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OAK RIDGE ASSOCIATED UNIVERSITIES 
PicoRpouTeD 

Januaq 20, 1972 

P. 0. BOX 117 
OAK RIDGE, TENNESSEE 37830 

Dear Jim, 

AREA CODE 61s 
TELEPHONE 4-83411 

I have taken too long i n  gathering up t h i s  material that we talked about 

I hope you can in te rpre t  nly typed thoughts1 
on Tuesday, so I won’t take up an additional day f o r  having it typed 
secre ta r ia l  pool. 

our 

Enclosed are the proceedings of t h e  total-body d o s b s t r y  conference you 
This is  r ea l ly  a short  summary of the topics we discussed and if  requested. 

I can c l a r i f y  o r  add t o  a q z t h i n g  i n  the write up please give me a call. 

I have a l s o  enclosed a copy of my last  paper on the subject t ha t  i s  t o  
be printed up i n  a conference proceedings soon. &y main reason f o r  enclosing 
it is  because it contains a brief description and figures tha t  i l l u s t r a t e  the 
geometry and source configurations i n  the three total-body i r rad ia tors  we are 
now using. Two of our i r rad ia tors  use cobalt-60 but aei ther  i s  2-source 
b i l a t e r a l  as i n  your case. However, the VDRIF i r rad ia tor  i s  b i l a t e ra l  i n  the 
sense that all sources are  i n  a single plane and theoret ical  calculations 
indicate that “7$ of the radiat ion is from the two sources that are per- 
pendicular t o  the long axis of the body. Therefore 3 hare enclosed our 
depth-dose data i n  the midline of the Alderson Rando phantom f o r  both l a t e r a l  
and anter i  or-posterior exposures. These figures i l l u s t r a t e  the importance of 
having the patient be exposed A-P i f  m a x i m u m  uniformity of dose i s  desired, 
and a l l  organ dose estimates i n  the reprint  a re  for the phantom exposed on i t s  
$ide . 

I hope t h i s  information is helpful, and I am sure much of it may need 
more explanation so  give me a c a l l  anytime. 
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DOSIMETRY FOR RADIOBIOLOGICAL STUDIES OF THE HUMAN HEMATOPOIETIC  SYSTEM^ 

W. L. Beck, T. R. Stokes, and C. C. Lushbaugh 

Oak Ridge Aseooiated U n i v e r s i t i e s  

ZITRODUCTIOR 

At present, physical measurements of 
radiation exposure field fluxes are con- 
siderably more accurate than retrospective 
biologic estimates of the radiation dose 
in any particular exposure incident. How- 
ever, wide individual variation in clini- 
cal response to radiation exposure often 
creates an apparent disagreement between 
physical and biological dose estimates. 
This disparity is largely caused by bio- 
logic variations in radiosensitivity acd 
systemic repair but is also the result of 
individually different depth-dose distri- 
butions owing to body size differences or 
orientation geometry occurring during 
otherwise equal exposures. 

Medical appraisal of the range of human 
biological variation in hematologic re- 
sponses is needed, but has not been made 
because dosimetric information about the 
real depth doses to the bone marrow of in- 
dividual patients is not available. The 
wide rpatial distribution of bone marrow 
in the human rkeleton makes the dctermina- 
tion of the total averaged dore or any 
local bone marrow dore difficult and at 
present requires an empirical approach. 
This rtudy was performed to devire a ryr- 
tern for estimating individual bone marrow 
doser in therapeutic radiation exporurer 
of leukemic patientr. There mearurementr 
are needed to make d08e-rerpOnre correla- 
tions and to rtudy the ef.fect of d o r e  pro- 
traction on peripheral blood cell 1 e v e l r .  

Such correlations are basfc to medical 

'Research suppotted jointly by U . S .  A E G  
and NASA. 

management of irradiated persons mince the 
bone marrow is one of man's most important 
radiosensitive tissues; lethality within 60 
days of acute exposures from 200 to about 
1000 R usually results from hematopoietic 
failure. Some studies (refs. 1 and 2) have 
shown that in relected patient populations 
the human LD50/60 may approach a low of 250 
rads average body-dose, but confidence in 
these estimates is poor. 

During extended space explorations there 
may be little risk of receiving such size- 
able doses acutely but there i s  a real 
chance of accumulating doses to the marrow 
that may be biologically rignificant. True 
correlation and variation of human hemsto- 
logic responses to total-body irradiation 
(TBI) are sorely needed to help in estab- 
lishing workable limits for these occupa- 
tional exposures during missions in outer 
8paCe. While the studies we have made were 
primarily intended for clinical uses, the 
data obtained ir applicable to rome of the 
dorimetric and shielding problem8 of space 
medicine. 

In the Oak Ridge A88OCiated Univerrities 
(ORAU) Wedical Divi8ion program of thera- 
poutic T B I ,  three irradiator8 with differ- 
ent exporure rater are in ure: the ORAU 
lov-exporure-rate total-body irradiator 
( L E T B I )  and medium-exposure-rate total-body 
irradiator ( M E T B I ) ,  and the Univerrity of 
Tennerree-AEC Variable Dore Rate Irradia- 
tion Facility (VDRIF). Each of these irra- 
diatorr war rpecifically derigned to pro- 
duce a uniform field of high-energy-gamma 
radiation for total-body exposures of large 
animals and man. 
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THE I R R A D I A T O R S  

The LETBI facility consists of a large 
outer room (Fig. 1B) in which a smaller ex- 
posure room (Fig. 1A) is centrally posi- 
tioned. Eight cobalt-60 sources of 16 
Curies each are located in the outer room 
and they irradiate the treatment room from 
all sides. This arrangement provides a 
radiation field uniform to within AlOX in 
the living volume ( 1 6 ~ 1 6 x 8  ft) occupied by 
the patient. Treatments given at an aver- 
age exposure rate of 1.5 Rlhr have ranged 
from 3 to 8 days duration to provide total 
protracted exposures up to 250 R .  During 
exposure the patient is free to move about 
the exposure room while being irradiated 
for 18 to 22 hr per day. This facility is 
described in more detail by Andrews, et a1. 
(ref. 3). 

A model of the METBI facility is shown 
in Fig. 2. The control room i r  connected 
by a curved hallway to the 8 ~ 8 x 8  foot 
treatment room. Eight cecium-137 sources 
of 500 Curies each, located in the walle, 
irradiate the centrally suspended treatment 
bed. The radiation field in the 2 x 2 ~ 6  foot 
volume occupied by the patient on the bod 
is uniform to within * 5 %  of the 1.5 Rimin 
exposure rate in the volume center. Expo- 
sure times here range from a few minuter to 
a few hours for total exposures of 20 to 4 

350 R. A complete dercription of thio fa- 
cllity has been published by Brucer (ref. 

6 ) .  

The floor plan of the third irradiator 
(VDRIF) ured in thir therapy program ir 
shown in Fig 3 .  S i x  cobalt-60 rourcer of 
7700 Curier each are arranged in a rectan- 
gular array vith 20 ft between adjacent 
rourcer. EXporure8 are done with the 
patient lying on hi8 ride on a hO8pital 
stretcher in the center of  tho rource 
array. During patient therapy five r o u r ~ e r  
are ured to provide exporure over the 
rtretcher at a rate of 0 0  R/min t 5 X .  To 
minimite the radiation hrrard to horpital 
attendantr, vho might be required to a i d  

the patient in case of equipment failure, 
we do not use source No. 1, which is nrar- 
est the entrance to the exposure room. A 
more complete description of this irradia- 
tor ir given by Checka, et el. (ref. 5). 

The radiation characteristics and dimen- 
sions of these irradiators are summarized 
in Table 1. 

TBE PBANTOM 

An Alderson Rando phantom (ref. 6) was 
ueed as a patient analogue. This rtandard- 
man-sized phantom ie constructed of irocya- 
nate rubber, equivalent t o  tissue in inter- 
actione with ionizing radiation. A human 
skeleton and density-adjusted lungs are 
contained within the otherwise solid phan- 
tom. The phantom i e  sliced into trane- 
verre rections 2.5 cm thick with holer of 
5 mm diameter arranged in a 3x3-cm prid to 
provide poiitions for thermoluminercent 
dorimeterr (TLD). When not in ure a r  do- 
simeter eitesi the holer are filled with 
removablo plugr of tirrue-equivalent 
material. 

Each of the 137 dorimeter siter located 
within the bone-marrow loci, identified 
from radiograph8 of the 3 4  tranrveree rec- 
tionr of the phantom, contained an individ- 
ually calibrated TLD during periods of 
irradiation rimilar to the exporure of the 
patientr. 

DOSIMETERS 

Extruded lithium f luoride dorimeterr' 
(l.tx1.4~7 mm) were ured to mako a11 
mea8urementr within the phantom. There 

cation becrure of  thrir 8mall r i z e ,  energy 
independence, approximately tirrur equfva- 
l a n c e ,  rWlritiVity, reurability, and r a r e  

of  handling. They have a linear rerponre 
from 

dorimrterr ate Vel1 ruited for thi8 appli- 

to lo3 rad. and a rlightly 

*Dorimetrr available from Harrhrw Chemical 
Company, Cleveland, Ohio. 



,,.rrlineer reeponee from lo3 to about 

. - . ; ~ ) 5  rads when radiation damage becomes a 
l i n n f t i n g  factor. In our laboratory w e  
f o u n d  the response of freshly calibrated 
d06imeters to be reproducible with a atand- 
ard deviation of the order of 1-2% when 
exposed under calibration conditione. Re- 
peated measurements in the rame position in 
the phantom rarely disagree by more than 
5%. We have previously reported details 
for calibrating, annealing (proceroing for 
reuse), and analyzing these dorimeterr 
(ref. 7). 

MARROW DOSE C A L C U L A T I O N S  

Since the active marrow le not uniformly 
distributed vithin the body in a eimple, 
vell-defined volume, it vas'neceseary to 
know the spatial distribution of the marrov 
to determine average marrow dose. The dir- 
tribution of active marrov for normal 
adults as estimated by Ellis (ref. 8) le 
expressed as the percent of the total 
amount located in a particular anatomical 
marrow conpartment, e.g.' the riba or rkult 
The distribution of the dosimeters in the 
marrow compartments defined by Ellir V O B  
not proportionate to the amount of marrow 
therein. For example, 19% of the 137 do- 
simeters vere located in ribs vhich con- 
tained only about 8% of the total active 
marrow. Therefore, averaga total dore to 
marrov had to be calcu1atc.d by firrt deter- 
mining the average dose €or a rpecific com- 
partment and then using its percentage of 
total marrov as a weighting factor. Table 
2 listr the average compartment dore and 
its range par 100 R of expoeure from each 
of the three irradiatorr. Table 3 rumma- 
rirer the average marrow dore calcu1ationr. 

2 indicate that the marrow dore dirtribu- 
tion ir different in oach of tho.. irradia- 
tors. The mort unexpected rerult i r  that 
the LETBI 6oCo gamma irradiator producer a 
rmaller marrow dome than the XETBI 's7Cr 
gamma irradiator. The other irradiator 

The compartment do80 artimates in Tabla 

(VDRIF) produces the.largeet marrow dose as 
would be expected on the basis of relative 
penetrability of the gamma rays involved. 
This apparent paradox between the LETBI and 
METBI doeee can be explained only on the 
basie of the distance the radiation travels 
in the body to the deepcreated marrow ritea 
In the VDRIP about B O X  of the radiation is 
incident at 90. to the long axis of the 
body and paeeea through the body'. least 
thicknese, the anterior-poeterior diameter. 
Thin geometry provide6 the minimum radia- 
tion-path length to a11 marrow oitee and 
therefore the largest average depth dose. 

In the METBI facility the 13?Cs gamma 
raye are incident on the body'r long axia 
at angles from 7 8 - 9 9 .  and they penetrate 
the body at an angle of approximately 30' 
to ita larger lateral (ride to ride) diam- 
eter. The average length of radiation path 
in this geometry, aomevhat greater than in 
the VDRIF, and the lover enorgy radiation 
explain the emaller marrov dose from the 
METBI exporurer. liovever, other dopth 
doae studies (ref.. 9 and 10) havr rhovn a 
less than 5% difference in average marrow 
dose from l3?Cr and 6oCo gamma rays under 
equal expoeure geometries. 

complicated by the patiant'r freedom to 
move about the large axporura room. We 

have calculated the angle of incidence for 
two typical poritionr of the patient; when 
he ir rtanding near the room center, the 
average angle of incidance ir about 70.; 
lying on the bed, the average angla of 
incidence i o  only about 25..  If w e  mako 
the aorumption that the everaga angle of 
incidence ir the average for thore two pori- 
t i o m ,  or about b S b ,  than by rimple gaome- 
try the lrngth of the radiation path ir 40% 
graater in thir goomatry than it would be 
for radiation incident at 90'.  Becaurr o f  

thir geometry, tho LETBS average marrov 
dose i r  the lowort of the threo irradiatorr 
rtudiod, 

The large dependence of average marrow 
dore on the angle of incidence of rbdiatioa 

I n  the LETBI the exporure geometry i r  



is shown also by the study of Clifford (ref. 
ll), who measured this average dose in a 
rotating phantom first exposed at 9 0 "  and 
then at several angles down to 15" with the 
long axis of the body. Radiation energies 
of 6 0 ,  100, 212, and 660 keV were ured. 
H i s  results indicate that average dose to 
the marrow is reduced by a factor of two 
for exposures at 15' compared with 90' for 
all radiation energies. In addition, he 
also shows that marrow dore for 90" expo- 
sures varies by only about *lo% over the 
energy range from 60 to 660 keV and is max- 
imum at about 100 keV. 

