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P a r t i e  and a l e  body irrulhtibn delivered by i cob~lt-60 
. .  . .  

60 . .  ( b) te le therapy.uni t 'h .  been tued' in the therapy of errtala 
- .  * 

- .  . :. b c r & .  (1). Thia therapy ia given u a aingle dose bilateral ly .  ':. 
An unwanted aide Gf act & UI al terat ion in the blood picture. - .  .. 

. .  In tha  normal adult. the blood c+la Ad their precuraora are 

produ&d in "active"'bone ~ r r o w .  Large doaca of radiation 

affect the " a c t h "  marrow to  produce the  T n t e d  aide effec6. 

.&erefore, f o r  a b& r id l ine  60cobalt, uposure. it l a  very 

, irportht to'Lnw what the dose wi l l  be in thc .&t i rc  "active" . 

marrow. This t o t a l  dose ia'importurt for  cokelation with pre- 

viously demonstrated cbagea in the blood pictures of irradfated 

patients. 

marrow given no indication of the abaorbed &;e in UI adjacent 

.. . . 

. . .  . 

The measure of dose in k y  one aectiod of the irradiated L 

o r  far r-ed area bemuse of differences in distance. mcatter. 

overlying tiasue. etc. 

of marrow.would provide a bet ter  u t h t e  of "active" marrow 

dose. 

l(usur&ta in a11 i r r a d l ~ t e d  a e c t h  

- 
I.** 

The purpose of this atudy is t o  u p e r h e a t r l l y  de te rdne  
. .  . .  

.- " k v e "  bone marrow doae under aimdated whole body and par t ia l  - 
body 60cobalt upoaure conditions. . .  - 

.. .- 
11 -DS - - . . .  

Ikuur-ta in a human aubject would provide the best 
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indication of &row dose. but the placement of dosimeters in 

'the errow ipacaa prior t o  i r r id ia t ion  and their subsequent ZL 

=-ai gter  irradiation ia mot feasible a t  the present t i m e .  

The At beat approach would be  to use a human ti.aue-equiv.lent 

phantom containing 'a human skeleton uhich would be u s i l y  access- 
ib l e  f o r  dosimeter placemerit. The hado phiutom'~p8aeased by 

the Radiology Department of Cincinnati General Hoapitd is an 

i d e a l  subject for these measurements (2). 

A. . Equipment 

.- . . -  

. .  

. 

2: 

.:l. , "Cobalt teletherapy unit. 

2. Victorem Condenser B Chambers calibrated for  

(Eldorado A, A t d c  
h r g y  of Canada). 

6ocobalt gamma rays. 

3. Lithium fluoride powder in a homogeneour form. 
(TLD-100, Earshaw Chemical Company, Cleveland, 
Ohio). 

4. Lucite capsules. (for holding powder). 

5. Lab H u t  A f f l e  furnace. (Blue M Electric comp.nP., 
?.3 ue b l a n d ,  I l l inois ) .  __ 

6. Laboratory glms drying oven. 

7. Zh-lurineacence radiation exposure meter (Madiron 
h u r c h ,  Deveiopment Laboratorlea, . .  Inc. , Hadlaon, 
Viscomin) . 
prndo hman tirrue-equivalent trunk phantom (Machlett 
Laboratories, Inc. , Spr&ngdale, Connecticut). 

Human articulated akeleton approxhatrly the same sire 
u the akeleton in the phantom. 

- 
8.  

9. - 

B. Doaimeta b'ading Rocadurea 

The E.lld0 phantom is divided into 36'sections (see figure I). 

Bectiona 0 to 34 are 2.5 cm (=l inch) thick and cut para l le l  in 

hbrlcontal f i d d .  
. .  . .  

. .. . 
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Figure 1. Sections of the h d o  phantom 

I 

Sections 1 through 34 have a number of evenly spaced 

ve r t i ca l  Wles v i th  a 0.5 cm d h e t e r .  For each of these sections 

there  is a companion full-size t-lucent l i n e  drawlug uhich 
- \:* 

shous the exact l o c a t h  of the predril led holes. 

accomodlte lucite capsules 0.5 CII in diameter by 2.5 cm long. 

The boles 

.- 
To w u r e  radiation dose, the  capsules are f i l l e d  with lithium - 
fluoride (TLD-100) a d  placed in the desired positions. Extra 

' b o l a  E.D be dr i l led  &ere necessary. 

