gamma ray dose . ) The re fo r e , t h e TLD's 
were c a l i b r a t e d f o r the p a t i e n t s tud ie s using the Cs-137 source . 
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The exposures performed on t h e MR. ADAM phantom a t ORNL were 
reanalyzed using t h i s c a l i b r a t i o n method, and gave the e x c e l l e n t agreement 
with the Monte Carlo c a l c u l a t i o n s of Dr. Poston and h i s co-workers as 
shown in Table I . 

Fur ther p a t i e n t s t u d i e s were then performed; the r e s u l t s a re 
shown p i c t o r i a l l y in Figure 1, and l i s t e d in Table I I . In Figure 1, 
the s o l i d l i n e r ep re sen t s e q u a l i t y between the c a l c u l a t e d and measured 
doses , and the dashed l i n e s r epresen t a 30% discrepancy in e i t h e r d i r e c t i o n . 
The e r r o r bars r ep re sen t a 5% unce r t a in ty in t h e measured dose (determined 
by u n c e r t a i n t i e s in MR. ADAM experiment and scanning t echn iques ) . Thus, 
d i sc repanc ies of 15% or l e s s may well be due to measurement e r r o r s , but 
30% or more are due, a t l e a s t in p a r t , t o rea l d i f f e r e n c e s between the 
model and p a t i e n t s . While i t i s important t o see t h a t the d i sc repanc ie s 
are o f t en 30% or l e s s , i t i s a l so important t h a t every p a t i e n t who had a 
c l e a r l y l a r g e r c a l cu l a t ed dose was e i t h e r l a r g e r than average in s i z e , 
or had an abnormally small l i v e r due to d i sease . In a d d i t i o n , every 
p a t i e n t who had a c l e a r l y smal ler ca lcu la t ed dose was of smal le r than 
average s i z e , or had a r e l a t i v e l y la rge l i v e r . This i s what one would 
expec t , because the a p p l i c a b i l i t y of the model to each p a t i e n t depends 
upon the r e l a t i v e amounts of a t t e n u a t i n g t i s s u e between t h e l i v e r and 
TLD's f o r the p a t i e n t and model. 

The numerical r e s u l t s are shown in Table I I . The column l a b e l l e d 
"Extrap" i s the t o t a l l i v e r and spleen a c t i v i t y ex t r apo l a t ed back t o 
the time of i n j e c t i o n ( to check the accuracy of the measured a c t i v i t y , 
and hence, the c a l c u l a t e d dose) . The " p a t i e n t ' s dose" was 3 mCi 
in each ca se ; the ex t r apo l a t ed values a re l e s s than t h i s because about 
0 .5 mCi remains in the syr inge a f t e r i n j e c t i o n (even a f t e r f l u s h i n g t h e 
syr inge with the p a t i e n t ' s blood, as v e r i f i e d by d i r e c t measurement), 
some of the i n j e c t e d a c t i v i t y i s taken up by o the r organs ( e . g . , bone 
marrow), and some f r e e pe r t echne t a t e i s present in t h e c o l l o i d p r e p a r a t i o n . 
Thus, t he ex t rapo la ted values seem reasonable , except f o r p a t i e n t s G, J , 
and L. For p a t i e n t s J and L, the l a r g e r values r e s u l t e d because of 
t echnica l d i f f i c u l t i e s with the f i r s t i n j e c t i o n , so a second i n j e c t i o n 
was given. For p a t i e n t G, t h e reason f o r the low ex t r apo la t ed value i s 
not known. Perhaps l e s s a c t i v i t y was i n j e c t e d than in t ended , or perhaps 
the c o l l o i d prepara t ion contained a l a rge r amount of f r e e p e r t e c h n e t a t e . 
In any even t , t h i s p a t i e n t was of average s i z e , had a normal l i v e r scan, 
and showed good agreement between the measured and c a l c u l a t e d doses , 
so t h i s ex t rapo la ted value may be c o r r e c t . 

To summarize, we observed agreement t o wi th in 30% in most cases 
s t u d i e d , although d i sc repanc ies up t o a f a c t o r of two were noted. 
Discrepancies tended to be such t h a t measured doses were l e s s than 
p red ic ted by the model. This may be due to l a r g e r l i v e r s on the average 
in abnormals than in normal Da t i en t s . Pa t i en t s i z e s s tud ied ranged 
from 5 ' 5 " , 120 l b s , up to 6 ' 0 " , 220 l b s , although p a t i e n t he igh t and 
weight were not found to be good i n d i c a t o r s of t h e d i sc repancy , s ince the 
s i z e and medical condi t ion of the l i v e r was a l so a f a c t o r . Pa t i en t 
medical condi t ions included normal, Hodgkin's d i s e a s e , c i r r h o s i s , and 
cancer , but these could not be r e l a t e d to the d i sc repancy , e i t h e r , s ince 
t h e l i v e r could be normal a t c e r t a i n s tages of t he se d i s e a s e s . I t thus 
appears t h a t the model i s q u i t e accura te in most c a s e s , but one must be aware 
t h a t apprec iab le d i sc repanc ie s can occur . This i s very important wi th smal le r 
p a t i e n t s , because a l a r g e underest imate of t r u e dose i s a s e r ious dosimetry 
e r r o r . 



TABLE I 

RECALCULATION OF MR. ADAM EXPERIMENTS 

Calibration Exposure to 137Cs MR. ADAM Exposures 

"Organ11 
Dose 
(mrad) 

TLD Reading 
(counts) 

(Corrected for. 
different 

sensitivities') 

Dose/count 
(mrad/count) 

Ave.TLD 
Reading. 
(counts) 

C.V. 
(%). 

Ave.Dose 
(mrad) 

> 

Rexp 
(xlO-^rads/ 

photon) 

Dose 
(mrad) 

TLD Reading 
(counts) 

(Corrected for. 
different 

sensitivities') 

Ave.TLD 
Reading. 
(counts) 

C.V. 
(%). 

Ave.Dose 
(mrad) 

> 

Rexp 
(xlO-^rads/ 

photon) 

Liver 284 729 0.3S3 901 1.48 351 5.30 ± 6.5% Liver 284 901 1.48 351 5.30 ± 6.5% 

Spleen 281 729 0.389 82 40 31.9 0.375 ± 9.4% Spleen 31.9 0.375 ± 9.4% 

Computer Calculated Values of R (xlO"1*rads/photon) Ratios of R Values 

Liver 5.305 ± 12.2% 
Spleen 0.4033 t 26.1% 

5.305/5.30 = 1.00 
0.4033/0.375 = 1.08 



TABLE I I 

PATIENT RESULTS 

Patient 
ID 

Calculated 

Dose (mrad) 
Measured 

Cose (mrad) 
Cal/Meas ; 

Extrap. 
(mCi) 

Top/Bot 
d 
(cm) 

A 47.6 41.2 1.15 2.24 0.90 23.1 
B 85.7 83.0 1.03 2.29 1.01 25.8 
C 50.3 46.5 1.13 2.27 .: 1.48 24.3 
D 44.2 42.7 1.03 2.28 3.29 23.8 
E 33.5 47.1 0.71 2.30 1.12 22.1 
F 43.2 97.2 0.45 2.16 1.47 

• i. 1 

16.9 

6 27.4 29.1 0.94 1.53 1.49 22.4 
H 33.7 25.3 1.33 2.27 0.90 25.6 
I 60.1 36.0 1.67 2.38 1.20 26.6 
J 117.8 95.1 1.24 4.58* 0.85 24.3 
K 111.9 118.2 0.95 2.38 1.27 22.3 
L 82.6 54.3 1.52 4.42^ 1.18 26.2 
• 0 
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d. Pos i t ron Time-of -Fl igh t System - f e a s i b i l i t y s tudy 

Experiments have been done i n v e s t i g a t i n g t h e f e a s i b i l i t y of 
t i m e - o f - f l i g h t pos i t ron (TOF) imaging in c l i n i c a l n u c l e a r medicine. 
This p r o j e c t was a j o i n t e f f o r t between the Oivls ion of Nuclear Medicine 
and the Nuclear Physics Group here a t Vanderbi l t U n i v e r s i t y . I t has 
r e s u l t e d in a masters t h e s i s by William Dunn, appended to t h i s progress 
r e p o r t . 