Since the LETBI and METBI facilities 
produce essentially omnidirectional fields, 
we can compare the marrow dose estimates in 
LETBI of 0.59 and METBI of 0 . 6 4  radr/R with 
that predicted from Clifford's meaeUrLmentS 

(integrated over the angular region of 0' 

to 9 0 " )  o f  0 6 2  radsIR. Thio agreement ir 
surprisingly good considering that hi8 
estimates were based on measurement8 in 
only eight positions in hie phantom and 
were primarily intended for evaluation of 
potential hazards of radiation8 from atomic 
weapons for civil defence planning. 

The International Commirrion on Radio- 
logical Protection (ICRP) (ref. 12) ham de- 
fined the active marrow dore a r  the appro- 
priate radiation criterion for relating not 
only rhort-term hematopoietic effects but 
also certain late romatic biological 
effcctr to radiation exporurer. To rimpli- 
fy its calculationr to eetimate marrow dora, 
the ICRP determined that the active marrow 
ir located at an average depth of 5 cm. To 
teat the validity of thio rimplification, 
ue determined the average 9-cm dore to the 
phantom in each of the three irradiatorr. 
The circumferential 5-cm depth line W 1 8  de- 
fined in each of the 3 4  phantom rectionr 
and divided by radii at every 3 0 ' .  The 
depth dome at the intercept8 of the radii 
and the 5-cm depth line var determined by 
interpolation of the depth-dore data ob- 
tained from dorimeterr located in rur- 
rounding grid poritionr. There were 

averaged for esch section and then weighted 
by the mass of the section to obtain the 
overall average 5-cm depth dose. The com- 
parisons of these dose estimates with the 
average marrow doses are shown in Table 4. 

There data indicate that the 5-cm dose 
approximates the average marrow dome quite 
closely in the 
(METBI) and the high-flux 6oCo gamma-ray 
field (VDRIF) where the incident radiation 
is principally at right angles to the rta- 
tlonary body. The agreement, while adc- 
quate, ir not as good for the low-exporure- 
rate cobalt irradiator (LETBI) where the 
incident radiation i r  from both above and 
below a standing patient and where the 
angler change as.the patient site down, 
reclines, or walkr about, changing hir geo- 
metric relationship to each rource. 

eter, capable of indicating simultaneourly 
dore rate and total accumulated door, lo- 
cated in the center of a 5-em radium rphere 
of tirrue-equivalent material could be urrd 
to approximate the artronaut'r average 
marrow dore received during rpace flight. 
The dose-rate rignal from thin dorimeter 
could 8180 be ured to indicate when maximum 
rhielding from unidirectional exporurrr, 
ouch a8 rolar flares, is needed and to in- 
dicate what vehicle orientation provider 
the maximum rhielding, 

Thio rtudy also rhowr clearly that 
avaraie dore to tho marrow ir rtronily dr- 
pendent on the length of the radiation path 
in the body. It ir therOfOr8 obviour that 
for equal aXpO8Ut8 conditionr, vary largo 
perron will receive a rrlatively rmaller 
dore to the marrow than a vary amall parron. 
To determine how laria thio variation 
due to body r i t e  will be, we are axtendin8 
thrre rtudirr to drterminr body rrlf- 

dual rather than thr ldealirrd 10-lrs man. 
The eXpO8Ur8 rate from a rmall radioactive 
80urce $ 0  flrrt mearured in a i r  and than at 
the Canter point of phantom8 of diffrrent 
r i g 8 8  by hi~h-renritivity ~hole-body 

37Cs gamma-ray field 

There rerults a100 ruggest that a dorim- 

8h%eldln& factor0 for A particular indivi- 



counter containing an array of eight 5x4-in. 
sodium iodide crystals. The ratio of the 
counts from within the phantom to the 
counts in air can be used to indicate the 
body's relf-shielding factor. The results 
of thie study are rtill incomplete but the 
feasibility rtuditr indicate that thie ex- 

perimental approach has merit. From these 
studies ve should obtain correction curves 
relating average marrov dose to relf- 
shielding factor for each of our irradiator 
geometries and type of source. The relf- 
shielding factor for each individual or 
patient could then be obtained by having 
him evallov a leer than 1.0-microcurie 
radioactive source, then counting him in 
the whole-body counter vhen the source is 
located at the center of the patient'r 
body. 

Accurate dosimetric information relevant 
to the biological effects under study are 
essential for improving the reliability of 
established human dorc-response relations. 
This is particularly true when the effects 
considered are the changes in peripheral 
blood-cell levelr. There rtudier are 
limited to medical exporurtr bccaure~changes 
in the blood-cell levels are related to the 
preirradiation levels. For there rearonr, 
we are reeking to obtain truly adequate do- 
rimttry Information from which we can dt- 
duce dore-rerponre relations which will aid 
in apace mirrion planning, management of 
radiation accident victimr, and will im- 
prove the uscfulncrs of TBI therapy of 
dirreminated dirtartr. 
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TABLE 2 

MARROW COMPARTMENT AVERAGE DOSE IN RADS/lOO R 

IRRADIATORS 

LETBI METBI VDRIF 
Marrow Average Average Average 
Compartment Dose Range Dose Range Dose Range 

Head 82 73-89 78 71-85 68 61-74 

Upper Limb 69 58- 75 66 58-73 78 70- 82 
Girdle 

Sternum 75 73-77 69 65-71 77 74-77 

Rib s 63 46- 76 68 62- 72 75 70-84 

Vet t eb rae 58 47-75 65 59- 80 70 63-78 

Sacrum 45 41-46 54 9-56 75 6 7- 83 

Lower Limb 52 44-62 59 52-71 72 63-77 
Girdle 
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TABLE 4 

COMPARISON OF ESTIMATED DOSE TO BONE MARROW 

WITH AVERAGE BODY DOSE AT 5 - ~ m  DEPTH 

A v e r a g e  A c t i v e  A v e r a g e  5-cm 5-cm D e p t h  D o s e  
Bone-Marrow Dose Depth Dose Ratio Marrow D o s e  
( i n  rads/100 R) ( in rads/100 R) 

LETBI 59 68 1.15 

METBI 64  66  1 .03  

VDRIF 72 73 1.01 



L E G E N D S  

Figure 1.-Cutaway drawing of the low-exposure-rate total-body 
irradiation facility (LETBI) showing: 
( A )  Centrally positioned radiation exposurefliving room. 
(B) Concrete shielded radiation containment room. 

(D) The remote control room for operation of the 6 o C o  

sources (only sources No. 1 , 2 , 5 , 6 , 7 ,  C and F are 
shown), radiation expos'ure level supervision, nursing 
and physiologic surveilance of the patient. 

(E) The on-line and data processing room. 

Figure 2.-Cutaway model of the medium-exposure-rate total-body 

irradiation facility (METBI). 

Figure 3.-Floor plan of the University of Tennessee-Atomic Energy 
Commission (UT-AEC) Agricultural Research Laboratory 

Variable Dose Rate Irradiation Facility (VDRIF). Source 
positions are indicated by N o .  1-6. 
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ABSTRACT . 
I,,* 

An average man phantom, containing all bones of 
the head and trunk, was irradiated from i n  f ron t ,  behind 
and ro t a t iona l ly -wi th  gamma rays of various energies .  i o  

The exposures a t  si tes within and on the  

, dosimeters. Also the exposures a t  the same points  i n  space 
were s iml l a r ly  measured i n  the absence of a phantom. Among 

red.bone marrow and the usual f i l m  badge posi t ions.  

. surface of the phantom were measured with l i thium f luoride 

' *  sites chosen were t h e  gonads, representa t ive  points i n  the 

:! 
7 

From the measured r a t i o  of the i n t e r n a l  and ex- 
' t e rna l  exposure t h e  absorbed dose at Important s i t e s  was 

computed as a funct ion of ex te rna l  exposure for gamma rays 
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1 1:NTRODUCTION 
L I n  r ad ia t ion  protect ion of workers, the dose absorbed 

i n  var ious organs from externa l  gamma rays is genera l ly  
eatinrated from measurements .of the  exposure. The latter I s  

. measured either w i t h  a survey meter before a working area I s  
occupied or by a dosimeter worn o r t h e  f ron t  eurface of the  
trunk. When a dosimeter is worn, it measures both the incident  . 
the  survey meter is normally. ld a t  arm's length, it measures 
the  Incident  exposure only.  ' ,  

The absorbed dose, D,. I n  any organ may be expressed 

- -:*.exposure and add i t iona l  r ad ia t ion  scattered by the body but, 8s 

. -  2 f- 
t 

2 - i n  terms of the  Incident  exposffre, E, In the  followingway:- 

I. Dn Sn An an E $' * I  

where Sn I s  a s c a t t e r i n g  f a c t 3  

where An i s  an a t tenuat ion  fac tor ,  

d. 

where an is the rads/roentgen conversion f ac to r .  

4- ' incident  photons. The f ac to r ,  an, depends upon the atomic 

and An depend upon the locat ion and depth o r a t h e  s i t e  a t  whi 
the  dose is  absorbed and the energy and d l  rec t ion  of the 

photons passing through It. 
- composition of the t i s s u e  a t  the s i te  and the energy of the  

I n  pract ice ,  the product S, An an I s  often assumed 
t o  be approximately one over a wide range of i r r a d i a t i o n  
conditions r the  organs r e fe r r ed  t o  i n  the I.C.R.P. recom- 
mendations . It i s  the purpose of the measurements reported 
here t o  a s ses s  the extent  t o  which t h i s  approximation I s  
j u s t i f i e d  and che s i z e  of the correct ions needed. The quant i ty  

from published sources \ 

(f3 

An and the  fac tor ,  an was taken Fa,%. .measured was the produ 

. .  Two previous measurements have been made of this 

phantom which was Irradiated omnidirectionally a t  three  ga 
, r a y  energ ies  (0,38, 0.8 and 2 MeV). 
. used a rotating phantom t 

In  a thorac ic  ver tebra  and t 

pa r t i cu la r  conditions of l m a d l a t i o n ,  Spiers  and 

Carruther8 and Wilson 5 

.- Overton fv measured the as tenuat lon  and scattering i n  a water 

'p"f 
I 

- -  
. . , '  - - 

2. MEASUREMENT TECHNIQUE 

t i c u l a r  s i te  and under chosen r ad ia t ion  conditions, the 
exposure was flrst measured I n  free space and then within,  o r  
on, the phantom a t  the chosen si te.  The product was 
then equal t o  the matlo of the two measurements. 

In  order  t o  measure the product, & An, for a par- 

G 
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The dosimetric system, lithium f luoride,  was chosen 

n be measured w i t h  adequate reprodubi l l ty;  
meters are small enough (5 mm dia .  x 19 mm long) 

on the foliowing grounds: ( 1  ) exposure as low as a few 

e inserted without in te r fe rence  with the photon flux; 
rgy dependence is qui te  small. 

he phantom, of commercial orlgln3' I l l u s t r a t e d  
-It  sat laf led t h e  requirements of this series of 

asurements s ince i ts  composition matches a muscle-fat 
re both with respec t  to effect ive atomic number and 

si ty .  . The lungs are s imi l a r ly  matched and a ful l  set  of 
bone8 f o r  trunk and head are included. The phantom is s l i c e d  

- . - _  I n t o  th i r ty- four  t ransverse slabs, 2.5 cm th ick .  The dosimeter .  
sites are l i s ted  i n  Table I. , I  

1:: I 

me distance from the soqrce t o  the centre of the 
phantom was e i t h e r  2 o r  2.5 metres. The source. was a t  the 
same he1 h t  as the centre  o f i the  phantom (seventh thoracic  
ver tebra  f which was about 49 cm from the crown o'f the  head. 
Square-law correct ions were made f o r  var ia t ions  1 n . t h e  ex- 
posure rate at the phantom centre, and a t  the fifteen chosen 
sites. -- . 

Photon energies  used, extended from 25 keV t o  1.25 
MeV and the  energy and nature  of each source I s  shown i n  
Table  11. 

With each photon source, four irradiations were done. 
The phantom was I r r ad ia t ed  from i n  f ront  and behind and while 
r o t a t i n g  about the v e r t i c a l  axis. In addi t ion,  a ca l ibra t ion  
dosimeter was irradiated when mounted a t  the same point I n  
space a s  t h a t  occupicd by the  centre  of the  phantom while 
under i r r a d i a t i o n .  

he Product of the sca t t e r ing  and a t tenuat ion  
factors,  S: An,  Was CQmputed from these result8 bY divldinR ~ '' 

\ 

. '  - -  she dosimeter readinn. a t  a Dart lcular  s i t e  i n  the phantom, 
v the  readinn of the dosimeter I n  f r e e  air. The dosimeter a. - 

e .  . readings were also divided by the reading of :the dosimeter 

them accord 

It should be noted that, s ince square law correct ions 
-. 

- -  > 



TABLE I 
b 

I 

16 cm S-20 

Sternum Marrom 
Scapula Marrow1 ' - -  
Sixth Thoracic Vertebra 

PHOTON SOURCES 

Ef f e c t ive  / 

Energy Nature of Source 

1.24 MeV cos' y Source. TWO close energies. 
. 660 keV - '  -Cs137 y Source. Single energy. 

.. I 400 keV . I r a s 2  y Source. Many energies mostly between 300 
. and 500 keV. 