To locate  the bone structure in the phantom, radiographs 

of each of the  sections one t o  thirty-four vere taken (see 

! 
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. - '  . l i g u r e  2). The r v d y  spsced predrilled boles and the bone 

. itructuru are clearly delineated on the radiograph. The 

t ruu lucen t  Ilnc drawings of the sections vere placed over 

: , the c$rruponding radiographs & the b m  rtructures were 
. I. 

traced OIL the 'paper M r h m  in h g u r e  3. The f i l l e d  dosimeters 

were judiciously placed in the  h e  cmitler u demonstrated by 

t h e  radiographs .nd.correrpondiq drawings. More tb.n ?OO 

... c@sules were loaded in to  the p k t o m  for  u c h  of the three 

. ' procedures described below. In most casu the  uprulas con- 

tained enough powder fo r  two dose measurements. 

L 

. , ,,. ', * .  <. . . .d  . a.,. I . . -. .-. , 
li& 2.. kdiograph of Raudo phantom See 

.- 

on 2 
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Figure 3. Line drawing of Section 2 with outline of bone s t ructure  

. 
C. Defining the Phantom Exposure 

\.'I .. It w M  decided at  the outset that  three sets of measurements 

This was done t o  approximate the three different  rould'be taken. 

. d o l e  and p a r t i d  body 6oco i r radiat ion procedures presently 

. cued a t  Cincinnati Genera Hospital (see Figures 4.5 and 6). .- 
. .  

D. Calibration Procedures ' 

then l i t h i m  fluoride powder is properly p r e t r e a t e d  end 

8ubscquently exposed t o  radiation, some of the electrons are 

r a h e d  to higher energy levels and trapped W i d e  crystal  

. .  
.. - 
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lattices. Post-irridistiun heating 'auses these electroaa 

' t o  f a l l  back t o  lower - r i  levels. The consequent mission 

of e l e c t k g n e t i c  radiation in the vis ib le  l ight region is / 

-; 5 

detected by a photomultiplier tube and recorded d t h  a dig i ta l  
- .  

counter. 

to  the quantity of radiation. Lithium fluoride shoM only a 

s l igh t  photon energy dependence and v i r tua l ly  EO dose-rate 

.dependence (3). 

The l igh t  output of the parder is direct ly  proportional 

After i r radiat ion of the phantom in the experiment, the 

lithium fluoride powder is loaded in to  a receiving bin (4) 

from w h i c h  a single aliquot of the powder is delivered into 

a heating pan. The pan is passed between electrodes and is 

heated rapidly t o  about 300 degrees centigrade. During the 

heating of the lithium fluoride, the electron energy s h i f t  

takes place d l igh t  is emitted. For a given radiation 

exposure t o  A properly treated batch of l i thium fluoride. a 

given a d n t  of l igh t  w i l l  result  and can be measured. A 

properly' racorded l i gh t  output over a certain period of 

time is called a "glow curve"; 

.. -. . - 

It ia essential that the 

t h e  of h u t i n g  and the  temperature &e ident ical  fo r  each , 

w u r e m e n t  fo r  consistent results. 

the best conditions, the standard deviation f o r  reproducibility 

of readings is about t 0.5 percent. 

and recording of the l igh t  is often termed "read-out". 

Experimentally, under 

The heating of the powder 

. -  L .  . .  
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Before val id  r u u l t a  c& be obtained uaing LIP, a 
. .  
u l l b r a t i o n  curve mst be run to  determine the a p r d f l c  

number of l i gh t  couats f o r  uch Roeutgen of upoaure. 
, . .  . -  

In 
+ .  .% , 

. the ca l ibr i t ion  procedure two Victorsen Condenser P chambere 

. and a 100 B high energy a i r  equivalent . .  chamber were cued. 

The lOOR high energy clumber had bean calibrated for  6oC% 

irradiation; the correct reading is obtained by multiplying 

tk obaerved &ding by 0.97. 

a 250 P medium mergy & b e r  calibrated for  6oCo was cued. 

The correction factor vas 1.45. 

For the higher exposure levels 

. 
, For the f i r s t  calibration cume, two exposures of the .. 

’ appropriate condenser B chamber were made a t  each of right 

different exposure times. 

each apoaure time were averaged. 

l u c i t e  capsules were similarly exposed for  14  to  16 readings. 

The ruaured  Boentgen value. a t  

Enough of the LIF f i l l e d  

Theae l u a u r e d  l i gh t  output values were averaged. 

mecond and t h i r d  calibration curves there were almllarly 

. two exposures of the appropriate condenrer P chambers for  

u c h  radiation exposure t i m e .  Seven or  eight aliquoto of 

For the -.. 
1 ’* - 

the powder were “ r d - o u t ”  a t  uch of the different tfmes. 