The use of p o s i t r o n t i m e - o f - f l i g h t imaging i s concep tua l ly a t t r a c t i v e 
though t e c h n i c a l l y d i f f i c u l t . The two a n n i h i l a t i o n quanta r e s u l t i n g 
from the a n n i h i l a t i o n of a pos i t ron with an e l e c t r o n a r e emi t ted 1n 
oppos i te d i r e c t i o n s with the speed of l i g h t . If one can d e t e c t t he 
d i f f e r e n c e in a r r i v a l time of the quanta a t two d e t e c t o r s pos i t i oned 
along the ax i s of the o p p o s i t e l y d i r e c t e d quan ta , one determines 
uniquely the x , y , and z p o s i t i o n of the a n n i h i l a t i o n even t . The p o s s i b i l i t y 
of tomographic imaging i s apparen t . 

Using s t a t e - o f - t h e - a r t nuc lea r e l e c t r o n i c s * and d e t e c t o r s shown 
in Figure 1 we have obta ined s p a t i a l r e s o l u t i o n s of approximately 2 . 5 cm 
with s p a t i a l p rec i s ion of <4 mm. Experiments on a phantom (Figure 2) 
c o n s i s t i n g of bars of a c t i v i t y in a sea of background a c t i v i t y (5:1 
concen t ra t ion} y ie lded the image shown in Figure 3. The f i r s t image 
i s the unprocessed TOF image. The second i s with 20% background 
s u b t r a c t and the t h i r d i s a /-camera image taken from above t h e phantom. 
Mote t h a t a l l the ba r s can be d i s t i n g u i s h e d . We have a l s o analyzed 
what minimum number of counts a r e necessa ry , a t our p r e s e n t r e s o l u t i o n , 
t o determine t h a t two o b j e c t s a r e s p a t i a l l y s e p a r a t e d . We have found 
t h a t <30 counts in the peak channel a r e necessary . This n u b m e r w i l l , 
of c o u r s e , go down as s p a t i a l r e s o l u t i o n improves. 

Our present s e n s i t i v i t y with Na-22 i n water bath with d e t e c t o r 
s epa ra t ion of 15 cm i s 5 cpm/uCi (25£ window). Using a mu l t i p l e 
d e t e c t o r c o n f i g u r a t i o n (such as 2 rows of 4 d e t e c t o r s on e i t h e r s i de of 
t h e head) a scan of a head could be completed in 25 minutes ob ta in ing 
- 5 0 counts in a peak r e s u l t i n g from a 5 ^Ci/ml hot s p o t . A 10 mCi 
admin is te red dose might r e s u l t in t h i s concen t ra t ion i n a hot reg ion . 
This i s probably not c l i n i c a l l y useable a t the p resen t t ime . 

We f e e l , however, t h a t severa l improvements in TOF imaging a r e 
on t h e horizon which may lead t o a more use fu l dev ice . S i g n i f i c a n t l y 
f a s t e r s c i n t i l l o r s a r e now becoming a v a i l a b l e . NE 238, a l i q u i d 
s c i n t i l l a t o r s o l d b y Nuclear E n t e r p r i s e , I n c . , has r e c e n t l y been 
developed and appears t o have much b e t t e r t ime c h a r a c t e r i s t i c s ( f a c t o r of 
2) than t h e NE111 wiv»ch we c u r r e n t l y a r e us ing . Micro c h a n n e l - p l a t e 
phototubes may a l so become a v a i l a b l e s h o r t l y , with t iming c h a r a c t e r i s t i c s 
a f a c t o r of 3 b e t t e r than the 5 s t a g e RCA GaP tubes we a r e now us ing . 
F u r t h e r , some work i s being done with f a s t inorganic s c i n t i l l a t o r s which 
would have higher d e n s i t i e s than p l a s t i c s l ead ing t o b e t t e r e f f i c i e n c i e s . 

All of these pending developments lead us t o b e l i e v e t h a t TOF p o s i t r o n 
imaging having adequate s e n s i t i v i t y and s p a t i a l r e s o l u t i o n near a cen t ime te r 
may be p o s s i b l e wi th in t h e next few y e a r s . 

•The pho tomul t ip i i e r tubes were k indly provided on loan from RCA, the 
cons t an t f r a c t i o n d i s c r i m i n a t o r s were kindly provided on loan from ORTEC. 
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Fig . 1 Block diagram of Pos i t ron Time-of-Fl ight Apparatus 
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Fig. 2 Schematic of phantom. Regions 1-4 a r e r eg ions of increased 
a c t i v i t y . Region 6 has l e s s a c t i v i t y . All dimensions a r e 
in c e n t i m e t e r s . 

F ig . 3 Time of F l i g h t tomographic image and a comparat ive s c i n t i l -
l a t i o n camera image taken from above the phantom. 
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a?eC&os^metryeo^SNew Tc-99m l a b e l l e d Lung Scanning Agent 
• 1n Abnormals 

Early s tud i e s suggested t h a t the r e t e n t i o n of l a b e l l e d human 
serum albumin microspheres in the lungs might be longer than with p r e v i o u s l y 
used l abe l l ed macroaggregates. I f so , they would d e l i v e r an increased 
r a d i a t i o n dose to the p a t i e n t as well a s occlude vascu la r channels t o a 
g r e a t e r e x t e n t . With the aid of the q u a n t i t a t i v e whole body scanner 
we have measured the t o t a l body conten t as well as the conten t of the 
lungs , l i v e r and spleen as a func t ion of t ime . Several commercial 
k i t s f o r making Tc-99m macroaggregated albumin and albumin microspheres 
adminis tered f o r r o u t i n e d i a g n o s t i c lung scans were s t u d i e d . 

During the p a s t two years we have c a r r i e d ou t s t u d i e s on 12 normal 
vo lun t ee r s . Each volunteer was adminis tered 500 uCi (one-quar te r of the 
c l i n i c a l scan dose) of the Tc-99m l abe l l ed compounds. Whole body scans 
and blood samples were taken a t 1, 3 , 6 , and 24 hours a f t e r i n j e c t i o n . 
From t h e s e data the b io log ica l r e t e n t i o n and cumulat ive a c t i v i t y 
curves f i uCi hour » f o r t h e t o t a l body, lungs , l i v e r , spleen and 

uCi ' 
blood have been determined. Tables I and I I summarize the r e s u l t s of 
the q u a n t i t a t i v e whole-body scans showing the group mean values of 
the t o t a l -body d i s t r i b u t i o n s of the m a t e r i a l s as a f u n c t i o n of t ime. 

Dose es t imat ions assuming uniform d i s t r i b u t i o n s of the m a t e r i a l s 
"h t h e lungs and t o t a l body had been determined e a r l i e r and a re summarized 
in Table 3 and 4. To our s u r p r i s e , the dose t o t h e lungs and t h e e f f e c t i v e 
T - l / 2 i s g r e a t e r f o r Tc-MAA than f o r microspheres . Fur ther a n a l y s i s 
of the da ta has allowed us to determine the b io log ica l r e t e n t i o n 
f u n c t i o n s of the l i v e r and spleen f o r each of these m a t e r i a l s . They 
were found t o be as fo l lows : 

Tc-99m Albumin Microspheres 

Liver = 0.07 (1 - o " 0 ^ t ) 

Spleen = 0.04 (1 - 3~°g6p3 t ) 

Tc-99m Albumin Macroaggregates 

Liver = 0 .05 (1-e t ) 

Spleen = 0.05 (1-e t ) 
A/ 

The cumulative a c t i v i t y A was determined in each case using the 
above equa t ions . From the cumulative ft's the average dose t o the l i v e r , 
spleen and t e s t e s or ovar ies was ca l cu la t ed assuming uniform source 
d i s t r i b u t i o n s in the l i v e r and sp leen . The r e s u l t s of these c a l c u l a t i o n s 
a r e shown in Tables 5 , 6 , and 7. 
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Time 
(hours) 

Macroaggregated Albumin (Group Mean) 

Total 
Body Lungs Liver Spleen Blood 

.25 2 . 3 ± 0 .6 

100 86 .5 ± 1.8 1.1 ± 0.2 1.6 ± 0 .7 5 .5 ± 2.6 

98.1 ± .9 79.6 ± 1.8 1.5 ± 0 .2 2 . 2 ± 0 . 7 5 .2 ± 0 .9 

87 .1 ± 2 .4 67 .5 1.4 2.2 ± 0 . 3 2.8 ± 0.8 6 . 5 ± 1.6 

24 73.0 ±14.8 52 .3 ± 12.2 4 .5 ± 1.2 4 . 8 ± 1 .0 3 .2 ± 1.7 

TABLE II 

Albumin Microspheres (Group Mean) 

