
' The depletlon of formed c i rcu lat in  blood elements following, 

exposure t o  lonl t fng radiatlon has been ap L a - * * e  

century. Furthemre. i t  has long been recognlted that unffom whole-body 

exposure I s  more effect lve than nonunlfom exposure f o r  the production o f  

these hematological changes. Currently, the Unlverslty o f  Cincinnati has 

a program f o r  whole body exposures and f o r  par t ia l  body exposures (etther 

upper body, lower body, or complete trunk) o f  patients for the treatment o f  

cancer. I n  connectlon w i t h  t h i s  program. we have been extremely interested 

i n  f inding an approach to allow the prediction o f  the hanatologfcal changes 

4 
W 

to be expected following the uniform and the nonuniform exposures used I n  

our speciffc study. 

A quantltative approach t o  the evaluation o f  effects o f  nonunifom 

exposuw has been proposed by Bond and Robinson ( /, 

shown t h i s  mde l  to apply to survival prediction o f  several manlnalian 

specles but suggest that  It would be expected to apply under other c i r -  

cumstances i n  whlch the bfological e f fect  scored is '  related to marrow stem 

c e l l  survival. The object o f  the present paper i s  to extend th ls  model to 

human survival f o r  the specif ic unlfom and nonunifom exposure procedures 

used i n  our program and to tes t  the va l ld l ty  o f  uslng this mdel to p k d l c t  

). They have 

peripheral blood levels result ing frun the varlous exposure con- 
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The Model 

METHODS 

The model proposed by Bond and Robinson i s  based on the fact  that 
rv survival i n  the LD50(301 range depends on the survival af prol i ferat ive 

integrity o f  a c r i t i c a l  n d e r  or  fractfon o f  the stem cel ls i n  the 

to ta l  active bone m a r m  MSS. Ebnmalian studies suggest that with uniform 

whole body exposure (same dose t o  a l l  bone marm) the nuaber o f  surviving 

stem ce l l s  i n  the bone narrow decreases exponentially with dose over a range 

of exposures tha t  more than spans the LD50(3al. Thus. under nonuniform 

I r rad iat ion the unequal d istr ibut ion o f  dose to the bone m a r m  should per- 

m i t  a higher rate o f  survival than i f  the same average dose were distributed 

uni form1 y . 
I n  the i r  approach, Bond and Robinson ass- t h a t  sub-units o f  bone 

marrow act  independently o f  other sub-units and are subject to the same 

exponential dose-effect relationship as that fo r  the total  marrow. Thus, 

given the dose to a nuther o f  sub-units o f  bone marrow and the fract ion o f  

bone marrow stem ce l l s  i n  that sub-unit, one can detennlne the relat ive 

nlanber o f  surviving stm cel ls  f o r  each sub-unit. Sumning over the ent i re 

marrow yields the to ta l  re la t ive nunber o f  stem cel ls i n  the body that would 

survive the exposure. This value can then be used i n  estimating the bio- 

logical e f fect  based on the uniform exposure necessary to produce the same 

re la t i ve  stem cel l  survival. The dose survival curve they propose f o r  hunan 

bone marrow stem cel ls  fo r  high energy g a m  radiation I s  shown i n  Figure 1. 

The ordinate on the l e f t  shows the mortal i ty levels fo r  man corresponding to 

a given dose o f  radiat ion delivered unifonnslly to  a l l  o f  the marrow. Since 
Ur* 

b 
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As mentioned above, the slope of the muse urve has been shown to apply 

fa i r l y  well  to several nummaliqn tpedef .  4 Since the shape o f  the curve a t  

lcuer doses i s  not well known f o r  man, the curve shcun i n  Figure e has been 

normalized such that the d a t i v e  nuuber o f  stem cells a t  the LDm f o r  man 