. A l l  oxporuru were lude.at  UI 80 cm s o u r c c c h d e r  

dirtance and a 10 cm x 10 cm f ie ld  aize.  

.ad the calculated doau are given i n  Table 1. 

The t i m a  wed . 
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TO secure the '%em ?it" lines fer &e data, 1u.t 

' aquare k i y n e s  were performed on 

Fi&r& 7,8 a d  9). The curve6 are defined by the equation 

Y - b i  + b i X  where'X i g  the net'emitted l i gh t  count? m d  

Y i 6  rads. bo is the Y intercept md bl is the 61ope of 

the l ine.  The 95 percent confidence bmda f o r  the linu 

are.rbam in the three graphs (6). 

t h e e  Bets (see 

. .  c .  r' 

The three curve6 

'.ricre.mn i n  succession. The ' sensit ivity of the powder . 

( coun t shd)  in calibration curve 42 i 6  s l igh t ly  greater 

than' in curve 41. 

The powder was f resh before curve 4 1  was NIL. 

et. al. (7) report tha t  LIP povder can be rewed m d  its 

The 6ensit ivity then drops in curve 43. 

Cameron 

a e w i t i v i t y  a t  f i r s t  increases. 

indicate that the 6eUSitiVity is reduced by repeated 

exposure md reproceraing. 

evidence after the third annealing procedure. 

KarzIp.rk et. a1. (8) 

This f ac t  wu very much in 

.-.. 
1.-* 

. .  111 RESULTS 

A. Count- Procedure6 - Conversion of Wet Counts t o  Rad6 

Tb. phantom was loaded md irradiated i n  the 6- manner 

for uch of the three different uposur.6. The l uc i t e  Up6dCP 

containing the LIP powd$ were removed md "rud-out" 24 to  

.72 hours-later. aeck exposurv were n d e  on a subsequent . 
date and the capsules were "resd-out" 24 to 72 hours l a te r .  
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In nearly every Iotance a min RJmo two r t iquots  of 1 

LiF  powder vas con&ined in each capsule; Where only m e  

' d i q w t  was available. the ' rud ing  was accepted. ' In a11 

other h t . n c e s  the tvo redings v a e  averaged. Fhe net 

count& and cerrespimding net r d s  are  indicated in Table 
- :: 

2 f o r  the three different types of exposure. 

number8 define the dosimctct poritions in the phantom. 

The dosimeter 

. :E.. Check Procedures .. 
' 

In, order t o  substantiate the data, check &surementi 

vere'made f o r  eech-of the three differeut types of exposure. 

: . Dodmeters vere placed randomly in the phantom and the 

upoeures vere duplicated. Tables 3.4, and 5 rhm the 

resu l t s  of the check procedure8 for  the three exposure 

conditions. 

md its check in each instance. The percent difference 

is ahown and M metage percent difference f o r  a11 the 

dosimeteri is calculated. The r a g e  of percent differences . 

l e t  counts are given for  the f i r s t  exposure 

- .  --.. 

i r  aloo given. 

IV IISTEILPBETATIONOPTEEDAU 

. .  

The data collected by Mecchmik ( 9 )  in the most complete 

t r ea t i ae  available on the vcights of marrow in the bone of 
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humus.. W a r d  5 Eolodny (10) have e-rized t h e  data 

Llcch.nik. Mech8nik diasected thirteen cadavers including 

8 h  ne? and seven vo11c11. 

year4 and' the uus~& of death were u follows: 

The 8ges r a g e d  from.16 t o  86 

c .I..& :. .. 
-. 

- .  

1) scnilenrumus ' .  - 4 

' 2 )  Pneumonia - 3  

3) Tuberculosis - 3  

4 )  Beart di8ease - 2  
.. . . 

5) Malaria - 1  
. 

Mechmik removed the fresh boner and weighed them. 

' The marrow vas than removed and the bones reweighed, the 

difference representing the marrow weight. 

of opposite s ide  duplication, only the r ight  s ide  marrow 

IU the u s e  , 

. 

-6 considered. 

-. E l l i a . ( l l )  fu r ther  reviewed the l i t e r a tu re  on the 
' \1 - 

diatribution of act ive marrow. U s i n g  Mechonik's d8ta 

a d  the  wrka  of Piney (12) Huggin8 and Blocksm (13), 
. i  

.. . .  ' 

m d  Curter (14). E l l i s  8 n i V a d  8t the COndUSim that 

the "8ctiva" marrow i n  the adult i. contained in the 

m N l .  clavicles, .8capulae. ~ t e r n m ,  r ibs ,  vertebrae, 

pelvis. and proximal extremities. Custer'8 work shows 

the percent of the maku'uhich is "active" 8t  certain 

4 e 8 .  % U i 8  used the figures f o r  8ge 40 8nd averaged the 
I :  . .. . 