Time 
(hours) 

Total 
Body Lungs Liver Spleen Blood 

.25 10.6 ± 2 . 3 

1 100 82 .3 ± 4 .6 1.9 ± 0 .4 1 .4 ± 0 .5 14.7 ± 2 .6 

3 98.1 ± 0.9 68.5 ± 4 .5 2 . 8 ± 1.0 2 . 1 ± 0 .6 17.0 ± 3 .0 

6 81.4 ± 6 .0 54.7 ± 3.7 3 .0 ± 1.0 3 . 0 ± 1.0 15.5 ± 2 .4 

24 70.4 :: 12.0 45 .1 ± 6 .5 6 .8 ± 2.9 3 .6 ± 1 .1 8 . 4 ± 1 .5 
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n r w 
'»C| Maln is tcret 

Te-99a Albuain Kacroi99rtgite 
Source 

Total Cod* tundf 

foUl led* 3.M 12.03 
.WIOS J.4» 312.49 
hr̂ rles t.'n 5.63 
'estes 995 

.0047 

Table IV 

n rtm 
HCt. Matnistcrco 

Te-99» Albuatn Microspores 

source 
IWMN^ Total Body laiict 

rotal Body 8.30 8.20 
.lings 9.3? '212.94 
)yarfes 14.1? 3.84 
Testes 

>.04 
1 .0032 

TABLE V 

Cumulative Ac t iv i ty 

mCi ' days 
administered dose in mCi 

Liver Spleen 
Tc-99m microspheres 0.042 0.020 

Tc-99m macroagqregates 0.029 0.028 
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TABLE VI 

Tc-99m Microspheres 

m rem 
mCi adminis tered 

^ ^ - ^ S n u r c e 
T a r g e t " " " * " - - ^ Liver Spleen 

Liver 4 .62 0 .47 

Spleen 0 .92 16.0 

Tes tes 0 .06 0 .02 

Ovari es 0 .45 0 .19 

TABLE VII 

Tc-99m Macroaggregates 
m rem 

mCi adminis tered 
-Saurce 

Tarqet _ Liver Spleen 

Liver 3.19 0 .66 

Spleen 0 .64 21.8 

Tes tes 0 .04 0 .03 

Ovaries 0 . 3 1 0 .27 
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Below we have compared the r e s u l t s of our measurements 
with those published in the most recent NCRP p u b l i c a t i o n . 

Tc-99m Albumin Macroaqqreqates 

Orqan Vanderbi1t NCRP* 

Total Body 12 .0 

Lunqs 312.5 207 

Liver - 29.6 

Ovaries 5 .6 8 . 5 

Testes 3 . 0 5 .2 

Red Marrow 11.4 

Tc-99m Microspheres 

Organ Vanderbi l t NCRP" 

Total Body 8 . 3 

Lungs 213.0 — — 

Liver -

Ovaries 10.1 6 

Testes 7 . 0 3 . 6 

Red Marrow _ _ a. 13.4 

• D r a f t Report , Committee 32. 
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To da te i t has been impossible to obta in a complete s e t of da ta 
from an abnormal s u b j e c t with pulmonary d i s ea se . Abnormal s u b j e c t s 
a r e in g e n e r a l , c r i t i c a l l y i l l and cannot t o l e r a t e repeated measurements 
requi red f o r dos imet r ic i n v e s t i g a t i o n s . Data taken from routine c l i n i c a l 
procedures have been found t o be inappropr ia t e f o r our needs. The 
only source of abnormal da ta a v a i l a b l e to us i s from p a t i e n t s having 
repeated xenon-ven t i l a t ion s t u d i e s who have had a s i n g l e p e r f u s i o n study. 
P a t i e n t s conforming to these r e s t r i c t i o n s a re r a r e ; hov/ever, we w i l l 
cont inue to look f o r t he se s t u d i e s and wi l l use these da t a no t only f o r 
Tc-99m dosimetry but a l s o f o r xenon dosimetry. 
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b. Fe-59 Dosimetry - abnormals 

In recogni t ion of the need f o r dosimetry data f o r abnormal 
s u b j e c t s , we have been using our fund of abnormal p a t i e n t s combined with 
c l i n i c a l and research ins t rumenta t ion t o c o l l e c t q u a n t i t a t i v e information 
on the metabolic f a t e of Fe-59 adminis tered in t r aveneous ly . During the 
pas t year we have ca r r i ed out d e t a i l e d k i n e t i c s t u d i e s on an add i t iona l 
10 p a t i e n t s . These s t u d i e s have been in cooperat ion with Dr. Sandford 
Krantz of the Department of Hematology and have been an average of 
12 - 14 days in du ra t ion . Measurements have cons i s t ed of da i l y q u a n t i t a t i v e 
whole-body scans , plasma disappearance measurements and da i ly red blood 
c e l l incorpora t ion measurements. 

The problems as soc ia t ed with the measurements of the parameters 
of i ron metabolism have been recognized f o r many y e a r s . The s i z e s of the 
i ron s to rage pools have been p a r t i c u l a r l y d i f f i c u l t t o determine by 
t r a c e r techniques because of the long time required f o r the e q u i l i b r a t i o n 
of tf tese pools with the c i r c u l a t i n g i ron poo ls . In order to adequately 
c h a r a c t e r i z e the s torage pools of the l i v e r and spleen by means of 
plasma l e v e l s of the r ad io i ron ( the most commonly used t echn ique ) , measurements 
over extended time i n t e r v a l s would be r equ i red . The extended time 
per iods present two major problems: 1) plasma l e v e l s or r ad io i ron are 
extremely low making the s t a t i s t i c a l e r r o r s a s soc i a t ed with the measurements 
l a r g e and, 2) measurements over extended per iods a re not p r a c t i c a l f o r 
c r i t i c a l l y i l l p a t i e n t s . C r i t i c a l l y i l l p a t i e n t s r ece ive numerous 
t r a n s f u s i o n s of whole blood and packed red c e l l s which tends to a l t e r 
blood volumes and consequent ly the es t ima te of abso lu te c i r c u l a t i n g 
i ron l e v e l s . Our approach, as descr ibed in previous r e p o r t s , has been to 
develop techniques f o r making q u a n t i t a t i v e external measurement of the 
per iphera l i ron s to rage pools and t o combine these da ta with the measurements 
of the c i r c u l a t i n g iron pools in a normalized se l f c o n s i s t e n t manner 
using compartmental modelling t echn iques . The a b i l i t y to measure the 
turnover of these slowly exchanging compartments d i r e c t l y , r a t h e r than 
i n f e r r i n g t h e i r k i n e t i c s from plasma c learance and red blood c e l l 
incorpora t ion of r a d i o i r o n , provides add i t iona l in format ion on the 
anatomical d i s t r i b u t i o n of t he se pools wi thin the body and makes poss ib le 
more reasonable dos imet r ic c a l c u l a t i o n s . 

The MIRD Committee in the United S ta t e s has c rea ted a t a s k group 
t o ga ther dos imet r ic informat ion on the medical uses of Fe-59 c i t r a t e . 
Dr. Pr ice i s a member of t h i s t a sk group and we are working in cooperat ion 
with the Donner Laboratory of the Univers i ty of C a l i f o r n i a * t o c r e a t e a 
s i n g l e data base . V a n d e r b i l t ' s SAAM-25 i ron k i n e t i c s model has been 
chosen t o be used f o r the c a l c u l a t i o n of the cumulative organ a c t i v i t y (A) 
f o r the compiled normal and abnormal s t u d i e s . 

In order t o conform to e a r l i e r MIRD p u b l i c a t i o n s , we have sought to 
de r ive a n a l y t i c a l express ions f o r the time a c t i v i t y curves of the var ious 
organs and model compartments u t i l i z i n g the models i t e r a t i v e l y der ived 
l e a s t square "bes t" f i t values f o r the intercompartmental f low r a t e s . 
TABLE I shows the r e s u l t s of these model c a l c u l a t i o n s f o r a group of 
abnormal s u b j e c t s . The model used f o r these c a l c u l a t i o n s i s shown in more 
d e t a i l in Appendix I . By r e l a t i n g the time a c t i v i t y curves of each organ t o 
the model parameters one can e a s i l y ca r ry out an i n t e g r a t i o n over time to 
ob ta in the cumulative a c t i v i t y (A). 