I n  applying t h i s  mdel, one has to know the distr ibut ion o f  bone 

marrow (assumed to paral le l  that  of stern cel ls )  and the radiation dose 

d is t r ibut ion throughout the bone marrow. For a detailed distr ibution o f  th &&? 
/ 

active bone marrow, the paper by Atkinson was consulted ( 8 ). The per- 

r centage o f  total bone nurw distr ibut ion times the ce l lu la r i t y  factor f o r  

the pr inciple bon 

gives &=&lbution o f  active marrow weights i n  .* 'Standard Mann 

roups a t  age 40 were taken f r o m  Atkinsons paper. Table # 

a t  age 40. I n  the absence of any large scale study of the distr ibut ion o f  

act ive marrow i n  nan, th is  data i s  considered t o  be the best data available 

a t  the present. The radiation dose distr ibutions throughout the bone marrow 

f o r  our specif ic conditions o f  uniform and nonunifom exposure were measured 

i n  a tissue equivalent phantom as described below. 

. . _. 
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'Patient and Phantan Ibsimetry 

L 
The radlat ion i s  delivered by cobalt-60 teletherapy unit# under the 

fol lowing exposure conditions. The radiat ion beam i s  directed hor i -  - 
34a 

mnblly a t  a wall  centimeters way wi th  the patient midl ine a t  

280 centimeters from the source. For whole body exposures, the beam 

area f o r  the e i s o d o s e  curve a t  the pat ient  midline distance i s  a 

square appmximately 120 centimeters x 120 centimeters @&&. The 

pat ien t  i s  placed i n  the s i t t i n g  posi t ion wfth legs raised and head 

t i l t e d  s l i g h t l y  fomard. Radiation i s  given by del ivering h a l f  the 

speci f ied exposure l a t e r a l l y  through one side o f  the patient; the 

pat ient  i s  then turned and the other h a l f  exposure delivered l a t e r a l l y  

through the other side. The variation, o f  a i r  exposure wfth distance 

fm the source indicated tha t  no correction was required f o r  a 

possible dose contr ibution to the pat ient  due to backscatter from the 

wall .  

3.x 

L 
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? patient I s  determined using the percentage depth 

10 sq. centimterU f i e l d  a t  80 an source to  skin 

for the source to skin distance used f o r  the 

bus ing  the corrected depth dose a t  patient midline 

ion a t  the trunk i n  the plane o f  the zfphofd) and a 

I f  0.957 rads/roentgen for cobalt gama radiation, 

osure required t o  give a desired midlfne absorbed dose i n  r 

.. .. .. 

various lateral  dimensions. 

.d l ine exposure there f s  considerable variatfon i n  

nt. For a given midline absorbed dose, e# 
? dose extremes and the average la te ra l  absorbed dose 

.ne of the ziphold over the range o f  lateral  dimen- 

n our program. 

receiving par t ia l  body radiation, the teletherapy 

to r e s t r i c t  the beam. The lateral  dimension i n  We 

d i s  again used f o r  calculating the desired midline 

body exposure, the dose i s  delivered b i la tera l ly .  3 '  .. 
* .  

a t  the distance 

.. - .. ,:. , ,,:: .,.. :,. ~ . ,  ., ; __._ '. ... : ::,:3*: . .  . . . _ . . . .  . 
. ._ . .: . 

.:< .,.,.. ~ ~ . ~ ' : ~ ~ . ~ ~ ~ ~ ~ ' . ~ ~ ~ ~  .. . :: .. .... , . . .  ... . .. . 
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L A tissue equivalent phantom (Rando) containing a human skeleton 

and simulated lung cavftfes was used to experimentally detennfne the 

active bone marm dose under simulated whole body and partial body 

cobalt60 exposure mdf t fons .  Figure 5 shows the exposure i n  the 

Alderson phantcn t o  the cobalt beams to simulate the actual whole 

.body and partial od exposure t o  humans. Capsules filled w i t h  

lithium fluoride’kere placed i n  bone cavities as demonstrated by radio- 

graphs of each phantom section. The cavities selected were based on 

locations of active bone marrow spaces as indicated by the work of 

(a! 4 

Atkinson. For each expsoure condition, 222 capsules were util ized. 

exposure, 

Eberl ine.TLR-5 Reader 

nidline&xposure for each exposure condition. This exposure corresponds 

to an average lateral absorbed dose i n  the plane of the rfphofd of 

about 200 rads as calculated by the procedure indicated above. 

cw* 

.. ~. . . . 

follow- 

The data reported f n  

this paper were obtained from patients shown to have nom1 blood counts 

to exposure. 