F i l te red  Bremsstrahlung. 
F i l te red  Bremsstrahlung. 
Fil tered Bremsstrahlung. 

- Fi l te red  Bremsstrahlung and charac te r i s t ic  .X-rays 
from Uranium. 
F i l te red  Bremsstrahlung and characteristic X-rays 

F i l t e r ed  Bremsstrahlung and 'character is t ic  X-rays 
from Tantalum. 
F i l te red  Bremsstrahlung and charac te r i s t ic  X-rays 
from Neodymium. 
F i l te red  Bremsstrahlung and character ie t ic  X-rays 
from Tin. Narrow Band of Energies. , 

Narrow Band of energies. 
Narrow Band of energies. 
Narrow Band of dnergies. 

# 

Narrow Band of Energies. 
4 0 -  from Lead. Narrow Band Qf Energies. 

Narrow Band of Energies. 

Narrow Band of Energies. 
38 

c 27 t l  -.. ..- t ,  

.. . - - -  
" , 

I '  
9 -  

.--  
I * 

* #  

_ *  

I .  

' 8  
Marrow * 
2nd Lumbar Vertebra Marrow,' $ 3 ,  
@it Mucosal Layer) 3' cm 18 cm 

Ovaries 10 cm 11 cm 

.-,-- 

Sacrum Marrow 6 i " 15 7 
. I l i a c  Crest Marrow7 8 ' ' 12 

- Te-Steg 2 c m ' .  e a  
13 Skin (Forehead) 0 ' 1  20 
12 

1 4  Skin, 'chest f ront  a t  height 0 .. 22 .a- 

of seventh Thoracic Vertebra. * ' 

! 15 Skin, chest back a t  height 22 0 
of seventh Thoracic Vertebra. . 
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3.. DISCUSSION OF THE RESULTS 

The r e s u l t s ,  In the form of dose exposure r a t i o s ,  
(exposure measured both I n  free a i r  and a t  the f ron t  of the 
ches t )  fo r  nine polnts or  regions i n  the  phantom, under 
var ious i r r a d i a t i o n  conditions, are tabulated in the appendix. 
I n  addition, the more Important of these r e s u l t s  are illus- 
trated in Pi res '1 11 Pi res 1 6 8how the absorbed dose, 
a8 a functd?kj%%&~1+kii+'!or the  eye (lens;), skin 
( f ron t  of chest), gut mucosa, testes, ovaries and bone marrow. 
Flares  7-1.1 show the dose absorbed In the eye ( lens) ,  sk in  
lback  of chest), testes, ovar ies  and bone marrow as a funct ion 
of the exposure a t  the film badge s i te .  

of free a i r  exposure (Figures 1 - 6 ) ,  tRe, following general  
c h a r a c t e r i s t i c s  can be noted. aetween 0.1 an  3.25 MeV the 
dose/exposure r a t i o  does not  vary by more, ttd 2:#1 f o r  any 
d i r ec t ion  of i r r a d i a t i o n .  The highest  values ofjabsorbed 
dose (0.5 - 1.0 rads/roentgen) occur a t  higher energies  and 
at about 0.1 MeV, where the build-up due t o  sca t t e r ing  often 
more than compensates f o r  a t tenuat ion .  The. lowest doses a r e  
absorbed a t  low energies  below 50 keV and, general ly ,  a t  an  
intermediate energy between 200 and 700 keV. The dose absorbed 
i n  r o t a t i o n a l  i r r a d i a t i o n  is usual ly  intermediate between that 
for f r o n t  o r  back i r r a d i a t i o n .  However, t h i s  is not  t rue  f o r  
the  ovaries  (Figure 5) , presumably because they are located 
near  the centre  line of the trunk where i t  is wider than It 
i s  deep. 

Considering first the  absor4,eq doses as a function 

. 

*. 

The l a rges t  dose i s  t h a t  absorbed i n  the u t  mucosa 
(Figure 3) when i r r ad ia t ed  from the  f ront  a t  about % 0 keV. 
It is about twice the external  exposure o r  the dose absorbed 
In t h e  bone marrow. The average dose (about 0.8 rads/roentgen) 
absorbed i n  the bone marrow is not  c r i t i c a l l y  dependent on 
d i r ec t ion  o r  ?he energy of X-rays f o r  energies  above 0.1 MeV. i. - -Consider ing next the  absorbed dose as a function of 
exposure t o  the f i l m  badge s i t e ,  the following can be observed. 
The dose absorbed in t i s s u e  near the  f ron t  surface i s  close t o  
the exposure at the  f i l m  badge site regardless of the d i rec t lon  
or energy of t h e  y-rays f o r  energies  above 60 keV, (e.g. t h e  
dose t o  the lens of the eye is within 50 per cent of the f i l m  
badge exposure for these condi t ions) .  This is cer ta in ly  not  
the case fo r  deep s i t e s ,  e.g. the  f i l m  badge exposure under- 

'1 I I// 

jjj 
jii + 

- 

I 
1 

1'1' 
. . estimated the m a r r o w  dose (Fimre 11)  for back I r r ad ia t ion  by 

' a f a c t o r  o f ' s l x  a t  80 keV and overestimated I t  by two f o r  
' f r o n t  I r r a d i a t i o n *  These f ac to r s  a r e  even l a rge r  f o r  doses 

absorbed i n  the skin of the back (Figure 8). 
exposure ratios f o r  a l l -  sites and energies  above 0.1 1 MeV a r e  
between 0.6 and 1.1  rads/roentgen when the phantom is 

The dose/ 
.! 
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i' I 
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14 . % 

r o t a t i o n a l l y  i r r ad ia t ed .  .-. 
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10 APPLICATION 

The r e s u l t s  may be used t o  es t imate  the dose 
* absorbed I n  various organs and s i t e s  of the  body If the  ex- 

posure and conditions of exposure a r e  known. The exposure 
can be measured either w i t h  a survey meter in free a i r  or by 
a dosimeter worn a t  the  usua l  film badge s i te .  .The 
d i r ec t ion (8 )  and.energy(ies)  of t h e  ?-rays - I  must be known. 

a the forehead and at -the back of the chest (see 8ppendiX) . 
By d iv id ing  the dosimeter readings obtained a t  these two s i t e s  
I n t o  those obtalned a t  others ,  the dose i n  various organs can 

. .be expressed I n  terms of the exposure t o  a f i l m  badge worn a t  
either the forehead or t h e  back of the  chest. 'It is  clear 
that  wearing dosimeters a t  more than one :s i te  could provide 
Information about t h e  d i r ec t ion  of the f'ncident y -or 'X-rays. 
Any device which gave some est imate  of the energy of the radl- 
a t i o n  would a l s o  improve the  precis ion of dose est imat ion.  ' 

Specialized dos imetek  , ca l ibra ted  . i n  &sorbed dose 
i n  a p a r t i c u l a r  s i t e ,  when exposed i n  f r e e  ,air  could, i n  
pr inciple ,  be designed. For example, I n  a d i s a s t e r  s i t u a t i o n  
where the main i n t e r e s t  i s  survival ,  i t  would be useful  t o  -, 

have a dosimeter ca l ibra ted  d i r e c t l y  i n  terms of dose t o  the 
blood forming organs ( i . e .  red marrow). This  I s  a case (see 
Figure 6) where the dose/exposure r a t i o  I s  nearly independent 
Oi' dl rec t ion  and i t  would therefore  be r e l a t i v e l y  easy t o  
s imulate  i n  a de tec tor .  I n  the case of dosimeters designed t o  
measure the genet ic  dose t o  populations from the environment, 
the appropr ia te  curve would be a composite one of that fo r  the 
ovar ies  (Figure 5) and t e s t e s  (Figure 4), su i t ab ly  modified 
f o r  t he  smaller dimensions of chi ldren.  Averaged over a long 

* Measurements were made of the-dose t o  the sk in  of 

. 

. period, the  exposure could be thought of as ro t a t iona l .  
e 

I n  the design of f i l m  badges, o r  other  personal 
dosimeters, t he  object ive i s  a response Independent of energy '\. 

and d i r ec t ion  afid numeri a l y  equal t o  the exposure. However,' ' 

. t he  ICRP recommendations f l j  r e f e r  t o  the dose equivalent I n  
spec i f ied  organs. * Since the measurements reported have shown 

-. tha t  the exposure t o  the f i l m  badge s i t e  I s  not; genera l ly  
. -  numerically equal t o ' t h e  absorbed dose in the organs of . * 

- A  i n t e r e s t ,  i t  is  questionable whether the design obJectlve i s  
.# , .  

. .  
- .  
. . _  ' .  the  co r rec t  one 
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APPENDIX I: 

Dose absorbed at various sites as a function of the 

. .  

Ovaries 
. '  I ,  

Testes 94 65 I -71 . '  
Average Bone Marrow D 7 3  .79 .14 i '  

,/ 

I 

EnergJI: 660 keV ( C S ~ " ~  X-rays), 

Direction of Irradiation 
Back Ro tat lona 1 - Front - Si t e  - 

.?? ' 

99 
Brain (Front)  
Eye (Lens) 
Skin Front of Chest) 1 .I1 
Skin Back of Chest) .62 
Skin Forehead) 1 e o 1  

96 
62 

.94 

Gut Mucoas 
Ovaries 

' Testes , 
Average Bone Marrow Q 65 

1 
49 . -40 
46 

1 .oo 
Q 39 
.52 / 
* 69 
.6 b43 

.. , 

58 
a4 

323 
Q 72 
59 
. 60 
.60 
.54, 

/ 

. - . Energy 400 keV (Iridiumie2 X-rays) ' \  

. L  Direct ion of Irradiation 
. Site .' . 

Brain (Front) 
Eye (Lens) , : : '  : :.. 
Skin Front -of 
Skin Back of 
Skin Forehead 
G u t  Mucosa 
Ovaries 
Testes 
Average Bone Marrow 

.- 

,, . , . 

I 
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a 

Energy 240 keV ( F i l t e r e d  Bremsstrahlung) 
. . . . . . . . . .  . .  . . Direction of - I r r a d i a t i o n  .,,-*e - -  . . . . . .  

Site 

Brain (Front) - 
Eye (Lens) 
Skin Front of Chest 
Skin Back+of Chest) 
Skin Forehead) 
Gut Mucosa 
Ovaries . 
Testes 

*- 

.41 . 04 1.25, Ir; , 

t 
, #  

Average Bone Marrow 67 

Rotational 

.. I 

Energy 165 keV ' ( F i l t e r e d  Bremsstrahlung) , 

Direction of Irradiation 
- S i t e  Front * - Back Rota t iona 1 

Brain (Front ) 1.07 
Eye (Lens) 1.29 
Skin Front of Chest) 1.12 

Skin Forehead) 1.29 
1.47 
92 

1.43 
Average Bone Marrow . 80 

Skin Back of Chest) 38 I 
Gut Mucosa 
Ovar i e s  
Testes 

. 

-38 . 31 
.205 

1.07 
-16 
37 
87 

.40 

.83 

-93 
97 
85 
91 

1 .06 
95 
72 
72 
.82 

Ener'gy 125 keV (F i l t e r ed  Bremsstrahlung) 
. .  

Site  - 

... 
~ I. Gut Mucosa ' 

Ovaries 
Testes 
Average Bone Marrow 

39 079 
94 I 093 



lo 

' Energy 38 keV (Bremsstrahlung f l l t e r e d  with Neodymium) 

Direction of Irradiation 
. .  

. ,  
. .  

-Ovaries . : .. 
' Teste 8 
Average Bone Marrow 

I' ' 

. .  Rota t lonal  

~. 
. I  

3 1  5 
a 4 1  . 
4-72 
55 

a 6 5  
.33 
a 125 
49 

,185 
, 

# #  

Energy 27 keV (Bremsstrahlung f i l tered with Tin) * '  

I '  

Direction .of Ir/radia t ion 
Site - #Back ' Rotational - Front - 

of Chest) 

G u t  Mucosa 
Ovaries 
Testes 
Average Bone Marrow 

-079 * .014 
075 0012 

.007 
0023 ' ,  

54 .ow 
047 .017 

1.07 . 033 
.089 / e 002 

. .undetectable 
8 1.44 

1-28 

1.18 

- - .  *03 . 
022 

071 
54 
47 

.013 
008 

* 36 
043 
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DOSIMETRY OF TOTAL-BODY IRRADIATION 
BY EXTERNAL PHOTON BEAMS 

R. J. C l o u t i e r ,  F. O'Foghludha and F. V. Comas 

I n t r o d u c t i o n  

A conference  on t o t a l - b o d y  dos imet ry ,  a t t e n d e d  by 
p h y s i c i s t s ,  r a d i o b i o l o g i s t s ,  and c l i n i c i a n s *  was h e l d  a t  
Oak Ridge Assoc ia ted  U n i v e r s i t i e s  (ORAU) on February 23 and 
2 4 ,  1967, under  t h e  ausp ices  of t h e  Na t iona l  Aeronaut ics  and 
Space Admin i s t r a t ion  (NASA)t and 0RAU.q I t s  purpose was t o  
review work on t o t a l - b o d y  i r r a d i a t i o n ,  and i f  p o s s i b l e  t o  
a r r i v e  a t  a consensus on a uniform way of r e p o r t i n g  t h e  
doses  d e l i v e r e d .  Discuss ion  was r e s t r i c t e d  t o  photon i r r a -  
d i a t i o n ,  w i t h  emphasis on t h e  p h y s i c a l  r a t h e r  t h a n  on t h e  
b i o l o g i c a l  a s p e c t s .  