*Myron Pollycove ( a l so a t San Francisco General Hospi ta l ) 
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Appendix I p resen t s in d e t a i l the d e r i v a t i o n of the time 
a c t i v i t y func t ions f o r the red marrow and c i r c u l a t i n g red blood c e l l 
compartments as well as the cumulative a c t i v i t y A f o r each compartment. 
For the s to rage compartments each individual p a t i e n t s tudy was i n t eg ra t ed 
numerical ly or f i t to a sum of exponentai l f u n c t i o n s and then i n t e g r a t e d 
a n a l y t i c a l l y . 

Figure 1 i s a p lo t of the a c t i v i t y curves f o r a normal s u b j e c t 
f o r the l i v e r , sp leen , RBC and red marrow. The parameters used f o r 
these c a l c u l a t i o n s are those found f o r sub j ec t Q in Table I . The l i v e r 
and spleen curves were der ived by determining t h e f r a c t i o n s of t h e slowly 
e q u i l i b r a t i n g s t o r e s and the c i r c u l a t i n o blood pools necessary t o 
reproduce the ex terna l measurements. Those f r a c t i o n s were found to be: 

Liver = 0.67 ( f a s t s t r o e s ) + 0.15 (slow s t o r e s ) + 0.26 (RBC) 

Spleen = 0.15 ( f a s t t o r e s ) + 0.15 (slow s t o r e s ) + 0.10 (RBC) 

Figure 2 shows t h e res : ing cumulative a c t i v i t y curves A as 
der ived from the t ime. . in tegra l ion of the net a c t i v i t y curves as descr ibed 
in Appendix I . (The A f o r the l i v e r and spleen a r e obta ined from the 
A's f o r t h e slow and f a s t s to rage compartments weighted according to the 
above e q u a t i o n s . ) As one might expec t , e s s e n t i a l l y a l l of the dose t o 
the red marrow i s de l ive red during the f i r s t few days in c o n t r a s t t o the 
RBC compartment which cont inues to inc rease . 

The r ad i a t i on dose t o the red marrow 
i s of prime importance. We have c a r r i e d out the c a l c u l a t i o n s of A 
f o r the marrow, RBC, l i v e r and spleen f o r each of the abnormal s t u d i e s 
in the manner descr ibed in Appendix I. The r e s u l t i n g A's a re shown in 
Table I I . Using these values we have es t imated t h e average r a d i a t i o n 
doses t o t h e red marrow, RBC, l i v e r , sp l een , gonads and t o t a l body. 
The r e s u l t s of these c a l c u l a t i o n s a re found d e t a i l e d in Appendix I I . 
The ranges assoc ia ted with these measurements a re shown in Table I I I 
compared with a v a i l a b l e l i t e r a t u r e e s t i m a t e s . 

Table IV summarizes t h e r e s u l t s of our dos ime t r i c s t u d i e s on 
16 abnormal s u b j e c t s . We have ca tagor ized the r e s u l t s of the 
r a d i a t i o n dose es t ima tes with respec t t o d i sease s t a t e . More complete 
t a b l e s such as t h i s can be used by physic ians to e s t ima te what r a d i a t i o n 
doses might be expected as t h e r e s u l t of a d i agnos t i c procedure. Even 
from t h i s r a t h e r small sampling of d i sease s t a t e s , s t rong d i sease 
dependence has become obvious. 
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TABLE I 

Fe-59 Dosimetry 

Intercompartmental Rate Constants ( f r a c t i o n / d a y ) 
\i \z 

Disease 

Plasma 
to 

Marrow 

Marrow 
t o 

RBC 

PI asma 

Radid s to res 

Rapid s to re ; 
t o 

Slow Stores 

Slow Stores 
t o 

Rapid s t o r e s 

Rapid Stores 
t o 

Plasma 

A Hemachromatosis 30.0 0.30 12.0 0.10 0.12 0.82 

B Leukemia 9 .6 0.17 6.2 3 .0 0.005 0.10 

Refrac tory 
C Anemia 29.0 0.15 4 .0 0.02 0 .001 0.29 

F o l l i c u l a r 
0 lymphoma 8.0 0.30 6.9 3.0 0.005 1.46 

I n t e s t i n a l 
E bleeding 15.6 0.10 0.27 0.13 0 .27 0.29 

Refrac tory 
F nnemia 

(marrow s to rage ) 28.7 0 .01 6.16 1.55 0.56 0.74 

Refrar^ory 
anemi a 

G ( l i v e r s t o r a g e ) 4 .2 0.07 10.5 0.74 0 .01 0.44 

Refrac tory 
H anemia 2 .7 0.20 6 . 8 0 .45 0 .03 0.001 

I RCA(suspected) 6 .2 0.13 3.2 0 .53 0.04 0.29 

J RCA(remission) 3 .8 0.35 3.9 0.37 0 .001 0 .31 

K Pure RCA 0.65 0.004 4 .0 0 .73 0 .08 0.12 

Ref rac tory 
L anemia 5 . 3 0.19 2 .7 0 .11 0.19 0.18 

M RCA(remission) 24.8 0.14 1.8 13.7 0.66 0.001 

N RCA(suspected) 5 .0 0.18 5 .0 0 .61 0.09 0.001 

0 Pure RCA 0.24 0.04 2 . 3 0.65 0 .11 0.001 

P RCA(suspected) 3 .78 0.03 4 . 3 13.7 0 .001 12.4 

0 Normal 8 .00 0.23 2 . 3 0.53 0 .05 0.20 
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. DAYS 
Figure 1 
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SLOW STORAGE 

Figure 2 



TABLE II 

Cumulative Ac t iv i t e s Fe-59 C i t r a t e 

yCi ' day/uCi administered 

A B C 0 E F G H I J K L M N 0 P Q 
Red Marrow 2.85 1.73 0 .91 2.85 6.67 38.9 1.17 0.37 4.12 1.63 2.57 2.92 1.93 2.04 0.90 5.50 3.66 

Blood 55.5 19.0 8.83 55.5 43.3 5 .1 5.32 4.82 34.8 37.2 0.67 36.0 17.5 23.9 2.34 10.7 54.7 

Li ver 8 . 1 26.0 31.0 13.0 13.0 13.0 52.0 19.5 19.0 19.2 41.0 19.5 13.0 16.2 41.0 26.0 6.5 

Spleen 2.6 13.0 13.0 22.0 2.6 13.0 5.2 4.6 2.8 2 .6 3.9 2.6 5.2 3.9 5.2 3.9 2.6 



HO 

TABLE I I I 

Summary of Fe-59 Citrate Dosimetry 
in Abnormals 
(mrem/yCi) 

Liver Spleen Red Marrow Gonads Blood* Total Body 
Vanderbilt 77-426 169-1296 8-191 2-28 1-53 11- 35 
Berlin (1973) 100 130 - 27 22 22 

* non-penetrating dose only 



Table IV 
Fe-59 Citrate Dose Estimates 

for 

Various Erythropoietic Diseases ' 

(mrem/pCi) 

DISEASE LIVER SPLEEN RED MARROW • GONADS BLOCD TOTAL BODY 

Refractory Anemia 118 - 258 169 - 762 8 - 1 9 1 3 - 2 0 5 - 3 6 11 - 28 

Hemachromotosis 91 - 426 175 - 313 19 - 37 5 - 23 5 - 53 25 - 36 

Leukemia . 223 763 24 9 10 24 

Folicular Lymphoma 135 1296 43 28 53 35 

Red Cell Plasia 114 - 335 169 - 310 14 - 32 2 - 2 5 1 - 37 15 - 25 

Intestinal Bleeding 126 172 52 24 50 25 

Normal 77 175 41 23 53 25 

\ 
\ 
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c. Dosimetry of 1-131 Hippuran in Bi- lateral and 
Transplant Renograms 

In the dosimetry of transplant kidney patients undergoing renal 
evaluation using 1-131 hippuran, four basic categories of function are 
observed. Patients in the f i r s t category show no function, and the 
hippuran simply distributes i t se l f throughout the body. The second 
category includes patients with slow renal uptake and excretion, in 
whom the hippuran resides in the kidney for a relat ively long period 
of time. The third category is those with more rapid uptake and 
excretion, and the fourth is those with normal function (rapid uptake 
and excretion). The major dosimetry problem in each category of 
patients is the determination of absolute renal activity as a function 
of time. 