\ 
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RESULTS 

% q f e % r i b u t i o n  to the.bone k o f  the phantom as 

I+ obtained from the L iF  measurements f o r  300 R 
shown i n  Table.1IJScveral of the larger bones were a rb l t ra r i l y  divided 

w i t h  several LI'F capsules placed i n  each section. The divisions were 

made to approximate equal msses o f  bone and hence an equal weighting 

midllnerexposure are '. -4 

marrow within each divided portion. 
lyThp 

each section then averaged and mult ipl ied by the 

to ta l  bone marrow i n  the portion under consideratfon. The 

actlve bone marrow integral doses f o r  upper body, lower body, and complete 

trunk under simulated human exposure conditfons are 46%. 61% and 75%. 

respectively, o f  that determined f o r  whole body exposure under the radiat- 

Ion exposure conditions given above.Ge average midline dose w i t h i  

primary f i e l d  area f o r  each exposure condition appears i n  Table p& 
w. The average dose to various organs f o r  each exposure condltion i s  

given i n  Table e=. 

procedded to calculate the weighted sten ce l l  survival f o r  the various 

exposure condftions. For mortal i ty i n  the LD50(30) range, the notmalfred 

stem c e l l  survival curve as shown i n  Figure 1 was ut i l ized. An example o f  

the procedure as applied to the pelvic region for whole body and lower body 

exposure i s  shown i n  Table ax- The sun over a l l  active bone 

L 

Using .the radiat ion dose dfstr ibutton t o  the actlve bone marm, we 

I n a r m  y ie lds the weighted re la t lve stem ell s 
Were extended to pf 

each bone port ion by tho r a t i o  of 7, 
0 L' 

1 resul ts o f  th is  procedure appear i n  Figure 6. Thus, for any o f  the given 



-2- .. 
.. 

RESULTS (contf nued) 

whole body irradiation that would result i n  the same mortality rate. 

The corresponding "doses" thus derived for unifom whole body exposures 

can be thought of as being dose equivalent, rather than absorbed dose. 

This  is because i n  the averaging process for nonuniform exposure, each 

increment of dose w a s  weighted by the amount of bone marrow irradiated 

a t  that dose level and by the relative effectiveness of the dose in-  

crement to destroy the stem cells. The dose equivalents fo r  300 R and 

600 R mldline exposures are shown i n  Table 6'117, 

L 

,I 

4 

._ blood 

A'- 

J 
b stem cells f o r  the given exposure. The model was applied as above and 

the results appear i n  Flguma7& g 
We tested the validity o f  this extention of the model by cornparfng 

the predicted and measured nadir circulating fractions of white blood 

cells and platelets for  several groups of patients. We grouped the 

patients by the type of exposure and the midline dose received. Table= 

shows the comparison for three groups of patients whp yqeived whole body 
f d d  

exposures to  achieve 100, 150. and 200 rads midllnerdose respectively, 

and two groups of patients yhp received lower body exposures to achieve 
w 

200 and 300 rads laidline,dos~mpectively. A small nratrer of patients 

i n  our study received t runk  and upper body exposure 

nurbers to group them for an adquate 
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DISCUSSION 

Figure 4 reveals t h a t  considerable variat ion -In dose to bone 

marrow subunits i s  expected f o r  a given nidline,,exposure to Cobalt-60 

radlat ion delivered b i la tera l ly .  I n  spite o f  this. It Is interesting 

to note that  the average la tera l  absorbed dose I n  the plane o f  the 

phantom’s ziphoid calculated from the percentage depth dose curve 

* 

rrcw weighted average dose 

c t ive dose based on the stem 

c e l l  survival mde l  f o r  whole body exposure. Thus, we feel that  the 

calculatcd average l a t e r j a l  absorbed dose i n  the plane o f  the ziphoid 

provides a means omparing patients wi th our phantom studies provided 

the pat ient  i s  neither extremely obese nor extremely thin. 
# 

The approach t o  nonuniform exposure proposed by Bond and Robinson 

L i s  based on an exponential survival curve for bone marrow stem cells. 