Although much of t h e  work had appeared i n  t h e  open 
l i t e r a t u r e ,  some of  i t  f i r s t  came t o  l i g h t  d u r i n g  t h e  con- 
f e r e n c e .  The meet ings were informal  and as much time was 
a l l o t t e d  t o  d i s c u s s i o n  a s  t o  p r e s e n t a t i o n  of pape r s .  The 
a u t h o r s  of t h e  p r e s e n t  paper  were t h e  o r g a n i z e r s  and a l s o  
served  a s  r a p p o r t e u r s .  What fo l lows  i s  t h e i r  view of what 
took p l a c e ;  it does n o t  fo l low e x a c t l y  t h e  o r d e r  i n  which 
t h e  t a l k s  were g iven .  I n s t e a d  t h e  t o p i c s  a r e  d i v i d e d  i n t o  
two groups: I .  Methods o f  i r r a d i a t i o n ;  and 11. Measurement 
and c a l c u l a t i o n  o f  dose.  
* Appendix I g i v e s  t h e  p a r t i c i p a n t s  and t h e  program. 

t The r e t r o s p e c t i v e  e v a l u a t i o n  was suppor t ed  c o n j o i n t l y  by 
t h e  USAEC and t h e  Manned S p a c e f l i g h t  Medical D iv i s ion  of  
t h e  Na t iona l  Aeronaut ics  and Space Admin i s t r a t ion ,  NASA 
Order R-104, Task  No. 9 ( In t e ragency  Agreement 40-35-64). 

Medical D i v i s i o n ,  Oak Ridge Assoc ia ted  Un ive r s i t i e s ,  Oak 
Ridge, Tennessee,  under c o n t r a c t  w i t h  t h e  United S t a t e s  
Atomic Energy Commission. 
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PART I :  METHODS OF IRRADIATION 

Af te r  a welcome by Andrews and i n t r o d u c t o r y  remarks by 
C l o u t i e r ,  Lushbaugh s t a t e d  t h a t  t h e  aim of  t h e  ORAU su rvey ,  
under taken  on beha l f  o f  NASA, i s  t o  e s t a b l i s h  a q u a n t i t a t i v e  
r e l a t i o n  between r a d i a t i o n  dose and a number o f  b i o l o g i c a l  
responses  i n  man. Re t rospec t ive  s t u d i e s  on t h e  c a s e  h i s t o -  
r i e s  of a l l  known p a t i e n t s  exposed t o  t o t a l - b o d y  i r r a d i a t i o n ,  
bo th  i n  t h e  United S t a t e s  and abroad,  a re  under  way and 
f u t u r e  s t u d i e s  are  i n  p rospec t .  Lushbaugh expressed  t h e  
hope t h a t  some uniform method o f  r e p o r t i n g  t h e  dose r ece ived  
by i r r a d i a t e d  p a t i e n t s  would be agreed  upon a s  a r e s u l t  o f  
t h e  p r e s e n t  meet ing,  and t h a t  t h e  method would be wide ly  
used i n  f u t u r e  s t u d i e s .  He desc r ibed  t h e  methods used i n  
seek ing  o u t  in format ion  f o r  t h e  ORAU-NASA survey  and 
s t r e s s e d  t h a t  cons ide rab le  d i f f i c u l t y  a r o s e  i n  i n t e r p r e t i n g  
r e c o r d s ,  p a r t i c u l a r l y  i f  t h e  work r e p o r t e d  on 'had  been 
c a r r i e d  o u t  many y e a r s  ago ,  No two i n s t i t u t i o n s  used t h e  
same system o f  r e p o r t i n g ,  and many v i t a l  i t ems  i n  both  d o s i -  
metric and medical  h i s t o r i e s ,  o r i g i n a l l y  thought  t o  be  unim- 
p o r t a n t ,  were now i r r e t r i e v a b l y  l o s t .  

He r e p o r t e d  t h a t  t h e  average  dose and t h e  exposure a t  
t h e  mid l ine  i n  t h e  absence o f  t h e  s u b j e c t  were most f r e -  
q u e n t l y  used t o  d e s c r i b e  t h e  p a t i e n t ' s  t o t a l -body  i r r a d i a -  
t i o n .  Seve ra l  o t h e r  r a d i a t i o n  u n i t s  were a l s o  used ;  t h e  one 
Lushbaugh favored  was what he c a l l e d  " e p i g a s t r i c  dose";  t h a t  
i s ,  t h e  number o f  r a d s  d e l i v e r e d  t o  t h e  upper  abdominal 
compartment. He po in ted  o u t  t h a t  t h i s  q u a n t i t y  was t h e  
v a r i a b l e  wi th  which t h e  s e v e r i c y  o f  sys temic  symptoms seemed 
t o  be most r e a d i l y  c o r r e l a t e d .  r e p l y i n g  t o  a q u e s t i o n  by 
Focht ,  Lushbaugh s t a t e d  t h a t  a t  $?7Cs e n e r g i e s  t h e  number o f  
r a d s  d e l i v e r e d  t o  t h e  ep igas t r ium i s ,  i n  persons  of  normal 
s i z e ,  approximate ly  0 . 6 6  times t h e  exposure  ( R )  t h a t  would 
have e x i s t e d  a t  t h e  p o s i t i o n  o f  t h e  ep igas t r ium i f  t h e  
p a t i e n t ' s  body were removed. 

Another o b j e c t i v e  o f  t h e  p r e s e n t  s t u d y  is  t o  change 
t h e  r a t h e r  widely h e l d  concept  t h a t  a s p e c i f i e d  dose l e v e l  
i n v a r i a b l y  b r i n g s  about  a c e r t a i n  p h y s i o l o g i c a l  response .  
Thus, t h e  s t a t emen t  t h a t  200 R would i n v a r i a b l y  induce  
vomi t ing  should  be r ep laced  by a statement of t h e  p r o b a b i l -  
i t y  t h a t  200 R would cause  vomi t ing .  Lushbaugh then  o u t -  
l i n e d  t h e  system o f  p r o b i t  a n a l y s i s  used a t  ORAU t o  c o r r e -  
l a t e  "go, no-go" phenomena, such as vomi t ing  o r  d i a r r h e a ,  
w i th  t h e  dose t h a t  would induce t h e s e  e f f e c t s  w i th  a c e r t a i n  
p r o b a b i l i t y .  
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From i n i t i a l  ana lyses  of  a l i m i t e d  number of c a s e s ,  
which g ive  remarkably c o n s i s t e n t  r e s u l t s ,  i t  i s  p o s s i b l e  t o  
e s t i m a t e  f o r  any e f f e c t  E ,  t h e  dose ED, t h a t  causes  t h e  
e f f e c t  t o  occur  w i t h  a p r o b a b i l i t y  of x percen t .  

Beck then  summarized t h e  m a t e r i a l  a v a i l a b l e  f o r  ana ly-  
sis. I t  now c o n s i s t s  of  about  1800 c a s e s  l o c a t e d  a t  38 
i n s t i t u t i o n s  (Table I ) .  For t h e  NASA s tudy  any number of 
i r r a d i a t i o n s  given on . t h e  same day were cons idered  as one 
t r ea tmen t .  One or more i r r a d i a t i o n s  given i n  a pe r iod  of 
one week c o n s t i t u t e  an in t e rmed ia t e  group. Mul t ip l e  i r r a d i -  
a t i o n s  ex tending  beyond one week a r e  cons idered  as a f r a c -  
t i o n a t e d  t r e a t m e n t ,  and i r r a d i a t i o n s  s e p a r a t e d  by s i x  weeks 
or more a r e  cons idered  a s  s e p a r a t e  t rea tment  series. The 
c o l l a b o r a t i n g  i n s t i t u t i o n s ,  on t h e  o t h e r  hand, used q u i t e  
d i f f e r e n t  convent ions . 

Quest ions  from Shonka and o t h e r s  brought  ou t  t h a t  most 
of t he  ORAU p a t i e n t s  had s u f f e r e d  from leukemia or lymphomas 
but  p a t i e n t s  from o t h e r  i n s t i t u t i o n s  g e n e r a l l y  had e p i -  
t h e l i a l  neoplasms. I t  a l s o  emerged t h a t  some p a t i e n t s  had 
been exposed t o  more than  1 0 0 0  R i n  a s i n g l e  day,  a l though 
i n  t h e  v a s t  m a j o r i t y  t h e  exposure had been much l e s s .  

Typical  Total-Body I r r a d i a t o r s  

Beck then  desc r ibed  t h e  r a d i a t i o n  equipment used a t  
c o l l a b o r a t i n g  i n s t i t u t i o n s .  As a gene ra l  r u l e ,  t h e  o l d e r  
work was done wi th  X-ray equipment n o t  s p e c i f i c a l l y  des igned  
for t o t a l - b o d y  i r r a d i a t i o n ,  whereas t h e  more r e c e n t  equip-  
ment tended t o  be cus tom-bu i l t  and r e l i e d  predominant ly  on 
gamma r a y s .  Only fragmentary dose d a t a  e x i s t e d  for p a t i e n t s  
t r e a t e d  i n  t h e  1930 ' s ,  whereas d o s i m e t r i c  in format ion  for 
p a t i e n t s  i r r a d i a t e d  i n  r e c e n t  y e a r s  was g e n e r a l l y  i n  more 
d e t a i l .  

As t y p i c a l  arrangements ,  Beck chose t o  desc r ibe  those  
a t  ORAU, P e t e r  Bent Brigham, Mary Imogene B a s s e t t ,  and Ci ty  
of Hope H o s p i t a l  In  t h e  ORAU i n s t a l l a t i o n ,  t h e  e a r l y  work 
was done wi th  a 8'Co source  enclosed i n  a s p h e r i c a l  s h i e l d .  
Most of t h e  p a t i e n t s ,  however ave been t r e a t e d  i n  a l a t e r  
i r r a d i a t o r .  ( 2 )  w i t h  m u l t i p l e  '39Cs sou rces ,  p rovid ing  re- 
markably uniform exposure over  t h e  t rea tment  a r e a  ( 2 ) .  
Exposure r a t e s  a v a i l a b l e  were between 0 . 7  and 2 . 0  R/min. 
Resu l t s  were recorded  a s  midl ine  a i r  exposure,  average 
abdominal dose,  or t o t a l -body  average dose.  The C i t y  o f  
Hope Hosp i t a l  i n  Duarte ,  C a l i f f x q i a ,  a l s o  has  a s p e c i a l l y -  
b u i l t  i n s t a l l a t i o n  w i t h  e i g h t  C s  sou rces .  The exposure 
r a t e s  were between 0.02 and 4 . 7  R/min. Resu l t s  were given 
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as "average midplane,  midbody dose" ( 3 ) .  A t  t h e  P e t e r  Bent 
Brigham H o s p i t a l ,  i n  Boston, Massachuset ts ,  m u l t i p l e  p o r t a l s  
were used t o  cover  t h e  whole body. 
used wi th  an exposure r a t e  o f  5 . 5  R/min; t h e  midbody depth  
dose was recorded  ( 4 ) .  The i r r a d i a t o r  a t  t h e  Mary Imogene 
B a s s e t t  H o s p i t a l ,  Cooperstown, New York, c o n s i s t s  of two 
6oCo sources  w i t h  t h e  p a t i e n t  i n  between. 
ranged from 6 t o  25 R / m i n .  Both exposure and depth  dose a t  
t h e  center o f  t h e  body were given ( 5 ) .  

A 250-kV machine was 

Exposure r a t e s  

I n  t h e  f i r s t  i n v i t e d  paper ,  Shalek desc r ibed  t h e  250-kV 
X-ray f a c i l i t y  used a t  t h e  M. I). Anderson H o s p i t a l  dur ing  
t h e  1950's  f o r  t h e  i r r a d i a t i o n  of  263 p a t i e n t s .  The h a l f -  
v a l u e  t h i c k n e s s  (HVT) was 3 mm Cu. The p a t i e n t s  were p laced  
275 cm from t h e  X-ray t a r g e t  and i r r a d i a t e d  l a t e r a l l y  whi le  
i n  a crouched p o s i t i o n .  The "edges" of  t h e  beam ( taken  t o  
co inc ide  wi th  t e 50% i soexposure  l i n e  i n  a i r )  enc losed  an 
a r e a  of  1200 cm', which was l a r g e  enough t o  accommodate t h e  
crouching p a t i e n t .  A f t e r  one-ha l f  of t h e  exposure had been 
g iven ,  t h e  p a t i e n t  was tu rned  and i r r a d i a t e d  from t h e  oppo- 
s i t e  s i d e .  The dose w i t h i n  t h e  p a t i e n t  v a r i e d  *20% w i t h  t h e  
minimum dose a t  t h e  p a t i e n t ' s  c e n t e r .  The exposure r a t e  was 
3 . 8  R/min. Both t h e  exposure a t  mid l ine  and t h e  average 
dose ,  c a l c u l a t e d  by one of  Mayneord's formulas were r e p o r t e d  
f o r  a l l  p a t i e n t s  (6). 