In our c l in ic , transplant renograms are performed by injecting 
45 uCi of hippuran as a bolus, and collecting gamma camera images at 
the rate of 6 per minute for th i r ty minutes. From these, curves of 
relative renal and bladder activity can be found for the thir ty minute 
period, but more information is needed to find absolute act iv i ty . An 
external probe is also placed over the heart to monitor changes in blood 
act iv i ty , but because of bolus effects, interpretation of the probe 
curve is not straight forward. The proper interpretation of the early 
part of the probe curve is important, since this is the only time 
interval during which the blood activi ty is known (equals the injected 
act iv i ty) . 

Of the four categories mentioned above, the second receives largest 
kidney doses. Unfortunately, i t is also the one presenting the most 
d i f f i cu l t measurement problem. This is because at th i r ty minutes, the 
renogram curve over the kidney is s t i l l increasing, or at best, i t 
levels of f at the end of th i r ty minutes. Thus, extrapolation of the 
kidney curve to later times is done with unknown accuracy. 

Immediately following surgery, transplant renograms are performed 
in our c l in ic routinely three time a week, 48 hours apart and with patients 
in this category, i t is always observed that no appreciable hippuran remains 
in the kidney after 48 hours. Thus, i f one assumes an exponential 
elimination from th i r ty minutes post-injection to 48 hours, an 
approximate upper l imit to the kidney dose can be computed. This 
essentially was the method used; from a knowledge of the injected activity 
and the probe curve, the blood activity was computed as a function of 
time. Then, during portions of the kidney curve where bladder act iv i ty 
had not yet appeared, the kidney activity was computed as the 
difference between injected activity and blood activi ty. This gave 
the kidney activity as a function of time up to th i r ty minutes, and 
i f elimination was observed (third and fourth categories), the curve was 
extrapolated exponentially from the peak. I f elimination is not 
observed, (category two), the curve was extrapolated exponentailly 
so that at 48 hours, i t had dropped to 0.01 of i ts maximum value 
(30 min value). 

To i l lustrate the problems of interpreting the probe curves, a 
typical one is shown in Figure 1. Each plotted point represent ten 
seconds of elapsed time, so the in i t i a l sharp peak is due to the bolus 
circulating through the heart and lungs before leaving the chest area. 
Thus, the drop of the peak is due to activity leaving the heart, but not 
yet removed by the kidney, and further, the bolus is being spread out, 
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although i t retains a leading edge. In contrast, at later times 
along the curve, there is no bolus. The drop in counts is due entirely 
to kidney uptake of hippuran ( i f no uptake, the curve is f l a t ) . In 
order to relate the probe counts to blood act iv i ty , we extrapolate the 
curve from longer times back to the injection time, using a linear 
combination of two exponentials, and this extrapolated value is assumed 
to correspond to the injected activity (see Figure 1). The accuracy 
of this procedure is not yet clear (we intend to study this point in 
the coming year), but the technique is expected to give reasonable dose 
estimates. 

To f i rs t check that the method of interpreting the probe curves 
would give reasonable results, i t was f i r s t applied to several patients 
with normal renal function, for whom the dose is expected to be small. 
Then i t was applied to various patients in other categories, giving 
the results shown in Table I . As can be seen, patients with good 
function accumulated most of their dose within the th i r ty minute 
renogram, whereas the situation changes dramatically for those with 
worse function. Also, patients with poor function tended to have somewhat 
larger doses during the 30 minute renogram as well , although this 
tendency was not as clear-cut as with the 30 minute to in f in i ty doses. 
I t should be noted that a l l the patients with poor function had 
appreciable (~35pCi of the injected 45 uCi) activity in the kidney 
at 30 minutes, but the kidney curve was no longer rising, and some 
excretion had occured. Depending upon the degrees of uptake and 
excretion, the renal dose to patients with poor function wi l l vary 
from approximately the 1000 mrad calculated here, down to approximately 
300 mrad (total body to kidney S-factor from MIRD Pamphlet No. 11) 
i f there is no uptake or elimination . One should also note that these 
doses are much smaller than the case where al l 45 pCi is rapidly 
taken up but not excreted (=36 rad), indicating the importance of slow 
uptake in keeping the dose relat ively small. 
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Fig. 1 Typical probe curve. 

Table I . Compute Renal Doses for a Representative Set of Patients. 
(The dose was computed using kidney to kidney S-factor from 
MIRD Pamphlet No. 11) 

Patient Renal Function 
Cumulated Activity (vCi -hr ) Dose 

Patient Renal Function 0 30 min 30 min •*• ® Total mrad mrad/yCi 

A Good 6.94 3.60 10.54 32 0.701 

B Good 7.40 4.24 11.64 36 0.798 

C Good 8.57 5.12 13.69 42 0.912 

D Good 12.85 3.24 16.09 48 1.07 

E Fair 8.94 29.74 38.68 116 2.58 

F Fair 9.04 38.18 47.22 142 3.14 

G Fair 9.64 37.07 46.71 140 3.12 

G Improved 7.38 10.35 17,73 55 1.08 

H Poor 10.44 305.66 316.10 951 25.0 

I Poor 9.37 270.63 280.00 840 18.7 

0 Poor 12.39 328.87 341.26 1024 22.8 

K Poor 11.33 286.56 297.89 894 19.9 
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d. Dosimetry of Tc-99m Labelled Pyrophosphates 

Much interest has been shown recently inTc-99m Pyrophosphate as 
both a bone scanning agent and as an agent for assessing myocardial 
infarctions. Available data indicate that the bone to blood ratio maiy 
be improved for Tc-pyrophosphate. To evaluate dosimetry correlates, 
studied 3 volunteers during the last year according to the protocol 
shown below. These volunteers were selected from patients referred to 
the Division of Nuclear Medicine for routine bone scans. After informed 
consent had been obtained the patients were studied for 48 hours post 
injection using the whole body counter, whole body scanner, blood samples, 
and scinti l lat ion camera images. These data reveal a multi-component 
blood disappearance curve and a total body curve consisting of at least 
two components. 

PYROPHOSPHATE PROTOCOL 

Step 1. Determine plasma volume with 1-125. 

Step 2. Inject "mTc-pyrophosphate (15 mCi) and collect data as per 
protocol below. 

TINE BLOOD SAMPLE W.B. SCAN W.B. COUNT PIN-HOLE CAMERA 
THYROID & ANKLE 

.15-20 minutes X X 

2 hours X X 

6 - 8 hours X X X 

24 hours X X X 

48 hours X X X 

The results of the total body and blood measurements are shown 
in Table I . These data were used to define a two component disappearance 
curve for the blood and total body content of the Tc-99m labelled 
pyrophosphate. The parameters (intercept and decay constants) describing 
the biological retention of this material for three patients are shown 
in Table I I . Patient A was diagnosed as.having multiple metastatic lesions 
from a primary carcinoma of the breast with the bone scan demonstrating 
multiple areas of increased uptake. Patient B had an increased 
alkaline phosphatase and evidence of metastatic melanoma. The bone scan 
was negative. Patient C was diagnosed as having a benign hypertrophied 
prostate with a negative bone scan. 

The f i r s t (fastest) components shown in Table I I was identif ied 
as the portion of the pyrophosphate and unbound Tc that was not taken 
up by the bone. 
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The second (slower) component is identified as the bone compartment. 
With these assumptions the integrated cumulative activity A(mCi hours/mCi) 
for the total body and bone components and shown in Table I I I for each 
of the three patients. 

The dose equivalents for Tc-99m (rem/yCi day) to the total body, 
skeleton, testes or ovaries and red marrow from sources uniformly 
distributed in the total boc!y, cortical bone and cancellous bone have 
been abstracted from ORNL report 5000 by Snyder, et al and is 
listed in Table IV. We have identified the slowest component of the 
total body disappearance curve as the bone compartment, however, we 
have no way of knowing whether the pyrophosphate is located entirely in 
the cortical bone or entirely in the cancellous or a l inear combination 
of both. For dosimetric purposes, we have calculated the radiation 
doses to the various target regions defined, assuming the total amount 
of radioactive material to be completely in both types of bone thus 
defining maximum limits of absorbed doses. 