. - .- 
c .: ? . 

- . ucights of the murow f o r  twelve of the thirteen cadavers. 

Be noovad f&m consideration a 15 y r  old boy because of 

his obvious amciation. Tbe s-ry of nb' work is shovd 

in Table 6; Thi. .ill Feme & a reference point f o r  rll 
' 

of our c o ~ i d e r a t i o l u  in calculating "active" bone marrow 

doses. . 

. .  .. 

.% .. -c 
.. 

.. 
k y  of the dosimeter posi t low could be identified 

for correlation with Table 6, but many of the boner parr 

through more than one of the paral le l  section. of the 

phantom. , In' order to  determine +re closely doaimcter 

positions. e akeletiu of approximately the - s ize  u) 

t h a t  in the  phantom was secured. 

f u l l y  a u r u r e d  into 35 parallel sections which were as 

.identical t o  the 35 p h m t o m ' s e c t i o ~  as possible. The 

sections were then marked off with a very thin p l a s t i c  tape. 

The skeleton war care- 

L 
.. 

- (see Figure 10). 

The previourly.vntioned radiographs of each section ., ' #  

. .  were then compared with the rectionr a8 ' b r k e d  on the akeleton.. 

lhrnbered markers w.re.p~eced as cloae to  the exact l k a t i o w  

of the l u c i t e  dodmeten am v.(l pOS8ibh By this method the 

. bones specific rOueionr  were determined f o r  all of the 

doriutcrr (see Figure 11). 

The average rad dose t o  each section of the marrow could 

be determined by ruing'the da& h Tabla 6, and the dosimeter ' . 

-~ placement j u s t  described. 
L' 

.. 
. .. 

. 
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Fig. 11. Location of dosfoeters in the skeleton 
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The u u t o ~ d  positions Uated in Table 6 will be 

followed in order, and the average dosu  in rad. w i l l  be 

determined. 

A,. Piba bee -.re 12) ' - - .  . 5 - 
The methods of determining the doae in rad. f o r  u c h  

.;. of the r i b  pa& are u followst 
. 1. The values wed a re  the averages of the right aide 

and the l e f t  aide values. 

-2.' When &re are  t& o r  three values for  a particular 
individual r ib ,  the values are averaged. 

3. When there is no meaaurewnt for  a particular rib. 
the value uaed i a  an interpolation between i t a  
superior and infer ior  d e r .  

The dose to  each pair  of r i b s  is a h m  in Table 7. . 

.. 

.. L .. 
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Figure 12. Dosimeter placement l a  the ribs. 
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: B. Crur i i  (see Figure 13) 

Figure 13 show the position of all the dosimeters placed 
. 

' .in the d u ~ l l  urd mandible. Arbitrariiy the h e  black l ine 

divides the cranium i n t o  t w  halves. The contribution of , 

.each h k i s  to ba' 50% of the total dose. 

. .  
c .  .- 

The &ti ire ihown 

. in Table 8.  

. .  
C: Mandible (see Figure 13) 

:The mandible is divided arbitrarily into two halves 

as -8s the cranium. The dose values are shwn 16 Table 9. 

.. 

. 
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Figure 13. Dosimeter placement in the cranium and mandible. . .  
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Skeletal 

c 1 A e C l W  
Sternum 

.. . .: . 

Partial Body (Lover) Par t ia l  Body (Upper) 
rads rads I rads 

I 

yhole Body , 

I 
. I  

149.09 3.09 . . 104.07 
155.44 . 6.31 163.00 

e and Bumera1 He 
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ds an Bel I (see Figure 1 

The scapulae' were again arbitrarily divided by the dotted 
. a  

lines as s h  in Figure 14 with each section contributing 

50% t o  the to ta l  dose. 

heals and neck6 u e  represented by dosfmeters 13L and 

1% (see Table 10). 

The dose values for the humeral .: 
7. .. 

. .  
' B. Clavicles (see Figure 15) 

. .  
The three measured dose values vere averaged to arrive 

a t  the number of rads to each clavicle. The right and lcft 

clavicle rads vere then averaged. 

b h w  in Table 11. 