A t  Baylor U n i v e r s i t y  i n  D a l l a s ,  West r e p o r t e d  t h a t  t h e  
i n i t i a l  i r r a d i a t i o n s  had been performed w i t h  a 220-kV X-ray 
machine whi le  t h e  p a t i e n t  l a y  on a s t r e t c h e r .  Half t h e  
exposure was given AP and t h e  o t h e r  h a l f  PA. The s u r f a c e  
dose was taken  a s  1 0 0 %  ( 7 ) .  The exposure r a t e  was 5 R/min. 
Later,  X r a y s  from a 2-MeV a c c e l e r a t o r  were used w i t h  t h e  
p a t i e n t  s i t t i n g  up i n  a r o t a t i n g  c h a i r .  The dose a t  t h e  
c e n t e r  of t h e  body was c a l c u l a t e d  t o  be 68 t o  72% o f  t h e  a i r  
exposure.  I n t e g r a l  doses were a l s o  c a l c u l a t e d  by Mayneord's 
e q u a t i o n s ,  c o r r e c t i n g  f o r  nonuniformity o f  t h e  beam (8) .  

Hayes p re sen ted  d e t a i l s  o f  dose measurements c a r r i e d  
ou t  a t  t h e  ORAU i r r a d i a t o r  w i t h  t h r e e  anthropomorphic 
phantoms cor responding  t o  t h r e e  t y p i c a l  body s izes :  a smal l  
c h i l d ,  an a d o l e s c e n t ,  and an a d u l t .  The complete i sodose  
d i s t r i b u t i o n  (Fig.  1) w i t h i n  t h e  phantom was determined wi th  
an i o n i z a t i o n  probe.  In a d d i t i o n ,  chemical dosimetry was 
used t o  measure t h e  average dose t o  t h e  whole body and f o r  
s e p a r a t e  body compartments. The i n t e g r a l  dose c a l c u l a t e d  
g r a p h i c a l l y  from t h e  i sodose  l i n e s  d i f f e r e d  by less  than  
5% from t h e  v a l u e s  obta ined  wi th  t h e  chemical dosimeter .  

A comparison was a l s o  made, wi th  t h e  same phantoms and 
chemical system, o f  t h e  average dose i n  v a r i o u s  body 
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mpartments when exposed t o  r a d i a t i o n  from two temporary 
s8Co i r r a d i a t o r s  used a t  ORAU du r ing  t h e  e a r l y  t o t a l - b o d y  
i r r a d i a t i o n  s t u d i e s .  There was -less v a r i a t i o n  i n  a v e r  
dose from one compartment t o  t h e  o t h e r  w i t h  t h e  e i g h t  
s o u r c e  f a c i l i t y  than  wi th  t h e  b i l a t e r a l  6oCo r a d i a t i o n  
s e t u p  ( 9 ) .  

Kereiakes r e p o r t e d  t h a t  t h e  i r r a d i a t o r  a t  t h e  C i n c i n n a t i  
General  H o s p i t a l  c o n s i s t e d  o f  a s i n g l e  6oCo s o u r c e  housed i n  
a t e l e t h e r a p y  head. The p a t i e n t  was p l a c e d  i n  a s i t t i n g  
p o s i t i o n ,  t h e  lower e x t r e m i t i e s  were r a i s e d ,  and t h e  head 
was t i l t e d  forward.  In  t h i s  way t h e  p a t i e n t  was made t o  f i t  

. w i t h i n  t h e  5 0 %  i soexposure  l i n e  of  t h e  beam. The d i s t a n c e  
from source  t o  t h e  p a t i e n t ' s  c e n t e r  was 2 8 2  cm. One-half  
t h e  dose was admin i s t e red  from one s i d e ,  t h e  p a t i e n t  was 
r o t a t e d ,  and t h e  remaining dose was g iven .  The exposure 
r a t e  was 3.5 t o  6 R/min a t  t h e  c e n t e r  o f  t h e  body, i n  t h e  
absence of  t h e  p a t i e n t .  Skin doses  were c a l c u l a t e d  and 
v e r i f i e d  by means of  i o n i z a t i o n  chambers and l i t h i u m  
f l u o r i d e  dos ime te r s .  Depth-dose measukements i n  a masoni te  
phantom i n d i c a t e d  t h a t  dose v a r i a t i o n  i n  t h e . t r u n k  of  a 
t y p i c a l  p a t i e n t  was only * 8 % ,  Dosage was expressed  as r a d s  
a t  t h e  p a t i e n t ' s  mid l ine  ( 1 0 ) .  More r e c e n t l y ,  i n t e g r a l  
doses have been c a l c u l a t e d  by Mayneord's method. For a 
given mid l ine  dose ,  t h e  i n t e g r a l  dose v a r i e s  depending upon 
t h e  p a t i e n t ' s  l a t e r a l  dimensions.  

855,, - 

Campbell r e p o r t e d  t h a t  t h e  t o t a l - b o d y  i r r a d i a t o r  a t  t h e  
Manitoba Cancer Treatment and Research Foundat ion,  Winnipeg , 
Canada, p rov ides  a uniform exposure r a t e  ( * 2 . 4 % )  w i t h i n  a 
c y l i n d r i c a l  t r ea tmen t  volume 6 f e e t  h igh  w i t h  a base  diame- 
t e r  o f  8 f e e t .  The un i fo rmi ty  becomes * 4 %  i f  t h e  base  
d i ame te r  i s  i n c r e a s e d  t o  1 0  f e e t .  The uniform f i e l d  is  
produced by s i x  6oCo s o u r c e s ;  f o u r  of them, p o s i t i o n e d  a t  
t h e  midplane o f  t h e  i r r a d i a t i o n  volume, provide  99% of t h e  
exposure;  two smal l  s o u r c e s  one above and one below t h e  
t r ea tmen t  volume provide  t h e  remaining 1% of exposure.  The 
exposure r a t e  i s  about  0.5 R/min. The f a c i l i t y  has  n o t  been 
p l a c e d  i n  r o u t i n e  use  f o r  p a t i e n t s .  Depth-dose measurements 
i n  phantoms have n o t  been done ( 3 1 ) .  

Focht d e s c r i b e d  t h e  i r r a d i a t o r  t h a t  Heublein and Craver 
used i n  t h e  193Ols a t  Memorial H o s p i t a l ,  New York. S ince  
dos imet ry  was n o t  t h e n  ve ry  advanced, a c c u r a t e  dose e s t i -  
mates could  n o t  be made. Dosage was given a t  t h a t  time i n  
erythema u n i t s .  On t h e  b a s i s  of a v a i l a b l e  in fo rma t ion  about 
t h e  X-ray machines ( k i l o v o l t a g e ,  mi l l iamperage ,  e tc . ) ,  Focht 
has  e s t i m a t e d  t h e  doses  i n  r a d s  t h a t  t h e  p a t i e n t s  had re- 
ce ived .  Although it i s  d i f f i c u l t  t o  assess t h e  accuracy  of 
t h e  e s t i m a t e s ,  t h e  d a t a  are unique i n  t h a t  t h e y  r e p r e s e n t  
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obse rva t ions  f o r  low exposure  ra tes  and low-energy, r a d i a t i o n ,  
whereas most o t h e r  work was c a r r i e d  o u t  a t  h i g h e r  exposure 
ra tes  and a t  h i g h e r  e n e r g i e s ,  

Comments 

The preceding  p r e s e n t a t i o n s ,  t o g e t h e r  w i th  d a t a  from 
o t h e r  i n s t i t u t i o n s  t h a t  were n o t  r ep resen ted  a t  t h e  meet ing,  
may a l low a f e w  g e n e r a l i z a t i o n s .  

1. S e v e r a l  t echniques  o f  t o t a l -body  i r r a d i a t i o n  have 
been used.  The most common one has  been t o  i r r a d i a t e  t h e  
p a t i e n t  w i t h  a s i n g l e  beam of  X r a y s  gene ra t ed  a t  about  
250  kV. The p a t i e n t  was u s u a l l y  two o r  t h r e e  meters from 
t h e  X-ray tube .  The exposure was g iven  AP-PA or from each 
l a t e r a l  s i d e  o f  t h e  p a t i e n t .  Dose un i fo rmi ty  w i t h i n  t h e  
body was from f 1 5  t o  *30%. 

2 Seve ra l  i n v e s t i g a t o r s  used t h e  same technique  bu t  
w i th  6bCo gamma r a y s  o r  2000-kV X r a y s .  
w i t h i n  t h e  body was between * 8  and *15%.  

dose un i fo rmi ty  w i t h i n  t h e  body comparable t o  t h a t  ob ta ined  
w i t h  opposing beams a t  about  1-MeV.  

R/min. 

Dose un i fo rmi ty  

3 .  S p e c i a l  f a c i l i t i e s  u s i n g  e i g h t  137Cs sou rces  gave a 

4 .  The exposure r a t e s  were g e n e r a l l y  between 1 and 6 

5 .  Dose has  been r epor t ed  i n  a v a r i e t y  of ways, and 
many i n s t i t u t i o n s  u s e  more than  one expres s ion .  Exposure 
( u s u a l l y  a t  t h e  p a t i e n t ' s  mid l ine)  i s  by f a r  t h e  most common 
f i g u r e  g iven .  Dose estimates i n  use are  ( a )  midtrunk dose ;  
(b) i n t e g r a l  dose ;  (c) average  dose ;  (d) midplane,  midbody 
dose ;  ( e )  s k i n  dose ;  and ( f )  e p i g a s t r i c  dose ,  

Evalua t ion  o f  Reported Dose 

t o  u n i f y  t h e  dos imet ry  of a l l  p a t i e n t s  t reated wi th  t o t a l -  
body i r r a d i a t i o n  i n  t h e  38 i n s t i t u t i o n s  of  Table  I .  The 
f i r s t  s t e p  was t o  s e l e c t  dose expres s ions  t h a t  would be 
common t o  a l l  p a t i e n t s .  

Comas, Beck, and C l o u t i e r  exp la ined  how they  a t tempted  

O f  t h e  a v a i l a b l e  cho ices ,  t h e  average  t o t a l - b o d y  dose 
appeared t o  be open t o  t h e  fewes t  o b j e c t i o n s  and was ca l -  . 
c u l a t e d  when s u f f i c i e n t  d a t a  were a v a i l a b l e  from t h e  

6 



p a t i e n t s '  r eco rds .  Lushbaugh i s  us ing  t h i s  dose expres s ion  
i n  c u r r e n t  a t t empt s  t o  c o r r e l a t e  dose and response.  

The midbody dose was a l s o  c a l c u l a t e d  bu t  has  t h e  
o b j e c t i o n  t h a t  i t  r e p r e s e n t s  t h e  dose t o  on ly  a small 
f r a c t i o n  o f  t h e  body t i s s u e s  (see Fig .  1). 

Targe t -organ  dose ,  a l though an appea l ing  concept ,  has  
t h e  drawback t h a t  t h e  i d e n t i t y  o f  t h e  organ r e s p o n s i b l e  f o r  
a s p e c i f i c  b i o l o g i c a l  e f f ec t  i s  g e n e r a l l y  n o t  known and ,  i f  
known, t h e  o rgan ' s  dose i s  d i f f i c u l t  t o  c a l c u l a t e .  On t h e  
assumption t h a t  t h e  prodomal syndrome i s  r e l a t e d  t o  t h e  dose 
absorbed  i n  t h e  upper  abdomen, t * e p i g a s t r i c  doses" were com- 
puted  f o r  t hose  p a t i e n t s  on whom enough informat ion  was 
a v a i l a b l e .  Lushbaugh used t h i s  dose e s t i m a t e  i n  h i s  e a r l y  
a t tempt  t o  c o r r e l a t e  dose and response .  

Exposure and i n t e g r a l  doses  were a l s o  c a l c u l a t e d  i f  
d a t a  were a v a i l a b l e .  Objec t ions  t o  t h e s e  dose expres s ions  
had been wel l  expla ined  i n  t h e  r e p o r t  of S i n c l a i r  and 
Cole ( 6 ) :  " I t  i s  ev iden t  t h a t  we cannot  a c c u r a t e l y  compare 
t h e  e f f e c t s  produced i n  animals  and humans, or even i n  d i f -  
f e r e n t  human be ings ,  by means of e i t h e r  t h e  a i r  dose or t h e  
i n t e g r a l  dose . . . We would n o t ,  f o r  i n s t a n c e ,  cons ide r  
t h a t  a ve ry  l a r g e  man, p laced  a t  t h e  p o i n t  where 2 0 0  R might 
be measured i n  a i r ,  exper iences  a much g r e a t e r  e f f ec t  be -  
cause  t h e  i n t e g r a l  dose t o  h i s  body i s  much g r e a t e r  t han  
t h a t  of a man on ly  h a l f  h i s  weight." 

I n  t h i s  connec t ion  Robinson argued t h a t  t h e  average  
t o t a l - b o d y  dose could  a l s o  be mis leading .  For example, 
suppose t h a t  s e v e r a l  k i l o r a d s  were given t o  on ly  t h e  ' foot.  
Here t h e  average  t o t a l - b o d y  dose might s t i l l  be hundreds o f  
r a d s ;  however, t h e  sys temic  response  would c l e a r l y  n o t  c o r -  
r e l a t e  w i th  t h e  average to t a l -body  dose ,  Others  po in t ed  o u t  
t h a t  concepts  a p p l i c a b l e  i n  p a r t i a l - b o d y  i r r a d i a t i o n  were 
n o t  n e c e s s a r i l y  t r a n s f e r a b l e  t o  to t a l -body  i r r a d i a t i o n .  
O'Foghludha i n d i c a t e d  t h a t  i t  would n o t  avoid  t h e  i s s u e  t o  
g ive  a complete d e s c r i p t i o n  of t h e  doses  a t  d i f f e r e n t  p a r t s  
of  t h e  body. 
Oddie, and Brucer  ( 9 )  were as complete as one might wish ,  
y e t  t h e  informat ion  conta ined  i n  t h e  i sodose  p l o t s  was n o t  
r e a d i l y  u s a b l e  f o r  t h e  purpose o f  r e l a t i n g  b i o l o g i c a l  r e -  
sponse t o  r a d i a t i o n  dose ;  f o r  t h i s ,  one needed a s i n g l e  dose 
va lue .  