Doses estimated in this manner are shown in Table V. Total 
body estimates ranged from 3.4 to 11.2 mrad/mCi administered. Organs 
receiving the largest dose were the skeleton and red marrow. The 
dose estimates to the blood producing marrow ranged from 7.0 to 47.4 
mRem/mCi with the maximum dose estimate corresponding to the assumed 
radioactive distribution being entirely within the cancellous bone. The 
radiation dose to the skeleton ranged from 10.0 to 62.4 mRem/mCi with 
the maximum dose resulting from an assumed source distribution in the 
cortical bone. 

Below we have compared the results of our measurements with those 
published in the most recent NCRP report on Tc-99m polyphosphate.* 

ORGAN mrad/mCi (Vanderbilt) mrad/mCi (NCRP) 

Total Body 3.4 - 11.2 

Total Bone 10.0 - 62.4 50 
Red Marrow 7.0 - 47.4 30 
Ovaries 1.0 - 13.8 8 
Testes 1.1 - 9.7 6 

*Draft of NCRP-32 



TABLE I 

Abbott Tc-99m Pyrophosphate 

Pt #C 

Time (hours) Blood Plasma Total Body 
(% of adm.) (% of adm.) 

3.8 4.5 
6.0 - 42.0 
6.5 2.3 
24.0 0.4 16.3 
30.5 0.07 15.4 

Pt #B 

Time (hours) Blood Plasma Total Body 
(% of adm.) (% of adm.) 

6.0 - 20.8 68.0 
24.0 7.0 36.0 
48.0 4.7 29.0 

Pt #A 

Time (hours) 

3.0 
6.0 
24.0 
48.0 

Blood Plasma 
(% of adm.) 

3.75 

1.74 

1.29 

Total Body 
(% of adm.) 

69.0 
55.0 
55.0 
49.0 



51 

TABLE I I 

Tc-99m Pyrophosphate Total Body Retention 

T.B. = A e " X l t + Be"*2* 
Bone = Be"*2* 

)isease A A1 B A 2 

A 
Metastatic 
Carcinoma of 
teast (multiple 
lesion) 0.38 0.693 0.62 0.0050 

B 
Metastatic 
Metanoma 
vith + Alkphos 0.56 0.139 0.44 0.0087 

C 
Benign Prostatic 
Hypertrophy 0.78 0.231 0.22 0.0108 

TABLE I I I 

Cumulative Activity 

I mCi ' hours 
H mCi 

Patient Total Body Bone 

A 5.6 5.2 

B 6.8 3.6 

C 4.0 1.7 
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TABLE IV 

Dose Equivalent for Tc-99m 

Rem/pCi • day 

^ < [ a r g e t 
Source^v^ 

Total 
Body Skeleton Testes Ovari es 

Red 
Marrow 

Total 
Body 4.69 x 10"5 6.06 x 10"5 3.98 x 10"5 5.73 x 10~5 6.92 x 10"5 

Cortical 
Bone* 4.83 x 10~5 2.88 x 10"4 1.54 x 10"5 1.69 x 10"5 9.91 x 10"5 

Cancellous 
Bone** 4.83 x 10"5 2.51 x 10"4 1.54 x 10"5 1.69 x 10'5 2.19 x 10"4 

* Assuming Tc-99m in bone is entirely in cortical bone. 
* * Assuming Tc-99m in bone is entriely in cancellous bone. 

TABLE V 

Average Radiation Dose Tc-99m Pyrophosphate 

(mRem/mCi) 

Target Total 
Source Body Skelton Testes Ovaries Red Marrow 

Total A 10.8 14.2 9.3 13.3 16.6 
Body B 11.2 14.6 9.7 13.8 16.6 Body 

C 7.7 10.0 6.6 6.2 11.4 

Cortical A 10.4 62.4 3.3 3.6 21.4 
Bone B 7.2 43.2 2.3 2.5 14.8 

C 3.4 20.4 1.1 1.0 7.0 

CancellousA 10.4 52.3 3.3 3.6 47.4 
Bone B 7.2 37.4 2.3 2.5 32.9 

C 3.4 17.7 1.1 1.0 15.5 
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e. Monitoring of Cs-137 Levels in Man 

Almost f ive years ago we resumed a program started in 1959 
by Meneely et al to monitor Cs-137 levels in a population of normal 
individuals. Last year we measured 8 individuals. The mean value 
for last year's measurements was found to be 2.9 ± 1.3 nanocuries. 
Figure 1 shows the comparison of the measurements made to date at 
Vanderbilt as compared to measurements made at Oak Ridge National 
Laboratory. 

Fig. 11 Body burdens of Cs-137.Whole body counter measurements: 
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f . Iodine Metabolism and Dosimetry in 1-131 Therapy 

One year ago the Bureau of Radiological Health supported a study 
to obtain dosimetry data on patients included in the PHS(BRH)-sponsored 
cooperative thyrotoxicosis therapy follow-up study. The calculations 
of the radiation-absorbed dose to the thyroid were carried out by means 
of non-linear compartmental modelling analysis using the SAAM-25 model 
shown in Figure 1. The model parameter describing the uptake rate of 
radioiodine in the thyroid was assumed to be a function of the number 
of active thyroid cel ls. The number of cells was, in turn, assumed to 
be dependent upon the cumulative radiation dose. 

Since that time, work on a revised model to accomodate data made 
available to us by Dr. Brown Dobyns of the Cleveland Memorial General 
Hospital has been carried out. These new data include measurements on 
blood levels of MIT, DIT and thyroglobulin (TG) in addition to the 
measurements of PBI, T3, T4, urine and thyroid act iv i ty . The importance 
is that the kinetics of MIT, DIT, and TG ref lect thyroid radiation 
damage directly and consequently may yield more rel iable information on 
the time course of radiation damage and the degree of biological 
sensitivity of the thyroid gland. 

This work has been described in detail in an appended document 
entit led "A Model of Iodine Metabolism in a T^-Thyrotoxic Patient Undergoing 
1-131 Therapy." The basic conclusions found from this work are as 
follows. 

Iodine metabolism measurements obtained during 4 separate 
therapies of a T3>thyrotoxic patient can be represented adequately by 
a 7-compartment model. Data on radioactivity in various fractionated 
iodine compounds are simulated well by a non-linear, non-steady-state, 
dose-dependent model (doses for this study ranged from 9-17 mCi). 

Data on four out of th i r ty two different sets of measurements 
could not be simulated very well. I t is possible that altering some of 
the simplifying assumptions used in the kinetic model, as discussed in 
Appendix I , would lead to better f i t s to these data. Especially, 
during Treatment 3, metabolism was modified due to administration of 
PTU and KI but the model is not structured to take such changes into 
account. 

As in the case of a 4-compartment model for iodine metabolism 
in hyperthyroid patients during 1-131 therapy with 1-131 act iv i t ies up 
to 17 mCi, the 7-compartment model for To-thyrotoxicosis therapy also 
indicates that the apparent volumes of distribution for di f ferent 
iodine compounds do not change appreciably during therapy in this dose 
range. 

Our attempts at compartmental analysis of radioactivity data 
during 1-131 therapy of T3~thyrotoxicosis showed that independent 
metabolic routes must be provided for different iodinated compounds 
secreted by the thyroid, i f satisfactory f i t s were to be attained. 
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Efforts to establish a reasonable model of the temporal sequence 
of damage to the thyroid are underway, and hopefully wi l l give information 
that may be of value to choice of therapy. 
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B. Clinical Applications of Activation Analysis 

1. Measurement of Deuterium and Deuterium Labelled 
Compounds Using the (Y» N) Reaction 

Our work on using the ( y , n) reaction with deuterium in stable 
tracer studies is presently pending avai labi l i ty of suitable radio-
active sources. We s t i l l feel that either regional fac i l i t i es using 
very large Z4Na (T- l /2 15 hour) sources or fac i l i t i es using 56Co 
(T- l /2 77 days) are feasible. We have discussed with Oak Ridge the 
possibility of producing large 24Na sources biweekly or monthly for 
a year to test the u t i l i t y of a regional deuterium (y, n) f ac i l i t y 
but as of yet they have not received the go ahead. Los Alamos has 
relayed to us that they possibly could produce ^Co for us but we 
have not been able to procure any yet. 88Y which they wi l l have 
available shortly wil l not be useful for deuterium analysis. 