Thus, under nonuniform i r rad iat ion the enmEkUs.t&mkion .uf_Ilsq_fm, the 

bone marrow should permit a higher rate o f  survival than i f  the same 

average dose were distr ibuted uniformly. This point  was made abundantly 

clear i n  our phantom studies. For example, an upper body exposure o f  . 

600R’would resu l t  i n  a marraw weighted absorbed dose o f  about 200 rads 

ye t  the “dose equivalent” o f  600 R upper body exposure Is only about 

g r a d s .  

4 
A 

J 

The Model as proposed by Bond and Robinson assumes that, f o r  a man 

to survive the hematopoletic cr isis. h is  supply-of the c r i t i c a l  type 

(or types) o f  mature ce l ls  during th ls  period (descended from survlving 

stem ce l l s )  must exceed the minimum requlred f o r  survival. I n  these terms, 

the mde l  they propose I s  based on the assumptions: (a) that  the to ta l  

number o f  mature ce l ls  i s  proportional to the to ta l  nuRber o f  surviving 

~ 

L 
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DISCUSSION - (Continued) 

stem cells, whatever the l r  d is t r ibut ion I n  the body; and (b) tha t  the 

requirement f o r  laature cells following any nonuni fon exposure i s  the 

same as t h a t  f o l l a r l ng  the unifonn exposure equivalent to I t  with re- 

spect to total#em cell survival. I n  extending t h l s  model to the 

nadir peripheral blood levels, an addltlonal assumptlon was made: tha t ,  

the nadir c i rcu la t ing f ract ion o f  the given blood element i s r q u a l  to 

the surviving f ract ion o f  inarrw stem cel ls. 

L. 

4-5. 
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These assumptions as well  as the application o f  the muse stern c e l l  

survival curee to l an  appear t o  y i e l d  f a i r  agreement between the 
L J 

mdel and the average c l in ica l  findings. Because o f  the wide range 

i n  our c l i n i ca l  

obviously 

ce l l s  -. I f  the value f o r  DO or  extrapolation number f o r  man 

i s  markedly di f ferent fm those used i n  the calculations, the mdel  

as applled t o  our phantoln laeasuraments would have t o  be altered. 

L 
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LTa  LE Z : EIARROW DISTRIBUTION OF THE AVERAGE ClALE ADULT 

SITE MARROW 
WEIGHT 

9 
Head 250.9 

Upper Linb Girdle 150.6 
Sternum 50.0 

Ribs 265.7 
Vertebrae 
Cewlcal 64.5 
Thoracic 263.9 
Luubar 203.1 
Sacrum 226.6 

Lwer  LInb Girdle 431.5 

FRACTION RED 
MARROW 
(Age 40) 
0.75 
0.77 
0.65 
0.354 

0.75 
0.75 
0.75 
0.75 
0.75 

RED MARROW 
W E I M  

(3.2"' 
115.9 
32.5 
94.0 

48.3 
198.0 
152.3 
170.0 
323.6 

X TOTAL 
RED 

M4Rm 
14.i 
8.8 
2.4 
7.1 

3.7 
15.0 
11.5 
12.9 
24.4 



AGE 40 

SKELETAL WHOLE BODY 
ANATOMY ( w a d s  1 

Head 
Crani urn 44.5oa 
Handi b le  4.248 -~ ~ 

Upper Limb Girdle 
2 Humerus, head 
and neck 6,012 
2 Scapulae 11,705 
2 Clavicles 3.767 

