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ABSTRACT 

The bone-marrov dose arising from radiological procedures as carried 
out in Australia have been determined as part of a survey of population doses. 
This paper describes the method of calculation of the radiation doses to the 
active bone marrow from diagnostic radiography, fluoroscopy and radiotherapy. 
The results of the calculations are compared with the results of other models of 
bone-marrow dose for a number of diagnostic X-ray procedures. 



INTRODUCTION 
The determination of the mean red bone-marrow dose of the Australian 

population from the medical uses of ionising radiation required the determination 
of the radiation dose to the active red bone marrow from diagnostic and therapeutic 
procedures. 

Technical information on field size and position, beam energy and skin 
dose at the centre at the field as well as patient details were obtained for a 
sample of over 6000 patients as part of the National Health and Medical Research 
Council (NHMRC) survey of population doses from the medical, dental and 
chiropractic uses of ionising radiation (Swindon 1980). 

These data were used as input to a computer model of X-ray depth doses 
within the human body to determine the absorbed dose to the active marrow for 
X-ray procedures as carried out in Australia. 

BONE-MARROW POSE MODEL 

Various methods have been used by others to determine active marrow 
doses. These Include: 

- the placement of discrete dosemeters at selected bone-marrow 
sites, with the measured doses weighted to the total bone-marrow 
mass (Epp 1963) 

- Monte Carlo calculations of X-ray absorption in a simplified 
mathematical representation of the human form (Rosensteln 1976) 

A summary of previous determination of bone-marrow dose has been made by 
Schlein (1975). 

Because of the wide range of field sizes, field positions, beam energies 
and patient sizes, as well as the large number of patients studied, none of these 
previous calculations could be readily applied to the survey data. Therefore a 
simplified model of X-ray doses at the marrow sites was devised. This model 
was found to give good agreement with more complex calculations of active marrow 
doses. The first section of the dose model, consisting of the specification of 
the position and quantity of active marrow, was common to the calculations for all 
medical procedures using ionising radiations. This is detailed in section 1. 

The second part of the calculations involved the determination of the 
X-ray doses to the active marrow sites and was dependent upon the particular 
procedure. The methods of calculation for diagnostic Xrays, fluoroscopy, beam 
therapy and sealed source therapy are detailed in section 2. 
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1. DISTRIBUTION OF ACTIVE BONE MARROW 

Bone marrow is found within most bones throughout the human body; however 
the active red bone marrow is non-uniformly distributed through the body. The 
distribution of this active marrow is not known with any certainty. The fraction 
of active marrow within the bone marrow is a sensitive function of the type 
of bone and the age and health of the patient. To date, there hav>s been very 
few clinical studies of active marrow distributions and the data presently 
available is open to question, since the measurements involved limited samples 
and were not necessarily representative of typical, healthy adults or children. 
(Mechanik (1926), Custer (1949), Hashimoto (1963)^. Subject to these limitations, 
the published date, were used to calculate the position and mass of each element 
of active bone marrow within the body. 

(a) Ilo£ation_o£ marr£w__sites_ 

The position of each bone within the body of a standard Jian (ECRP 1972) 
was obtained from an atlas of anatomical cross-sections (Eycleshymer 1970). This 
atlas provided cross-sectional views through the body of a standard man at 2.5 cm 
intervals, as shown in Figure 1. For each section, the centre of mass of each 
bone was determined and the cartesian co-ordinates were calculated. Large bones 
were considered as small pieces to increase the spatial resolution. The 
co-ordinates of all iaajor bones were calculated for each section through the body. 