He s a i d  t h a t  t h e  phantom s t u d i e s  of Hayes, 

The ORAU speakers  went on t o  d e s c r i b e  how they  con- 
v e r t e d  t h e  doses ,  as g iven  by t h e  p a r t i c i p a t i n g  i n s t i t u t i o n s ,  
t o  average  t o t a l - b o d y  dose.  They i n d i c a t e d  t h a t  t h i s  s tudy  
was s t i l l  i n  p rogres s  and t h a t  d a t a  from on ly  2 1  o f  t h e  38 

c 
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r e p o r t i n g  i n s t i t u t i o n s  had been analyzed.  O f  t h e  7 5 7  t r e a t -  
ments reviewed, exposures  have been c a l c u l a t e d  f o r  724 and 
average doses  have been c a l c u l a t e d  ( o r  measured i n  phantoms) 
i n  5 0 4 .  Table I1 g ives  t h e  d i s t r i b u t i o n  of p a t i e n t s  accord-  
i n g  t o  exposure and to t a l -body  average dose.  About 5 %  of 
t h e  p a t i e n t s  could not  be given any kind o f  dose e s t i m a t e  
f o r  l a c k  o f  s u f f i c i e n t  da t a .  

Beck exp la ined  t h a t  t h e  average t o t a l - b o d y  dose f o r  
ORAU p a t i e n t s  was obta ined  by mul t ip ly ing  t h e  p a t i e n t ' s  
exposure by a convers ion  f a c t o r  (Table 111) de r ived  from t h e  
phantom measurements of Hayes et a t .  ( 9 ) .  T h i s  f a c t o r  i s  
t h e  r a t i o  of t h e  average number of rads  p e r  roentgen  of 
exposure and i s  s e n s i t i v e  t o  p a t i e n t  s i z e  and weight .  For 
t h e  6oCo oppos ing - f i e ld  technique ,  t h e  average dose chan 

f a c i l i t y .  
more r a p i d l y  wi th  p a t i e n t  w e i g h t  than  f o r  t h e  8-source l S S &  

Average doses  f o r  t h e  C inc inna t i  General  Hosp i t a l  
p a t i e n t s  were e s t ima ted  by us ing  the  ORAU convers ion  f a c t o r s  
f o r  t he  temporary 6oCo u n i t  i n  t h e  t h i r d  column, Table 111. 
This  was j u s t i f i a b l e  because t h e  i r r a d i a t i o n  t e c h n i  e s  a t  
bo th  i n s t i t u t i o n s  were almost i d e n t i c a l  ( b i l a t e r a l  
r a d i a t i o n  i n  both c a s e s ;  t rea tment  d i s t a n c e s  o f  282  cm a t  
C i n c i n n a t i ,  275  t o  285  e m  a t  ORAU). Furthermore,  a com- 
pa r i son  o f  measured c e n t r a l - a x i s  depth-dose d a t a  showed t h a t  
t h e  r a d i a t i o n  d i s t r i b u t i o n  i n s i d e  a phantom was t h e  same a t  
both f a c i l i t i e s  (Fig.  2 ) .  The d a t a  from Mary Imogene 
B a s s e t t  Hosp i t a l  were t r e a t e d  i n  t h e  same way a l though a 
comparison of  c e n t r a l - a x i s  depth-dose curves could n o t  be 
made . 

The C i ty  o f  Hope Hosp i t a l  r epor t ed  t h e i r  doses as 
"average midplane,  midbody dose" ( 3 ) .  T h i s  dose i s  t h e  
a r i t h m e t i c  mean of p o i n t  va lues  i n  t h e  midcoronal p l ane  of 
t h e  t runk .  For t h e  NASA s tudy ,  t h e  r e p o r t e d  va lues  were 
conver ted  t o  average t o t a l - b o d y  doses  by means o f  t h e  con- 
v e r s i o n  f a c t o r s  o f  Table 111. J u s t i f i c a t i o n  f o r  u s ing  t h e  
f a c t o r s  i n  Table  111, which were determined f o r  t h e  8-source  
ORAU i r r a d i a t o r ,  was t h e  s i m i l a r i t y  of  t h e  ORAU and C i ty  of  
Hope f a c i l i t i e s .  A comparison of  t h e  r a d i a t i o n  d i s t r i b u t i o n  
measured i n  phantoms a t  ORAU and C i t y  o f  Hope showed t h a t  
t h e  dose a t  s i m i l a r  p o i n t s  was almost i d e n t i c a l .  

Whereas i n  gamma-irradiated p a t i e n t s  dos imet ry  had been 
based on expe r imen ta l ly  determined d a t a ,  t h e  same approach 
could n o t  be fol lowed f o r  t h e  f a r  g r e a t e r  number o f  p a t i e n t s  
t r e a t e d  w i t h  X r ays .  The i r r a d i a t i o n  cond i t ions  v a r i e d  s o  
t h a t  phantom s t u d i e s  des igned  t o  reproduce a l l  combinations 
o f  r a d i a t i o n  energy,  d i s t a n c e ,  and HVT would have been 
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i m p r a c t i c a l .  I n s t e a d ,  C l o u t i e r  exp la ined ,  average doses  
were c a l c u l a t e d  by means of Mayneord's equa t ions  ( 1 2 ,  33, 
3 4 ) ,  which g ive  average dose as t h e  product  of t h e  mean s k i n  
dose and c e r t a i n  t a b u l a t e d  f a c t o r s .  The s k i n  dose u s u a l l y  
had t o  be c a l c u l a t e d  from t h e  midl ine  a i r  exposure;  t h i s  was 
s t r a i g h t f o r w a r d  except  f o r  some u n c e r t a i n t y  about  t h e  proper  
cho ice  of  b a c k s c a t t e r  f a c t o r s .  

Mayneord's c a l c u l a t i o n s  r e q u i r e  a knowledge of t h e  
r a d i a t i o n  q u a l i t y  and t h e  t runk  dimensions.  I n  those  cases  
where t h e  HVT of t h e  beam was n o t  r eco rded ,  no e s t i m a t e  of 
average dose could be ob ta ined ;  when t h e  t r u n k  dimensions 
were unknown, i t  was assumed t h a t  t h e  c o r r e c t  AP t runk  
t h i c k n e s s  was given by t h e  expres s ion  ( 1 5 ) :  

h e i g h t  (cm) 
AP (cm) = 

I t  was a l s o  assumed t h a t  t h e  l a t e r a l  dimension was 1 . 5  t imes  
t h e  AP t h i c k n e s s .  

As a check on the  v a l i d i t y  of Mayneord's method of c a l -  
c u l a t i o n ,  t h r e e  phantoms were i r r a d i a t e d  wi th  250-kV X r a y s  
(HVT 1 .8  mm Cu) and average doses  were measured w i t h  a 
f e r r o u s  s u l f a t e  dosimeter .  The agreement between measured 
va lues  and those  obta ined  by Mayneord's method i s  good f o r  
t h e  ado le scen t  phantom, only  f a i r  f o r  t h e  a d u l t ,  and poor 
f o r  t h e  c h i l d  (Table IV). T h i s  may be a r e s u l t  of  t h e  f a i l -  
u r e  of t h e  theory  when app l i ed  t o  cond i t ions  ve ry  d i f f e r e n t  
from those assumed i n  d e r i v i n g  i t ,  i n c o r r e c t  choice  of con- 
s t a n t s ,  o r  a combination of both f a c t o r s .  

The measured average to t a l -body  dose ,  f o r  one roentgen 
exposure i n  a i r  a t  t h e  midbody p o s i t i o n ,  i s  h ighe r  f o r  t h i s  
r a d i a t & n  q u a l i t y  thari f o r  a s i m i l a r  opposing-beam t rea tment  
u s ing  Co r a d i a t i o n .  The r a d i a t i o n  d i s t r i b u t i o n  i n s i d e  t h e  
phantom, however, i s  presumably l e s s  uniform,  a l though t h i s  
was n o t  i n v e s t i g a t e d .  
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PART 11: MEASUREMENT AND CALCULATION OF DOSE 

The second group of papers  d e a l t  w i th  v a r i o u s  p r a c t i c a l  
and t h e o r e t i c a l  a s p e c t s  o f  dose de te rmina t ion .  

Ion Chamber M a t e r i a l s  

Shonka desc r ibed  t h e  t i s s u e - e q u i v a l e n t  p l a s t i c s  and 
gases  he had developed and t h e i r  a p p l i c a t i o n  f o r  t h e  con- 
s t r u c t i o n  o f  i o n i z a t i o n  chambers. He demonstrated how a 
s imple  molecule  such as O2 might be s imula t ed  by combining 
n i t r o g e n  and f l u o r i n e  i n  c e r t a i n  p ropor t ions  s o  t h a t  t h e  
photon a b s o r p t i o n  c o e f f i c i e n t  of t h e  combinat ion i n  t h e  
energy  range  o f  i n t e r e s t  was e q u i v a l e n t  t o  t h a t  of t h e  0 2  
molecule .  By ex tens ion  o f  t h e s e  i d e a s ,  a "molecule o f  
muscle" (It?), could  be s imula ted  by combining carbon,  po ly-  
e t h y l e n e ,  mylar ,  and ca lc ium f l u o r i d e  i n  t h e  proper  p ro -  
p o r t i o n s .  Carbon makes t h e  mixture  e l e c t r i c a l l y  conduct ing 
whi le  ca lc ium f l u o r i d e  r a i s e s  t h e  e f f e c t i v e  atomic number, 
which would o therwise  be too small a t  t h e  lower e n e r g i e s .  

Shonka desc r ibed  i n  d e t a i l  t h e  au tomat ic  mixing equip-  
ment used  i n  t h e  manufacture  o f  t h e  p l a s t i c s .  One of t h e  
s o l i d s  made i n  t h i s  way has  an abso rp t ion  c o e f f i c i e n t  equa l  
t o  t h a t  o f  t i s s u e  a t  30 keV, whi le  a t  1 0  keV and s e v e r a l  MeV 
t h e  d i s c r e p a n c i e s  do n o t  exceed 9 . 5 %  and 1 2 %  r e s p e c t i v e l y ,  
An impor tan t  c h a r a c t e r i s t i c  of chambers made from t h e s e  
p l a s t i c s  i s  t h a t  an a l l -we lded ,cons t ruc t ion  i s  p o s s i b l e ,  
p e r m i t t i n g  f a b r i c a t i o n  o f  very 'complex shapes  and provid ing  
abso lu te  un i fo rmi ty  o f  composi t ion a t  a l l  p l a c e s ,  i nc lud ing  
j o i n t s .  T i s sue -equ iva len t  gas  mixtures  a r e  a l s o  a v a i l a b l e  
f o r  u se  i n  s e a l e d  t i s s u e - e q u i v a l e n t  chambers. 

t h e  I C R U  t r a n s f e r  chambers ( 1 7 ) .  They are  e x t r a o r d i n a r i l y  
s t a b l e  and g ive  e a s i l y  reproducib le  r e s u l t s  - s o  reproduc-  
i b l e  i n  f a c t ,  t h a t  t hey  may, i n  combinat ion wi th  a radium 
s t a n d a r d ,  e v e n t u a l l y  s e r v e  as secondary s t anda rds .  

t h e  carbon p a r t i c l e s  i n  t h e  s o l i d  p l a s t i c s  have d iameters  of 
about  29 mp, and make up about  18% by weight  of  t h e  mixture .  
The e l e c t r i c a l  c o n d u c t i v i t y  i s  a f u n c t i o n  of b lending  time, 
dec reas ing  a t  f i rs t  as b lending  begins  b u t  l a t e r  i n c r e a s i n g  
s l i g h t l y  as mixing p rogres ses .  

As an example o f  c o n s t r u c t i o n  methods, Shonka desc r ibed  

I n  answer t o  a ques t ion  by Robinson, Shonka s a i d  t h a t  
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I n t e g r a l  Absorbed Dose 

O'Foghludha then  gave a summary of  t h e  development and 
p r e s e n t  s t a t u s  of  t h e  i n t e g r a l - d o s e  concept .  The i n t e g r a l  
dose o r  t o t a l  absorbed energy  i s  de f incd  by 

M 

where D i s  t h e  absorbed dose i n  a mass element  dm, and t h e  
i n t e g r a l  i s  t aken  over  t h e  e n t i r e  mass M of t h e  i r r a d i a t e d  
body. The i n t e g r a l  dose ( c )  has  t h e  dimensions of  energy 
[(energy/mass) x mass] and i t s  v a l u e  shou ld  be g iven  i n  
energy u n i t s  ( e r g s , . j o u l e s )  r a t h e r  than  i n  mixed u n i t s  such 
as gram-rads.  The i n t e g r a l  dose r e c e i v e s  s c a n t  a t t e n t i o n  
today ,  l a r g e l y  because no s a t i s f a c t o r y  c o r r e l a t i o n  between 
i t s  magnitude and t h e  s e v e r i t y  o f  any sys t emic  symptoms has  
been e s t a b l i s h e d ,  i n  s p i t e  of  t h e  promising e a r l y  work of 
Bush ( 2 8 ) .  Although it i s  u n l i k e l y  t h a t  f u r t h e r  experiments  
w i l l  r e v e a l  C t o  be d e c i s i v e l y  i m p o r t a n t ,  it should  be 
po in ted  o u t  t h a t  t h e  C d a t a  on which p a s t  c l i n i c a l  c o r r e -  
l a t i o n s  had been based were s o  i n a c c u r a t e  as t o  be v a l u e l e s s  
a s  evidence f o r  o r  a g a i n s t  t h e  b i o l o g i c a l  s i g n i f i c a n c e  of C .  