Sternum 5.896 
Ribs (1-12 pair) 18,585 

Thoracic 38,176 

2 Os Coxae 55.278 

Vertebrae 
Cervical 9,892 

Lunbar 31,615 
Sacrum 33.652 
Lower Linb Girdle 

2 Femoral head 
and neck 10,197 

L 

2 ,  

Upper 

41,590 
4.254 

5,407 
11,573 
4,128 
6,360 

11,999 

10,113 
29,315 
2,572 
1,308 

1,985 

314 
130.918 

PARTIAL BODY (9-rads) 

- Laver Trunk I' 
1,185 1,787 

141 329 

485 4.789 
1.384 8;686 

193 B O  .-- -- - 
620 4,753 

12,288 18,203 

426 1,586 
22,827 38,744 
30,781 32,300 
32,241 32,751 

53,972 54,027 

10,212 6,174 
166,755 B O  9 
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7.4 G C C  3 
ATIVE STEM CELL SURVIVAL (WEIGHTED1 

300 R Hfdllne Afr Exposure 

WHOLE BODY LOWER BODY 
bore Relative bose Relative 'ortf on 

-otal 
\ C t i V e  
l a m  rad 

Stem Cell Weighted Stem Cell Wefghted 
rad Survival Survival RSCS 

( BCS 1 (Bcs) 

.129 198 2.40 .309 190 2.60 .334 

-206 203 2.30 ,474 198 2.42 .499 

.039 198 2.45 .W6 198 2.42 .095 - m r  - 3 7 r  

. . .  . . , .  ... . . . . .  . . .  . . .  . . .  ...... ........... ...... . . . .  . . . . .  ....... . . .  ~ .; ::,. ',.: ..:: .... 
. .  . .  - 
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ROUGH, DRAFT - 

We have a program a t  the University o f  Clncinni t i  College o f  Medicine 

f o r  t o t a l  body exposure and f o r  par t ia l  body exposure (either upper hTf 

or lomrbW) of patients f o r  treatment f l-cancer. .The radiat ion i s  

delivered by cobalt-60 teletherapy u n i d  under the fol lowing exposure 

conditlons. The radiat ion beam I s  directed horizontal iy a t  a wall  

338 centimeters away with the patient midline a t  282 centimeters from 

the source.4 

midl ine dlstance i s  a square approximately *centimeters x m e n t i m e t e r s  

#-We& The pat ient  f s  placed i n  the s i t t i n g  posi t ion wlth legs raised 

and head t i l t e d  s l i g h t l y  forward. Radiation i s  given by del ivering 

h a l f  the specif ied exposure l a te ra l l y  through one slde o f  the patlent; 

the pat lent  i s  then turned and the other ha l f  exposure delivered 

l a t e r a l l y  through the other side. 

-- 

SUkG I 
e beam area f o r  the 50% Isodose curve a t  the pat lent  

. .  '- L 
. .  

c 

" k & ~ ~ & & n e n t s  10 7 were wde i n  a masonite phantom using 
a*b 

P placed on la tera l  surfacesht the a id l lne  

o f  the head, m n d  knee portions of. the phantom. Theresults 

-de. It i s  seen that i f  n ld l fne  doses to the 

trunk, head and knees are compared. the maximula var iat fon i n  these 

doses I s  about 16%. The ~rp0sui.w t o  the patient I s  determined as follows. 

Percentage depth dose a t  different-depths f o r  400 square centimeter 

f i e l d  area i n  a source skfn distance o f  80 centime&$ i s  corrected f o r  

the source skin distance used f o r  the patlent. Using the corrected depth 

dose a t  pat ient  midl ine (1/2 la tera l  d i m s f o n  o f  the trunk) and a 

conversion factor  of .97 rads/roentgen for cobalt g a m  radiation. the 

- 

L 
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surface dose and midline a i r  exposure required to give a desired midline 

absorbed dose i n  rads i s  calculated. A d i rect  coaparison between calculated L 

and lneasured (phantom) doses was mde 

l a te ra l  trunk dimensions as the phan 

gooad comparison with the calculated-doses. The combined dose o f  the two - 
~Ltotz 3 . 