These co-ordinates: apply to a standard man. To adjust for differences 
in patient size, 25 model sizes were allocated. The first 21 model sizes were 
determined by Morgan (1971) for the Bureau of Radiological Health for use in the 
American survey. For these models, model numbers were allocated according to the 
patient height and weight. Model 22 corresponded to standard man, whilst models 23 
to 25 were fitted to the dimensions of average young children, and corresponded to 
infants of age 3 years, 6 months and 18 months respectively. The ("'ata for these 
models were obtained from the Report on Reference Man (ICRP 1972). Table 1a gives 
the distances from the vertex to each of the anatomical landmarks, for all 25 models. 
The widths and thicknesses of the skull, thorax and abdomen for each of the 25 
models are given in Table 1b. 

The co-ordinates of each bone of the standard man were scaled for the 
25 model sizes. The position of a bone within a section was scaled by the ratio 
of the standard man widths and thicknesses to the appropriate model widths and 
thicknesses. The vertical co-ordinates were scaled to the ratios of the 
anatomical landmark distances. 
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(b) M£teibjujtion_of_ ac^ive_marrow 

The mass of bone marrow in each type of bone was obtained from Ellis (1961). 
Ellis used the data of Mechanik (1926) to determine the weight of marrow per bone 
type for an adult male. These values are given in Table 2. The proportion of 
active red marrow within the marrow is dependent upon the bone and the patient 
age. (in the absence of data to suggest otherwise, the male and female marrow 
distributions were taken as identical). Ellis derived the fraction active 
marrow from the work of Custer (1949) and determined the red marrow mass per bone 
type, as given in Table 2. These masses were then scaled to the standard man for 
inclusion in the calculations. More recent estimates of the proportions of active 
red marrow are given in Table 3» (Hashimoto 19^3» Woodward 1979) together with the 
results of Custer. There are marked differences for some bone types. Woodward's 
data was incomplete and it was partly supplemented by Hashimoto's data. Hashimoto's 
data were obtained on Japanese patients and may not be representative of the 
values for Australian patients. 

In Australia, a largest contribution to the mean marrow dose arose from 
X-ray examinations of the abdomen, lower spine and pelvis (Swindon 1980). 
Calculations show that for these examinations the different active marrow 
distributions,when used to recalculate the active marrow doses per examination, 
produce less than a 10$ change to the total mean marrow doses. 

Data on the variation of the proportion of active marrow with age are 
limited. For the calculations, the measurements of Custer, in the form given by 
Atkinson were used (Custer 1932, Atkinson 1962) to give the relative amounts of 
active red marrow for the head, the torso and the limbs, as a function of age. It 
can be seen from Table 4 that above the age of 20 years very little active marrow 
is present in the arms and legs. Therefore, for adults, it was only necessary to 
consider the radiation exposure to marrow in the torso and the head. 

For each cross-section through the body between the upper femur and the 
top of the head, the active marrow mass for each type of bone was distributed in 
proportion to the fraction of the bone contained in that section. Thirty-one 
sections were covered, with between one and twenty-two bone-marrow elements per 
section. The active marrow mass per bone element and the co-ordinates for each 
bone element were used to specify the active marrow distribution in the later 
calculations. 
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2. CALCULATION OF JOSE TO ACTIVE BONE MARKOV 

For a given X-ray procedure, the radiation exposure to each element 
of active bone marrow was determined. This exposure was converted to absorbed 
dose using a dose/exposure conversion factor, calculated by Spiers (19&3) f o r a 

bone cavity size of 400 microns. This factor was 3.91 x 10 mGy kg/C (1.01 rad/R). 

For a given marrow site, the exposure is dependent upon its depth 
below the surface, the field size and position within the field, the beam 
quality (HVL) and the type of material near the marrow site, especially between 
the marrow site and the X-ray source. To reduce the complexity of the calculations 
two main assumptions were made. 

It was assumed that the contribution to the total marrow dose from 
bone-marrow sites outside of the direct X-ray beam was small compared with 
the dose contribution from bone-narrow sites within the X-ray beam. This 
assumption was necessary because of the lack of detailed information on the 
scattered radiation doses to points lying outside of the direct X-ray beam. From 
an examination of standard depth dose tables it was apparent that, for points up. 
to about 5 cm in depth and inside the primary X-ray beam, the contribution to the 
total exposure from scattered radiation was small. For points at the same depth, 
but outside the primary X-ray field, the scattered radiation exposure was smaller 
still. 