The results are sham 

P. Sternum (see Figure 15) 

The rad values f o r  the dosimeters shown i n  Figure 15 

were averaged. The results are shovn in Table 11. 
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R. $copula-dorsal v i m  L. . . 
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Ilgure 14. Dorlmeter placement In the rcapular and hrrPrer.1 heads and necks. L .  .. . 
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Sternum 

R. Clavicle Anterior 

.. .. L 

L Clavicle Anterior 

Figure 15. Dosimeter placement in the clavicles and Bternum. 
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C. Pelvic &ea .(see Figure 16) 

.The pelvic u e a  was given a total  rad dose in the following 

manner. 

1. The sac- was divided into three sections and 
each iiction rad dose counted one-third. 
division lines are show in Figure 16. The 
averaged value is the value of-the net rads 
for the MCW. 

The values for the right OB coxae and l e f t  os 
coxae were figured separately and then averaged. 

3.' The values for  the right and l e f t  heads and necks 
of the femora were figured aeparately and then 
averaged. 

The 

2. 

Dose values are l isted in Table 12. 

\ 
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Figure 16. Dosimeter placement i n  the pelvis  and femoral huds and necks. 
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. X I .  Vertebrae (see Figure 17) 
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The active marrow weights of the vertebrae were s h m  in 
1 

The dose values of all the vertebrae dosimeters were 

Where there was no dosimeter, 'the 

. Table 6. 

averaged f& each vertebra. 

value assigned ;as an interpolation between its muperior and 

inferior member. 

-. 

The dose values are shown in Table 14. 

. 

. 

, 
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. 



.. . 
.b.. 

. .  

. 

L 

. 

L 

. .. 

-44- 

', 

< :  .. ' . . .  
. -  

. I .  . .. .- . .  
.. . . .. 

. .. 

. .  . . . .  

. .. 
. . .  

. .  

. . _  

. '. 
.. 

. .  . 

.. 

.. ., 

. .  
. v, 

1. 

.. 

. . .  , .  
, .  

. 

. 

- 

Ffgare 17, Dosimeter placement in the vertebrae. , , 

. .  . .  
* .. 



-45- 

I 

. . . .  ; :1;.L . . . .  

..^ 1 

. 

. 

L 

. L  

I I  
I I  

.. ’ f  

.: .k 4 

.a 

. ... 
-. 

L 
e r 
U 

! 
a 
5 
W 
0 



-46- 

The dose values for the cranium,, mandible, clavicles and 

mternum were given in Tables 8, 9 and ll. 

for each of these sections is givcn in Table 15. 

The total gram-rads ._ 

.. 
.. 
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b .. . CONCLUSIONS - 
. .  

Mechanik and Ellis have together proiided' the average 

' veight  of "active" bone marrow in the forty year old u l e  !. 

. 

by -tion of t o t a l  marrow weights in twelve careful ly  

d i l sec ted  cadavers. . Th.6 f a c t  khat theme-were severely - . - - 1 . .  

diseased indivlduala l imi t s  the ab.olute.accepturce of the 

. . . .. 
.. .-.--., - - . .. -. .. . 

. .  
marrow weight; however, these data a re  the best  currently 

avai lable .  Until  exhaustive microscopic s tudies  of the 

t o t a l  marrow in undiseased human cadavers is undertaken. 
.. 

the  values l i s t e d  i n  Table 6 w i l l  have t o  suffice. 

It has been possible by the use of a tissue-equivalent 
a 

phantom and thermoluminescence dosimetry (lithium f luoride 

pwder)  t o  obtain the "active'! bone marrow dose in "cobalt 

b i l a t e r a l  radiat ion exposure. 

active components is indicated. 

dose t o  each compartment has been calculated, &d these 

in t eg ra l  dose data  a r e  summarized in Table 15. 

b i l a t e r a l  60cqbalt exposure, p a r t i a l  body (lower) i r r ad ia t ion  

resulte in a considerably higher "active" bone marrow dose 

than does p a r t i a l  body (upper) i r rad ia t ion  (the lower border 

of the  sternum serving t o  del ineate  the upper body and 

lover body i r rad ia t ion  procedures). These data serve u ~' 

. . 
. 

The rad dose t o  each of the 

The gr&rads or i n t eg ra l  
_. . 

For 

.. 

a bas i s  f o r  possible correlat ion of the hematolppic findings . . 
observed f o r  whole body i r r a d i i t i o n  and for parti' bbdy j- :.>: : J :; 

i r r a d i a t i o n  (upper or lover  body) in humans w i t h  the  "active" 

.. 

. .  . 
. .  . .  
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I 

bone marrow dose. Interpretotiow m y  follov concerning 

the importance of rhielding certain portions of "active" 

boneurrow. . 
.. 

c .. 

. 

. 
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