2. Cf-252 Neutron Activation Faci l i ty - feasibility study 

We have made calculations and done pi lot studies investigating 
the dosimetry associated with two methods of measuring bone mineral 
content in the forearm using a Cf-252 neutron source. In both methods, 
the source would be moderated to obtain a beam of thermal neutrons 
which irradiate a portion of the forearm. One method involves having 
the patient place his arm f i r s t in the neutron beam where Ca-48 wi l l 
be activated and then between two Nal detectors where the y-rays 
given of f by Ca-49 are counted. The other method permits both calcium 
and phosphorous content to be measured by counting the prompt Y-rays 
given off when neutrons are captured. Two Ge(Li) detectors outside of 
and facing the beam would be used to count the prompt gammas 
while the patient's arm is being irradiated. Both techniques could 
be performed in series, of course, with only one irradiation of the 
arm, providing data on calcium and phosphorous content. We have 
carried out a number of calculations designed to estimate the radiation 
absorbed dose associated with these new procedures. 

For thermal neutrons, the dose is given by (1) : 

Dose = 3.73 x 10'3 Ft mRem ~ h r " 1 ™ 2 

neutron - sec 

where F is the neutron flux and t is the irradiation time. The 
calculations for the Ft values for each of these procedures are given 
Appendix I I I . Considering the proposed system geometry, we have 
estimated that a 10 cm portion of the forearm is irradiated and that 
3.5 gm of calcium and 1.7 gm of phosphorous are present (2) . To 
obtain 1000?counts from the activation of calcium, Ft = 1.5 x 10° 
neutrons/cm and the dose to the forearm is - . 2 rem. The dose in the 
prompt y analysis would be about 2.0 rem i f 1000 counts are to obtained 
in the phosphorous peak (Ft = 1.3 x 109 neutrons/cm2). 

^ •" •Stoddard a n d M.E. Hootman, "2 5 2Cf Shielding Guide," 
AEC Report DP-1246. 

2 
i n v e s t i g a t o r ) , Progress Report, AEC Contract 
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C. Appendix I 

Derivation of analytical time-activity functions from compartmental 
model rate constants 

A. Marrow 

Considering the Vanderbilt SAAM-25 iron kinetics model shown 
below, one can write the equation describing the contents of the marrow 
compartment M(t). 

= P(t) - A2 M(t) , where (1) 

P(t) is the contents of the plasma compartment and can be 
reasonably approximated (for dosimetric purposes) by an exponential 
function 

D(t) = Be^Pt, where (2) 

B is the in i t i a l amount injected and Ap is the effective decay 
constant and includes loss to stores as to marrow. To a f i r s t 
approximation. 

, 0.693 
AP " \ , (3) 

T^ is the routinely measured plasma diasppearance half-time. 

Possibly a better estimate of Ap can be derived from the red 
blood cell (RBC) incorporation curve: 

Ap = where (4) 

RT is the maximum incorporation perr .itage of radioiron in the 
circulating RBC, (this derivation can be tound in section e). 

Substituting the equation of P(t) into equation (1) we have 

M t J _ = A i B e -A p t _ { 5 ) 

Rewriting in operator notation, 

D(m(t) + A2) = A je 'V t 

The general solution for this is given by: 

M(t) = Ce"**' + e" A z t / A! Be*2* e~*Pt dt 

or 

M(t) = Ce"x2t + * l B e"Xpt 
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Applying the boundary conditions 

M(t) = 0 at t = 0 

C = 
A I B 

X 2 - X 

therefore, M(t) ~ Ai B 
Ao - A (e~XPt - e (6) 

B. Red Blood Cells 

Again, referring to the model below the equation describing 
the act iv i ty in the circulating RBC compartment is : 

f ^ - ^ W ( t ) 

Substituting M(t) from equation (6) into (7) 

dR(t) 

(7) 

dt = A2 r > i B 

L - A D 
Solving by integration 

R(t ) = - X l X z B 

*p(X2 - X ) 

(e"xPt - e " X z t ) 

•>pt + M B e-^2t + 

A2 - An 

(8) 

Applying boundary conditions 

R(t) = 0 at t = 0 

A-IB 
D = 

: M 
X2 " X

p
 A p 

( 1 - e ' V t ) + e " X z t - 1 
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(EXCLUSIVE OF LIVER) 

Schematic of SAAM compar+men+a! model for Iron k i n e t i c s . 

l e t F 

C. Calculation of A(x) for Marrow(T -> 
XJ B 

X2 -
and k = 0.0154/day (x physical for Fe-59) 

Am(t) = /J F(e~Xp t - e' X 2 t ) e'k t dt " 

= F jr" (e"(xp + k ) - e"(x* + k ) t dt 

XiB 

XiB 
x2 - xp xp + k x2 + k 

R = Max RBC incorporation 

Am(~) - XIBRT 
X2RT - X ^ 

RT 

X ^ + 0 .0154RT X2 + 0 . 0 1 5 4 
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A, 

D. Calculation of A(t) for RBC (T ») 

RBC • ^ (1 » e ' k t d t 

- F r , - e " t x p + k ) t 

h t ) 1 Ap e Xp 

= F ( I ) - * 2 ( 1 ) + ( 1 ) _ 1 
r Xp V Xp v xp + k ; 1 x 2 + k ' k 

= F _ _ — (_L_ . I ) . ( I _ — 1 r in V i, in J. 1/ ' VI/ xp v k xp + k ' v k x 2 + k 

A r i- AiBRt XgRT , _ i j i,. , , i i , 

H R B C L O O / " X2RT - XJB XJB k 0.0154 " XXB + 0.0154 R-P kk " X2+k' 

E. Derivation of xp from R(T) 
In order to estimate Xp one may evaluate R(t) at t = T when 

T >. 15 days. At times greater than 15 days R(X) should approximately 
equal R , the maximum RBC incorporation. Using this assumption we can 
solve fBfxxp in terms of the x's and R . 

x i B ,X2 . x i B 

R(-) : = ( . 1 K ) ( T — - l) =• max 1 x 2 - Xp xp ' xp 

XjB 
xp = D 

max 



C. Appendix I I 

Absorbed dose tabulation Fe-59 citrate in abnormals (mrem/yCi) 

PATIENT 

"SOURCE RED 
TARGETS MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •G 23.6 6 5 ."9 .5 90.6 
SPLEEN • 6 22*8 1 . 7 150.0 175»1 
MARROW 13*5 21-7 1*6 •6 37*4 
OVARIES W 22*1 1.4 •3 25.4 
TESTES mZ 23-0 .3 23*6 
TOTAL BODY 1*1 20.3 3*3 i . i 35*8 

v̂SQURCE RED 
TARGET^ MARROW BLOCD LIVER SPLEEN TOTAL 
LIVER •3 8*1 211.4 2 . 7 222.5 
SPLEEN •3 7 - 8 5*5 750.1 763 • { 
MARROW 8*2 7 . 4 5*2 2 .8 23*6 
OVARIES 1.0 7 . 6 4 .4 1.5 UaS 
TESTES • 1 7 * 9 1.0 »3 9.3 
TOTAL BODY "•7 7 . 0 5 .4 23 -7 

SOURCE RED 
T A R G E T MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •2 3«8 252.0 2 . 7 258*7 
SPLEEN . 2 3 .6 6 . 5 750^1 760.4 
MARROW 4*3 3 *5 6 - 2 2 .8 16*8 
OVARIES . 5 3 *5 5 .3 1 .5 10.8 
TESTES • 1 1.2 •3 5 -3 
TOTAL BODY *4 3*2 12*7 5*4 2 1 . 7 

'SOURCE RED 
TARGET\ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •6 23?6 1P5.7 4 .6 134.5 
SPLEEN • G 22.8 2 . 7 1269.4 1295.5 
MARROW 13*5 21.7 2 .6 4 . 7 42.5 
OVARIES 1*7 22 . i 2 .2 2 . 5 28.5 
TESTES .2 23*0 •5 •5 24*2 
TOTAL BOD̂  1 . t 20.3 5 .3 9 .1 35*8 