radiat ion f i e lds  i s  also given i n  %&jw~ It shows a good homogeneous 

dose d is t r ibut ion through 'the patient. Maximla variat ion i n  la tera l  dose 

d is t r ibut ion was plus or  minus 13% fo r  one patient having a la tera l  trunk 
r 

thx  
6 

dine ion of 36 centimeters. A i r  exposures rates varied from 3R per minute 
3 F  

to$ per minute- w. 
For the indivtduals receiving par t ia l  body radiation, the teletherapy 

coll imator i s  used to r e s t r i c t  the beam. T k  *dose distr ibut ion 
5UDG 2. -5Lme s' 

f o r  t h i s  l a t t e r  case is shown i n  the next s11 e."The re la t ive dose 
SCIOOC 

dis t r ibut ion f o r  upper body radiat ion I s  shown i n  the next slide; that  

f o r  the lower body i n  the following slide. 

were measured with thermoluminescent dosimeters. For par t ia l  body 

L 
SuDGL ,,I 

e,,phantom measurements 

r diation, the xiphoid was used as the boundary o f  the f ie ld .  
*A- + \. .. - 
3 L l V '  1 Me WLQ -%en confront !,%$I- d a p p r o a c p w r i  son 

between the socalled un i f  nnmnd the mnunifo 

speci f ic  study. Although i t  i s  easily seen that a nonuniform exposure 

to penetrating radlat ion requires a higher dose o f  radiat ion to a t  

leas t  some portion o f  the body to  produce a similar or equal degree 

o f  a given effect, &a )+ i s  necessary w i t h  uniform whole body 

exposure, the f u l l  -quantitative characterizatlon of dose and dose 

e f fec t  relationships are necessarily =re caplex f o r  nonuniform 

exposures used I n  our 

L than f o r  uniform doses. For uniform whole body exposure. a l l  tissues 

receive e lsent ia l ly  the saw dose, and thus the dose delivered t o  any 
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tissue is satisfactory i n  characterizlng the dose received by the anlml. 

Absorbed dose a t  the midline, i s  camonly used for convenience, with no 

implication that a particularly sensitive organ or region lles i n  that 

location. Yith nonunifom exposure, however. I t  has been sham clearly 

that, for death frol the bone marrow syndrone$either the entrance dose, 

the absorbad dose a t  the midline of the animl, the exit dose, the integral 

dose nor the average dose wfll normalize and allow dose effect predictions 

for the full  spectrum of different dose distributions. Thus additional 

factors must be taken i n t o  account and I I  weighted,dose averaging procedure, 

lust be used to predict dose effect 

Vic Bond and the group a t  

w i t h  nonunifom exposure. The approach I s  particularly helpful  i n  

.. .. 

.. ?1Y - 
Ye were then interested i n  obtaining dose distribution data e& . 
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t i o n  aata m e  1- used. 
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L -  The er 

s-0- r a  ons 

f-. A tissue qu iva len t  phantoln (Rando) containing a huran 

skeleton and simulated lung cavit ies wlls use 

lithium f luor ide were judiciously placed i n  b& cavities as demonstrated 

by radiographs o f  each phantom section. The cavities selected mre based 

on l o  t ions o f  active bone mrrow spaces as indicated by the work mtWawd- 

E l l i s .  f 

C psules f i l l e d  wi th suDzy 
g 

r -----------_e- _ <  -..---__ f' ' 
& - ~ --- - ---..-- ---_______C__I._ 

obtained from the original work of  MechaniKbut co 

c e l l u l a r i t y  factors as provided by Custer. These 

the cranium, mandible. vertebral column, and pelvis by ce l l u la r i t y  

factor values obtained by Custer f o r  the vertebrae. Further work by 

Atkinson also a l l 4  an assessment o f  the bone arm distr ibut ion 

L 

'-- with age as a parameter. I n  the absence of any large scale &gy&pQ;Bem 
pr 

o f  the d is t r ibut ion of  

to be the best data 

i n  man, the *'&&onsidered 

a t  present. I I n  term o f  
r 

. / 5 



the following: radiograph of head section; line drawlng o f  the saae 
section w l t h  outline 'of bone structure and piacement of capsules; dosimeter 