For greater depths, the radiation exposure to points in the direct X-r&y 
beam, due to scattered radiation, was equal to or greater than the contribution 
from the primary beam. At these greater depths, points outside of the direct 
beam and receiving only scattered radiation could make a significant contribution 
to the marrow dose at that depth, but not to the total marrow dose. 

The second assumption made was to neglect the increased absorption of 
the X-ray beam in the layers of bone within the body, and only to consider 
absorption in soft tissue. This assumption leads to a small over-estimate of 
radiation dose, especially to marrow sites near the surface, but greatly 
reduces the complexity of the calculations. 

Therefore, the doses to points within the body were related to the 
skin doses using analytic fits to the tables of central axis depth dose 
(Cohen 1972), supplemented by other experimental data for diagnostic X-ray 
beams (Trout 1971)« 
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The data contained in the standard depth dose tables were fitted to 
analytic functions of field size, beam half value layer (HVL) and depth. The 
tabulated doses were treated in two HVL ranges: 1.0 ton Al to 6.0 mm Al and 
0.5 M Cu to 3 on Cu. The depth dose functions were determined for a source-skin 
distance (S&D) of 40 cm. The doses calculated using the analytic fits agreed 
with the tabulated values to better than 5j6 over the ranges of HVL, depth and field 
size used for the fits (See (l) and (2) of Appendix I). Although these equations 
were derived from data for central-axis depth doses, they have also been used to 
determine the X-ray doses to points lying off the central axis of the X-ray beam, 
but still in the direct beam. 

The depth doses for SSD's other than 40 cm were derived from the 
analytic functions, adjusted for SSD using the method detailed in Appendix B 
of Cohen (197*0- The extrapolated depth doses were then compared with 
experimentally determined depth doses for SSD's greater than 40 cm and found 
to be in good agreement (Trout 1971 )• The analytic functions were also found 
to provide good agreement at depths beyond the range of the fitted data. 

For sealed source therapy, the doses as a function of distance 
were obtained from Johns (1969)« The radiation dose was related to the source 
activity, the exposure rate constant and the distance from the source using 
the equations given in (3) of Appendix 1. 

The final part of the calculation of the radiation dose to the 
active marrow required the determination of the thickness of material between the 
radiation source and the element of hone marrow. This determination was 
dependent upon the type of procedure. 

(a) Dia^os^tjLc^rad^ography 

In the majority of cases, diagnostic X-ray procedures use X-ray beams 
directed at right angles to the plane of the body, as shown in Figure 2. Although 
there is a wide variety of projections and techniques in use in diagnostic 
radiology, the main projections are antero-posterior (AP), postero-anterior (PA), 
lateral, AP oblique and PA oblique. To simplify the calculations, only AP, PA and 
lateral projections were considered. AP oblique and PA oblique were considered ar 
being equivalent to AP and PA projections respectively for tne calculation purposes. 

The depth of each bone within the standard man was determined for a 
line source parallel to the vertical axis of the body and at a source-film distance 
(SKD) of 100 cms. This value was taken as being typical of diagnostic procedures. 
However calculations of depth doses for different SFD values showed that they 
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were an insensitive function of £FD over the range 50 cms to 200 cms. The depths 
were measured directly for the AP, F£ and lateral projections using the cross-
sectional views from the atlas of anatomical cross-sections. The patient-film 
distance was taken to be 5.08 cms. A typical section i s shown in Figure 3« For 
each bone i , in section j , the distance d. . between the centre of mass of the 

-LJ 

element of marrow and the point on the skin in line with the X-ray beam source was 
determined. This procedure was carried out for each marrow site in all the 31 
sections between the upper femur and the head, for each of the three projections. 
AP, PA and lateral. The source-skin distance SSD. to the j section was also 

J 
measured. 