The importance o f  C i n  t h e  p r e s e n t  d i s c u s s i o n  a r i s e s  
( a )  because i t  g ives  a convenient  s ingle-number d e s c r i p t i o n  
o f  complex i r r a d i a t i o n s  and (b) because de t e rmina t ion  of i t  
i s  an e s s e n t i a l ,  though f r e q u e n t l y  unrecognized ,  f i r s t  s t e p  
i n  f i n d i n g  t h e  average dose (D ) .  Contrary  t o  popu la r  
b e l i e f ,  t h e  average dose cannotValways be ob ta ined  by simply 
averaging  t h e  l o c a l  doses  a t  a few p o i n t s  w i t h i n  t h e  body, 
b u t  i nvo lves  an i n t e g r a t i o n  ove r  t h e  e n t i r e  body volume and 
subsequent  d i v i s i o n  by t h e  body mass. 

I 
M 

0 -  
M av  = 

D 

J dm 
M 
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Chemical dosimetry uses this method of determining Da In 
a chemical system, the change at any point in the sysxem is 
proportional to the dose at that point and the total change 
in the system is proportional to E. Thus, Dav is measured 
when a sample is taken from a well-mixed system since the 
sample is representative of 
the system. 

where M is the total mass of 34- 

Both theoretical and experimental dosimetry studies are 
available for total-body irradiation. Mayneord ( 1 2 - 1 9 )  had 
calculated and also measured C for anthropomorphic phantoms 
composed of a number of homogeneous elliptical cylinders. 
His calculations assumed that the isodose lines within the 
body were normal to the direction of radiation incidence, 
which coincided with.one of the axes of the ellipticalcross- 
sections. He also assumed that the dose decreased either 
linearly or exponentially with depth. Experimental work and 
Snyder's calculations, reported during this conference, show 
that the assumption of linear fall-off is in fact reasonable. 
The integral dose was calculated by integrating the chosen 
depth-dependent function over the various elliptical cross- 
sections. This operation gave E as a function of the 
apparent linear coefficient v ,  a quantity that takes acmunt 
of both geometrical and absorptive attenuation (IS). Here v 
was treated as an adjustable constant whose value at any one 
energy and geometry was chosen to make the calculated and 
measured E's agree. To check theory, measurements were made 
with a solid multiple-slab man-like phantom in which some 70 
ion chambers were embedded. The phantom was irradiated with 
a wide variety of radiation qualities ( 0 . 0 4  mm to 16 mm Cu 
HVT). It was assumed that the ion chamber dose was repre- 
sentative of the small section of the body in which it was 
located. The integral and average doses were found by 
summing the total energy deposition per segment. Although 
it was not unduly difficult to carry out the experimentwith 
different radiations, adjustment of phantom dimensions was 
very inconvenient; therefore it was assumed that agreement 
between theory and experiment, which had been forced by 
suitable choice of ~r in a phantom of given size, would be 
equally good for other dimensions. Under this assumption, 
C or Da 
at whicf: v had been determined. 
as tabulations of E in terms of v and the body dimensions. 

could be calculated for any geometry and anyenergy 
The results were presented 

Monte-Carlo Techniques 

Snyder next gave an account of Monte-Carlo calculations 
(19) in which a computer calculates the case histories of 
photons emitted by a point source situated near a homogenws 



phantom whose mass and shape approximate t h o s e  of t h e  s t a n d -  
a r d  man (20). 
photon is c a l c u l a t e d  and t h e  h i s t o r y  of t h e  quantum i s  then  
fo l lowed through v a r i o u s  i n t e r a c t i o n s  u n t i l  complete absorp-  
t i o n  o r  escape  from t h e  phantom occur s .  The d i s t a n c e s  
between s u c c e s s i v e  c o l l i s i o n  s i tes ,  t h e  n a t u r e  of each  i n t e r  
a c t i o n ,  t h e  s c a t t e r i n g  a n g l e ,  t h e  energy  d e p o s i t i o n  p e r  
c o l l i s i o n ,  and so f o r t h  are chosen on a p r o b a b i l i t y  b a s i s  
from t h e  v a r i o u s  p o s s i b i l i t i e s  t h a t  t heo ry  a l lows .  

The energy d e p o s i t e d  by l a r g e  numbers (40,000 t o  
100,000) o f  i n c i d e n t  photons is  c a l c u l a t e d  i n  each  of  many 
small segments o f  t h e  body g i v i n g  t h e  l o c a l  dose i n  r a d s  p e r  
i n c i d e n t  photon. Computations are c a r r i e d  o u t  f o r  a v a r i e t y  
of photon e n e r g i e s  between 0.07 and 1 . 0  MeV; t h e  sou rces  a r e  
assumed t o  be p o i n t s  s i t u a t e d  a t  e i t h e r  one or two meters 
from t h e  body s u r f a c e  and l e v e l  w i t h  e i t h e r  t h e  s h o u l d e r s  o r  
t h e  midpoint of t h e  c h e s t .  Because of t h e  l a r g e  number of 
photon h i s t o r i e s  s t u d i e d ,  t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  
c a l c u l a t e d  dose neve r  exceeds 20% and i s  u s u a l l y  much 
s m a l l e r .  

The p o i n t  of impact o f  a randomly chosen 

I n  a s a g i t t a l  d i r e c t i o n ,  t h e  Snyder method p r e d i c t s  an 
almost  l i n e a r  dec rease  i n  dose w i t h  depth  f o r  u n i l a t e r a l  
i r r a d i a t i o n ,  confirming t h e  v a l i d i t y  of  one of t h e  assump- 
t i o n s  unde r ly ing  Mayneord's method of t o t a l - b o d y  ca l cu la t ion .  
I t  i s  i n t e r e s t i n g  t h a t  t h e  average dose i s  p r o p o r t i o n a l  t o  
t h e  dose a t  t h e  c e n t e r  of  g r a v i t y  ( 7 4 ) ;  t h i s  r e s u l t  may have 
a b e a r i n g  on t h e  u s e f u l n e s s  of Lushbaugh's " e p i g a s t r i c  dose" 
s i n c e  t h e  c e n t e r  of g r a v i t y  o f  t h e  human body i s  i n  t h e  
e p i g a s t r i c  r eg ion  ( 2 1 )  and t h e  e p i g a s t r i c  dose should  t h e r e -  
f o r e  be p r o p o r t i o n a l  t o  Dav. 

Snyder ' s  method pe rmi t s  t h e  t h e o r e t i c a l  c a l c u l a t i o n  of 
dose i n  v a r i o u s  p a r t s  of t h e  body. However c and Da, can be 
found by summing t h e  dose i n  a l l  p a r t s  of t h e  phantom 
(average compartment dose x compartment mass).  T h i s  r e f i n e -  
ment has  n o t  y e t  been c a r r i e d  ou t .  

The Monte-Carlo method i s  v e r s a t i l e  and t h e  v a l i d i t y  of  
dose e s t i m a t e s  ob ta ined  by it  depends o n l y  on t h e  accuracy 
wi th  which t h e  i n t e r a c t i o n  c r o s s  s e c t i o n s  of t h e  phantom 
m a t e r i a l s  are known and t h e  number o f  i nc iden t -pho ton  h i s -  
t o r i e s  fol lowed.  I n  p r i n c i p l e  i t  i s  a p p l i c a b l e  t o  anyphoton 
beam whose energy  spectrum i s  known. 

The p r e s e n t  computer code g i v e s  e n t r a n c e  and e x i t  doses  
t h a t  d i f f e r  from t h e  exper imenta l  r e s u l t s  of Jones  ( 2 2 ) .  
T h i s  may be because t h e  computer tfphantomft i s  homogeneous 
wh i l e  Jones  used a phantom c o n t a i n i n g  bone and a i r  spaces .  



Measurement of Dav 

O'Foghludha n e x t  d e s c r i b e d  methods of measuring Dav. 
H e  f i r s t  r e f e r r e d  t o  t h e  chemical d o s i m e t r i c  s t u d i e s  of 
S i n c l a i r  (23). and of Hayes et a t .  (9) 

Although chemical methods were thoroughly  unders tood ,  
i t  is c u r i o u s  (and r e g r e t t a b l e )  t h a t  t h e y  were so l i t t l e  
used i n  s t u d y i n g  t h e  t o t a l - b o d y  problem. I t  i s  f u r t h e r  t o  
be r e g r e t t e d  t h a t  t hey  have n o t  been employed t o  check t h e  
v a l i d i t y  of v a r i o u s  ene rgy-abso rp t ion  t h e o r i e s .  The chemical 
technique  demands l a r g e  doses ,  r e q u i r e s  c o n s i d e r a b l e  c a r e ,  
and i s  i n f l e x i b l e  a s  f a r  a s  changing phantom dimensions i s  
concerned;  b u t  t h i s  d i sadvantage  i s  sha red  w i t h  most o t h e r  
methods, among which a r e  G r i m m e t t ' s  " c e l l u l o i d  man" approach 
( 2 4 )  , Ross i ' s  c r o s s - s e c t i o n a l  chamber (25), and dose mapping 
wi th  i o n i z a t i o n  chambers (13). 

Conceptua l ly ,  t h e  most fundamental method was CarlssonS 
( 2 6 )  i n  which b o t h  source  and i r r a d i a t e d  body were p l a c e d  i n  
t h e  hollow i n t e r i o r  of  an i o n i z a t i o n  chamber made i n  t h e  
form of  a l a r g e  s p h e r i c a l  s h e l l .  The i n n e r  and o u t e r  s u r -  
f a c e s  o f  t h e  s h e l l  a c t e d  a s  t h e  chamber e l e c t r o d e s ,  The 
outward energy flow was measured i n  terms o f  i o n i z a t i o n  
c u r r e n t ,  f i r s t  when t h e  t a r g e t  body was i n s i d e  t h e  s p h e r i c a l  
e n c l o s u r e ,  and l a t e r  when i t  had been removed; t h e  d i f f e r -  
ence between t h e  two energy  f l u x e s  was a measure o f  C .  The 
method had y e t  t o  be t r i e d ,  a l though Zieler ( 2 7 )  had a t -  
tempted a measurement t h a t  r e l i e d  on t h e  same p r i n c i p l e .  

In  Grimmett 's t f c e l l u l o i d  man" s t u d i e s ,  a man-l ike 
phantom o f  p l a s t i c  m a t e r i a l ,  c o n t a i n i n g  a number of  v e r y  
t h i n  s l a b - l i k e  i o n i z a t i o n  chambers, was exposed t o  r a d i a t i o n  
and t h e  sum o f  t h e  c u r r e n t s  i n  a l l  chambers was taken a s  a 
measure of E; by making t h e  i n d i v i d u a l  chambers very  t h i n  
b u t  v e r y  l a r g e  i n  a r e a ,  t h e  dose was sampled a t  a l a r g e  
number of p o i n t s  s imul t aneous ly ,  w i t h o u t  s e r i o u s  p e r t u r -  
b a t i o n  o f  t h e  photon f l u x  by t h e  t h i n  l a y e r s  of a i r .  Rossi's 
c r o s s - s e c t i o n a l  chamber (25)  i s  a s i m p l e r  v e r s i o n  o f  t h e  
same i d e a .  

Mayneord, i n  t h e  experiments  on which h i s  t a b l e s  of E'S 
were based ,  mapped dose d i s t r i b u t i o n  e i t h e r  w i t h  s i n g l e  
movable chambers o r  w i th  an a r r a y  of s t a t i o n a r y  ones.  Oddie, 
as Hayes r e p o r t e d  a t  t h i s  meet ing,  had c a r r i e d  o u t  s i m i l a r  
experiments  a t  ORAU (see Fig.  1). 