.placement i n  the ribs; dosimeter placement In  the vertebra; and dosimeter 

placement i n  the pelvis and femoral heads and necks. The next series of 

slides indicate exposure tnvAlderson # phantom to the cobal 
5 tlDG 

the actual whole body and up 

From the average rad dose 
*&p.+p%u&LicO-c(LLLL9iQ 3m 

the integral 

ms calculated. We see i n  the next 

for lower hm,body and upper- 

body under the simulated human exposure conditions- are 68.9% 
r 

L 
and 37% respectively. of that 

the radiatton exposure conditions 

that upc.* half body 
R6y... 

active bone marrow of the body wheread 

exposure to '&f the body active &row. These percentages correspond 

very closely t o  the actual portions of the body Irradiated for!* 

upper andlower-- . He then proceeded to determine 

that for a glven nonuni#onnrldose d i s h u t i o n .  the dose of untfora 

whole body lrradiatlon would - 

as de&ined by using4he 

.t . i n  

I 
. . - ~ -  .-*;.?. -' ------_- ~- ..-~ - .. *c -.-cq- . -- q--- 

-.' -7 f. .- . 
% 

_ _ _ ^ .  . .* . .. I. 

. -  . .  

- .:~ ;. -L 
.. .. 

.r .... :.. 
... :. :. .; .: . .... .. _ .  

' . .'<. :: 
- . .  . '  :. L,  ..- 

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

. .  . 
. .  , . .  . .  



f o r  bone marrow stan cel ls  i s  known most accurately f o r  the muse.\ A 

model presented by Bond to handle nonuniform exposure has been shown 

to apply t o  the r a t  and the dog as well as the muse. using the same 

curve f o r  stan cells. I t  was thus assumed by Bond and also assumd 

i n  th i s  paper that  t h i s  curve applies to man. The model also assumes 

the following: 

t.- n 

i- that the requirement f o r  mature cel ls  following any 

nonuniform exposure i t  the sane as that following the uniform exposure 

equivalent t o  i t  with respect to to ta l  stem ce l l  survival. It also 

assumes a moderate degree o f  nonuniformity-extremes o f  local dose 

to any par t  o f  the body not exceeding a value of  approximately 1000 

to 1200 rads. The reason f o r  th is  i s  t h a t  'the higher doses may cause 

local blood vessel damage t o  become a signi f icant factor leading to 

increased requiremenfs for both neutrophils and platelets. I n  addition, 

high doses l oca l l y  to the bowel can produce death i n  the absence o f  

s igni f icant marrow damage. 

L 



C m  It. Given the dose to  a.nuAlber o f  subunltr i n  marrow 

and percent o f  bone marrow stem ce l l s  In that  subunit. one a n  determine 

the re ld t l ve  nuder  o f  suwlvlng stem ce l l s  f o r  each subunit ut)lltthe 
m 

1s 

that would survive the exposure. The m r t a l l t y  level t o  be expected 

f r o m  t h l s  stem c e l l  survival can then be obtained from the p lo t  showfng 

re la t i ve  stem ce l l  survival as a function o f  a dose. thus fo r  any given 

nonuniform dose distribution. a dose o f  unlform whole body radiatlon 

that w i l l  r esu l t  i n  the sawmor ta l l t y  rate can then be &*mined. .. -It... . .. . 
ull- 

.-,- ---- ~ *.--,,a,-.-.- -.- - - -- - 
1 &4 
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. correskndlng *doses""thus derivcdt for? uniform whola..body.,expisures 

. can be thought of as belng dose-aquivalent,.ra.ther.than absorbed 

dose. This Is because I n  the averaging process f o r  mnunlfom 

exposure, each increment o f  dose was welghted by the w u n t  of bone 
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