SOURCE RED 
TARGET*^ MARROW BLOOO LIVER SPLEEN TOTAL 
LIVER 1.3 18.4 105.7 .5 126*0 
SPLEEN 1«3 17.8 2 . 7 150.0 171.9 
MARROW 31*6 16*9 2 . 6 . 6 51 .7 
OVARIES 3*9 17.2 2 .2 •3 23*8 
TESTES • 5 17-9 •5 • 1 19.0 
TOTAL BODY 2*6 15.8 5.3 1 .1 24 .9 



PATIEIJT 
ŜOURCE 

RED 
TARGET^ ̂  MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER 7*8 2*2 1P5.7 2*1 118*4 
SPLEEN 7*9 2*1 2 .7 760-1 762 .8 
MARROW 184*4 2*0 2 .6 2 .8 191*8 
OVARIES 22.6 2*0 2*2 1.5 28.3 
TESTES 2 • / £•1 .5 • 3 5*6 
TOTAL BODY 15*3 1*9 5.3 5 .4 27*9 

SOURCE REO 
TARGET^ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER • 2 2*3 422*8 1.1 426*3 
SPLEEN • 2 2 .2 10.9 300*0 313.4 
MARROW 5*5 2 . 1 10.4 1.1 19.1 
OVARIES •V 2 . 1 8.8 •6 12.2 
TESTES •1 2 .2 2 . 1 • i 4 .5 
TOTAL BODY .5 1*9 21*3 2^1 25.9 

^SOURCE RED 
TARGETS MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER • 1 2*0 158.5 1.0 1*61.6 
SPLEEN • 1 2 .0 4 . 1 265.4 2.71.6 
MARROW 1.9 3 -9 1.0 fU5 
OVARIES • 2 1 .9 3 .3 •5 6 .0 
TESTES •0 2*0 .8 »1 2*9 
TOTAL BODY - 1 1.8 ft.0 1.9 11.8 

SOURCE RED 
TARGETS MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •8 14*8 154.5 • 6 170-7 
SPLEEN • 8 14.3 4 .0 161*6 1P0.7 
MARROW 19.5 13-6 3*8 »6 37 .5 
OVARIES 2.4 13*9 3 .2 .3 19.8 
TESTES • 3. 14*4 .8 • 1 15.5 
TOTAL BODY 1*6 12.7 7 . 8 1*2 23.3 

^SQURCE RED 
TARGET\ MARROW BLOW LIVER SPLEEN TOTAL 
LIVER •3 15.8 158.5 .5 175.2 
SPLEEN • 3 15.3 4 . 1 150.0 169.7 
MARROW ?• 7 14*5 3«9 • 6 2 6 . 7 
OVARIES «9 14.8 3-3 •3 19.4 
TESTES • 1 15.4 .8 • 1 16-4 
TOTAL BODY •6 13.6 8 .0 1 -1 23*3 



PATIL I IT 
•̂SQURCE RED 
TARGTh\ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER • 5 •3 333.3 •8 334.9 
SPLEEN .5 •3 8.6 225*0 234.4 
MARROW 12*2 ".3 8*2 •8 21.5 
OVARIES 1*5 •3 7 . 0 •4 9 .2 
TESTES •2 •3 1.6 • 1 2.2 
TOTAL BODY 1*3 16.e 1.6 19-7 

'SOURCE RED 
TARGTf\ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER • 6 15.3 156.5 .5 175.0 
SPLEEN •e 14.8 4 .1 150.0 169.5 
MARROW 13-8 14.1 3*9 .6 32.4 
OVARIES W 14.3 3-3 •3 19.6 
TESTES •2 14.9 •8 • 1 15.5 
TOTAL BODY 1*2 13.2 8*0 23*4 

SOURCE RED 
TARGET^ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVEK •4 7*4 105*7 1.1 114.6 
SPLEEN •4 7»2 2?7. 300.0 310.4 
MARROW 9 .1 e.8 2-§ 1.1 19.7 
OVARIES 1.1 ?•? 2.2 •6 10*9 
TESTES -.1 7*2 • 5 »1 8*8 
TOTAL BODY 6*4 5*3 2 .1 14*6 

RED | 
TARGET^ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •4 10.2 131.7 • 6 143-1 
SPLEEN •4 9.3 3.4 225.0 238.7 
MARROW 9 .7 9.3 3.2 •8 £3*1 
OVARIES 1-2 9.5 2.8 • 4 13? 9 
TESTES • 1 9.9 .6 • i 10.8 
TOTAL BODY ' 8 e . / 6 .6 1.6 V » 8 

^JDURCE RED 
TARGETS MARROW BLOCC LIVER SPLEEN TOTAL 
LIVER •2 1.0 333*3 1.1 335«6 
SPLEEN •2 8*6 390.0 309.8 
MARROW 4*3 .9 8.2 1#1 14*5 
OVARIES •5 .9 t*z .6 9*0 
TESTES • 1 1.0 1.6 • 1 2.8 
TOTAL BODY • 4 .9 16*8 2 . 1 20*2 



PATIENT 

P 

Q x 
(NORMAL) 
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^JHJRCE RED 
TARGET^ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER 1.1 4 . 5 211.4 .8 217.9 
SPLEEN 1 .1 4 . 4 5*5 225.0 236*0 
HARROW 26 .1 4 . 2 5 . 2 .8 36 .3 
OVARIES 3*2 4 .3 4 .4 .4 12.3 
TESTES • 4 4 . 4 1-3 . 1 5*9 
TOTAL BODY 2 .2 3 . 9 10 .7 1.6 18.3 

RED 
TARGET\ MARROW BLOOD LIVER SPLEEN TOTAL 
LIVER •7 23*2 52*8 . 5 77? 4 
SPLEEN •7 22 .5 1.4 156.i5 174.6 
MARROW 17.3 21.4 1.3 .6 40.8 
OVARIES 2 . 1 21.8 1 .1 .3 25>3 
TESTES .3 22 .6 •3 . 1 23*2 
TOTAL BODY 1.4 20 .0 2 * 7 1 .1 25*2 
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C. Appendix I I I : Calculations for Neutron Fluence. 

Calculations for neutron fluence are shown in this appendix for 
neutron activation of calcium in the forearm and prompt analysis of 
calcium and phosphorous in the forearm. 

1. Neutron Activation Analysis 

I f a mass, m, is activated for a time t in a neutron f lux, F, 
and then placed in front of a detector, the number of counts obtained 
is given 

c = ° c N A ¥ ^ (i - e**) ( e - x t i - e x t 2) 
aA 

where c = thermal neutron capture cross section 

N̂  = Avogadro's number 

Aj = abundance of the isotope 

I = intensity of the -ray being counted 

E = efficiency of the detector at the -energy 

= 1n2/T, (T, = half l i f e of activated isotope 
-2 ^ 

t^ = time after irradiation that the count is begun 

tg = time after irradiation that the count is ended 

and A = atomic weight of element. 

For short irradiation times (with respect to the half l i f e of 
the activated isotope) 

1 - e- * - t 
x 

then 

Ft = CA 

' ' C W Y V 6 " * * 1 - e~Xt2) 

For the activation of Ca-48, o = 1.1 barns, 

Aj = .00185, I = .89, Tj, = 8.8 min and A = 40.08. I f m = 3.5 gms, 

t^ = 1 minute, tg = 20 minutes, E = .10, and C = 1000 counts, 

Ft „ 1.5 x io® H M g m 
cm'-
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2. Prompt Analysis 

I f a mass, m is placed in a neutron f lux, F, for a time, t , 
while the prompt y-rays are counted, the number of counts in a photopeak 
is given by 

r _ o MN.I E tF 
c - C A Y Y 

where the terms are defined as before. For the 6.42 MeV peak from 
calcium ( I ) , oc = .43 barns and I = .2809. I f the detector efficiency 
is E = 7 x 10-4 and C = 1000, then, 

Ft = 2.2 x 108 - ~ 2 cm4-

For the 3.90 MeV peak from phosphorous (1 ) , A = 30.974 o = -19 barns 
and I = .1758. To obtain 1000 counts with 1.7 gms present, 
Ft = 1.3 x 109 neutrons/cm2. 

D. Duffey, A. El-Kady and F.E. Seuftle, "Analytical Sensitivities 
and Energies of Thermal-Neutron-Capture Gamma Rays," Nucl Inst 
and Methods 80 (1970), 149. 