A less t e d i o u s  method o f  c a l c u l a t i n g  E i s  based on t h e  
r a d i a t i o n  r e c i p r o c i t y  p r i n c i p l e ,  f i rs t  s t a t e d  by King ( 2 8 ) .  
According t o  t h e  p r i n c i p l e ,  t h e  energy increment i n  a body 
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exposed t o  an e x t e r n a l  sou rce  i s  p r o p o r t i o n a l  t o  t h e  ex- 
posure  ra te  E which would be observed a t  t h e  sou rce  pos i t im ,  
i f  t h e  sou rce  were removed and t h e  body uni formly  f i l l e d  
wi th  r a d i a t i n g  material .  Mayneord used t h e  p r i n c i p l e  a t  
radium-gamma e n e r g i e s  t o  i n v e s t i g a t e  t h e  dependence o f  c 
and o f  Dav on t h e  sou rce - sk in  d i s t a n c e  and on source  o r i e n -  
t a t i o n  w i t h  r e s p e c t  t o  t h e  phantom ( 2 9 ) .  I n  Mayneord's 
" r ec ip roca l "  ( o r  con juga te )  s imula t ion  o f  external-beam 
radium i r r a d i a t i o n ,  m u l t i p l e  p o i n t  sou rces  were i n s e r t e d  i n  
a f u l l - s i z e d  model o f  t h e  p a t i e n t .  The exposure r a t e  (E)  a t  
t h e  p o s i t i o n  t h a t  t h e  e x t e r n a l  sou rces  would occupy was 
taken  as R measure of c o r  of D i n  t h e  phantom. To-and- 
f r o  and angu la r  d i sp lacements  o fv the  d e t e c t o r  enabled  t h e  
dependence of z on source - sk in  d i s t a n c e  and on source  o r i e n -  
t a t i o n  t o  be  found qu ick ly .  The exper iments  gave r e l a t i v e  
C v a l u e s  o n l y ,  s i n c e  t h e  cons t an t  of p r o p o r t i o n a l i t y  between 
C and E i s  n o t  easy  t o  e v a l u a t e ,  e i t h e r  t h e o r e t i c a l l y  o r  
exper imenta l ly .  Changes i n  E t h u s  c o r r e c t l y  r e f l e c t  v a r i a -  
t i o n s  i n  X ,  b u t  abso lu t e  va lue  o f  t h e  energy  increment 
remain unknown. 

A f l aw  i n  t h e  e a r l y  experiments  was f a i l u r e  t o  v e r i f y  
t h a t  t h e  r e c i p r o c i t y  p r i n c i p l e  i s  v a l i d  when Compton e f f ec t  
i s  t h e  predominant e n e r g y - t r a n s f e r  mechanism. Th i s  p o i n t  
has  s i n c e  been checked exper imenta l ly  by O'Foghludha* who 
has  found t h a t  t h e  p r i n c i p l e  i s  a p p l i c a b l e  w i t h  accuracy  
( * 3 % )  over  t h e  range o f  e n e r g i e s  and geometr ies  normally 
used i n  therapy  ( 3 0 ) .  

Complex i r r a d i a t i o n  p a t t e r n s  can be s t u d i e d  by t h i s  
method; f o r  example, t h e  dose t o  an a s t r o n a u t  i n  aspacecraft 
bombarded by an omnid i r ec t iona l  f l u x  of charged p a r t i c l e s .  
Use of  t h e  r e c i p r o c i t y  p r i n c i p l e  avoids  t h e  n e c e s s i t y  of 
expens ive  and hazardous i r r a d i a t i o n  mock-ups. I n s t e a d ,  a 
l o w - a c t i v i t y  r a d i o a c t i v e  ana log  of t h e  a s t r o n a u t  i s  con- 
s t r u c t e d  and t h e  exposure r a t e  i s  i n t e g r a t e d  over  t h e s u r k e  
of  a sphe re  cen te red  on t h e  model. According t o  t h e  r ec i -  
p r o c i t y  theorem, t h e  i n t e g r a t e d  exposure is  p r o p o r t i o n a l  t o  
t h e  t o t a l  energy t h a t  would be depos i t ed  i n  t h e  a s t r o n a u t  i f  
r a d i a t i o n  of t h e  same type  as t h a t  emi t t ed  from t h e  model 
were l i b e r a t e d  uni formly  from t h e  w a l l s  sur rounding  t h e  
p i l o t .  To apply  t h e  method when t h e  energy  spectrum o f  t h e  
i n c i d e n t  r a d i a t i o n  is  cont inuous ,  as i n  Bremsstrahlung 
genera ted  by e l e c t r o n  impact ,  a se r ies  of  conjugate  s imula-  
t i o n s  are necessa ry ,  each u s i n g  a d i f f e r e n t  monoenergetic 
emitter.  The resu l t s  t h a t  would have been ob ta ined  f o r  a 

~~ -~~ ~- -~ - ~ - ~  ~ 

* Supported by t h e  Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion  (Grant  NGR 4 7 - 0 0 2 - 0 0 4 )  
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cont inuous d i s t r i b u t i o n  can be i n f e r r e d  by s u i t a b l y  combining 
t h e  r e s u l t s  ob ta ined  a t  t h e  v a r i o u s  d i s c r e t e  e n e r g i e s .  

If t h e  f l u x  w i t h i n  t h e  capsu le  i s  an iso t ropic ,conjuga*  
s i m u l a t i o n  is  c a r r i e d  o u t  by weight ing  t h e  r e s i d e n c e  time of  
t h e  i n t e g r a t i n g  d e t e c t o r  so t h a t ,  i n  any given o r i e n t a t i o n ,  
t h e  dwel l - t ime i s  p r o p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  t h e  
r a d i a t i o n  i n c i d e n t  from t h a t  d i r e c t i o n .  O'Foghludha des-  
c r i b e d  a number o f  methods by which t h e  n e c e s s a r y  measure- 
ments can be made, i n c l u d i n g  a u n i t  designed s p e c i f i c a l l y  
f o r  such measurements. To d a t e ,  much o f  t h e  work u s i n g  t h i s  
p r i n c i p l e  has  been concerned wi th  t h e  measurement o f  photon 
s p e c t r a .  

e x a c t l y  i n  t h e  Compton reg ion .  O'Foghludha, a g r e e i n g ,  
s t a t e d  t h a t  experiments  had n e v e r t h e l e s s  shown t h e  r a t i o  
Z/E t o  be accep tab ly  cons t an t  (*3%)  i n  t h e  range o f  energy 
and geometry of i n t e r e s t ,  and he sugges ted  t h a t  t h e  approxi -  
mate v a l i d i t y  of t h e  p r i n c i p l e  should be f u r t h e r  e x p l o i t e d  
i n  s tudy ing  t o t a l - b o d y  dose.  

Snyder commented t h a t  t h e  p r i n c i p l e  could  n o t  ho ld  

A Radiob io lon ica l  ADDroach 

Robinson a p p l i e d  an i n t e r e s t i n g  r a d i o b i o l o g i c a l  concept 
t o  t h e  d e f i n i t i o n  of what he c a l l e d  t h e  "equiva len t  uniform 
dose" f o r  t h e  bone marrow. The d e f i n i t i o n  i s  based on t h e  
f a c t  t h a t  t h e  mammalian hemopoietic system behaves,  a t  l e a s t  
t o  a f i r s t  approximation,  as i f  it were a s i n g l e  homogeneous 
organ. I n  p a r t i c u l a r ,  i t s  c a p a c i t y  t o  f u n c t i o n  a f t e r  i r r a -  
d i a t i o n  seems t o  depend mainly on t h e  number of  stem c e l l s  
s u r v i v i n g  t h e  i n s u l t .  Even when t h e  dose p a t t e r n  i n  t h e  
body i s  g r o s s l y  nonuniform, t h e  e q u i v a l e n t  uniform marrow 
dose may be d e f i n e d  as t h a t  dose which, i f  d i s t r i b u t e d  u n i -  
formly i n  t h e  marrow, would s p a r e  t h e  same number of  ce l l s  
a s  does t h e  nonuniform r a d i a t i o n  a c t u a l l y  used. 

The e q u i v a l e n t  dose w i l l  g e n e r a l l y  d i f f e r  from t h e  
average dose i n  t h e  marrow, s i n c e  ce l l  s u r v i v a l  i s  an expo- 
n e n t i a l  r a t h e r  than  a l i n e a r  f u n c t i o n  o f  dose.  The d i f f e r -  
ence between t h e  average and e q u i v a l e n t  doses  depends on the 
shape of  t h e  c e l l - s u r v i v a l  cu rves ,  on t h e  nonuni formi ty  o f  
dose d i s t r i b u t i o n ,  and on t h e  average dose.  As an example, 
t h e  average marrow dose f o r  50% l e t h a l i t y  i n  dogs non- 
uniformly i r r a d i a t e d  w i t h  a un i l a t e ra l  f i e l d  is  about 350 
r a d s ,  whereas for b i l a t e r a l  (and hence approximately u n i -  
form) i r r a d i a t i o n  t h e  average marrow dose for 50% l e t h a l i t y  
i s  about  270  r a d s .  I n  t h e s e  c i rcumstances ,  270 r a d s  is  
t h e n  cons ide red  t h e  e q u i v a l e n t  uniform dose t h a t a m e q o n d s  
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with 350 rads delivered nonuniformly. 
arises because 350 rads delivered unilaterally spares the 
same number of stem cells as 270 rads delivered bilaterally. 

The equivalence 

I CONCLUSIONS 

How should Dose be Reported? 

All participants agreed that specification of the 
radiation field alone was insufficient to describe the 
irradiation completely. For example, a statement of the 
exposure in roentgens, although forming an essential part 
of the record, is not enough. 
made to specify the energy deposition or dose. 
of the method and results of dose measurements as well as 
the exposure are quoted, later recalculation is possible 
and intercomparison with the results of others is simpli- 
fied. 

An attempt should always be 
If details 

In specifying the dose a choice must be made between 
the maximum, minimum, modal, integral, or average doses 
(32). The physical arguments for and against the various 
specifications have already been given, The choice depends 
to some extent on the response that is clinically interest- 
ing or important. Langham cited the possibility of erythema 
in an astronaut exposed to low-energy radiation. In this 
circumstance the skin dose is of critical importance. On 
the other hand if lethality is the response under study, 
the dose to the bone marrow is most important since the 
marrow appears to be the target organ, at least when the 
dose is of the same order of magnitude as the ED50 60. In 
some situations, of course, the target organ is un k nown as 
in the prodromal syndrome where the means by which anorexia, 
nausea, and vomiting are induced remain obscure. Since the 
onset of these symptoms is unlikely to be related to irra- 
diation of the extremities, a specification of the average 
dose to the trunk - or possibly the upper abdomen alone - 
is of value. 
cannot be localized even to this degree of accuracy, the 
average dose to the whole body is the most appropriate 
value to quote. 

Where the physiologically important organ 

The average dose has the advantage that it can be cal- 
culated with fair accuracy in most cases if the properties 
of the radiation field are known. Whether Dav is required 
for a single organ or for the entire body, its determination 
involves measurement or calculation of the integral dose C ,  
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either explicity or conceptually. 
be advantageous to state D,, not in rads but in the dimen- 
sionally equivalent form "gram-rad per gram"; such a state- 
ment, though clumsy, draws attention to the way in which 
Dav was actually obtained. 

The extremes between which values of the local dose 
vary should be reported as an indication of the degree of 
nonuniformity. 
mean were normal, the standard deviation could be used; but 
it is usually most appropriate to indicate the spread by 
quoting the highest and lowest doses in the region of 
interest . 

For this reason it may 

If the frequency distribution about the 

National and international organizations have recom- 
mended standards for dose recording in portal therapy.Unti1 
similar standards are set up for total-body irradiation, it 
is suggested that: 

should be stated. 
1.) The characteristics of the radiation field used 

2 . )  The average 'dose Dav in the target organ and the 
method of calculation or measurement should be given. 
the target organ is unknown, Da, for the entire body should 
be stated. 

If 

3 . )  The maximum and minimum doses in the region of 
interest or some other indication of the degree of non- 
uniformity should be reported. 

Whatever method of dose specification is used, a single 
number is unlikely to provide a firm basis for the pre- 
diction of biological response. 
the more complete is the information, though the additional 
data may appear irrelevant or even confusing. Past experi- 
ence proves that information once thought to be unimportant 
is later vital. Therefore, as much information as possible 
should be recorded to permit later evaluation in the light 
of new identification of target organs. 

and Snyder's computer study of individual photon histories 
offer powerful tools for the calculation of radiation dose. 
However, additional experimental corroboration of these 
theoretical methods is urgently needed for various phantoms 
and for a range of photon energies. 
this meeting expressed the hope that the next few years 
would see a rapid advance in the science of whole-body 
dosimetry. 

The more data one quotes, 

At the present time Mayneord's analytical technique 

The participants at 
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TABLE I11 

ORAU WEIGHT-CORRECTED 
CONVERSION FACTORS 

I AVERAGE TOT 

137Cs TBI I Facility 
Patient's Weight 

(Pounds) 

35-45 
45-55 
55-65 
65-75 
75-85 
85-95 
95-105 

105-135 
115-125 
125-135 
135-145 
145-155 
155-165 
165-175 
175-185 
185-195 
195-205 

0.75 I 0.75 
0.75 
0.75 
0.74 
0.74 
0.74 
0.73 
0.72 
0.72 
0.71 
0.70 
0.70 
0.69 
0.69 
0.68 
0.68 

L-BODY RAD/R 

mporary E% Co Unit 
-~ 

0.77 
0.74 
0.71 
0.69 
0.67 
0.65 
0.64 
0.63 
0.62 
0.61 
0.61 
0.61 
0.61 
0.61 
0.60 
0.60 
0.60 

I 
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Figure 1. Isodose lines in an t" phantom, irradiated 
with eight convergingaPY3Cs radiation beams 
ORAU total-body irradiation facility. Isodose 
lines normalized to 100-R exposure at the center 
of the phantom. I 
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. 

Figure 2. Central-axis depth-dose curves in e "trunk" of 
hantoms irradiated with opposing kbCo radiation 

!earns. 
phantom's surface. 

Depth doses normalized to 100 at the 
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