The values d.. and SSD. for the standard man were then scaled to the 
corresponding values for each of the other 24 model sizes, using the ratios of the 
section thicknesses for the AP and PA depths, and the ratios for the section widths 
for the lateral depths. 

For children the active marrow dose calculations were separated into 
two types. The first type involved X-ray exposures to the torso or head. These 
were calculated using an identical method to that for the adults, but active 
marrow doses were weighted to the total mass of active marrow in the torso, 
head and limbs. 

X-ray procedures involving the arm and legs were treated separately. 
The active marrow doses were determined directly from the skin doses, beam 
half value layer (HVL), field size and total active marrow weight. 

The data for each model, giving the mass of active marrow, the co-ordinates 
and the AP, PA and lateral depths for each bone element in the torso were 
incorporated into a computer program in order to calculate the bone-marrow doses 
from each diagnostic procedure measured during the NHMRC survey of patient 
doses (Morris 1980a). 

For each diagnostic examination the patient details and technical 
parameters were recorded. These data consisted of three types of parametersj 

(l) Exposure Parameters. Each examination studied involved one or more 
X-ray exposures, for any of five projections. For each projection, the tube 
voltage (kVp), the tube current (mA), exposure time, the source-film distance 
(SFD) and the number of exposures was recorded. 



(2) Examination Parameters. Information was recorded about the examination 
type, the field position, the field size and the patient size at the same time as 
the TLB exposures were made. 

(3) X-ray beam parameters. These gave the HVL's of the beams used for the 
examination and the skin dose at the centre of each field. These parameters 
were measured with the thermoluminescent dosemeters (TLD's) using procedures 
detailed elsewhere (Morris 1980a). 

For each patient, the anatomical model number was determined from the 
height and weight. The e.'amination type, the field position and the field height 
were used to determine which sections of the model were in the X-ray beam. For 
these sections, the field width and horizontal field position were used with the 
bone co-ordinates to determine the elements of bone marrow in the direct beam. 

For each bone-marrow element in the beam, the X-ray dose was 
determined from the appropriate d. . value for that mode? and projection. For the 
bone-marrow elements above or below the field centre, the depths were scaled 
geometrically by a factor 1/cos ©, where © was derived from 

tan 9 
BJo -(1) 

SSD + d. . c 13 
th where D.,̂  = distance between j section 

and the centre section jc 
SSD = skin source distance to centre section c 
d. . = depth of the i "bone in the j section 

This calculated depth, the SSL and the measured HVL were substituted 
into the analytic functions for depth dose given in Appendix I, to give the 
X-ray dose to the bone-marrow element normalised to a unit dose at the skin 
surface. 

The surface dose corresponding to each bone element was determined 
th 

from the skin dose at the field centre. If S, is the skin dose for the k 
th th 

exposure then the surface dose for the i bone in the j section during this exposure, S. ., , is given by; 

>2 
3
 Sk ' < S S V "(2) 
iJk " (SSDC)2 

where SSD. 
SSD. . = — i L ij Cos 0 
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SSD. and SSD are the akin - source distance* to th* 3 t h and c*1* sections 
J c 

respectively and © was determined using equation (l). 

The TLD mi aim Mints for each patient gave the total akin dose at the 
centre of the X-ray field fron all evposuTe* ande during; the examination. the th fraction of the akin dose received during; the k exposure was determined using 
th* asamnption that, over the ranee of bean energies used for diagnostic radiology 

(Constant). (ma) k . \ . (kfp)* -(4) 
h ' (SSD C) 2 

th where an. = tube currant for k exposure 
(k1p) k * tube voltage for a*1* 
t. * exposure tine for k exposure 

th Then the fraction of the total akin dose, f., resulting fron the k exposure is; 

and the iinmmatiiin is nade over all exposures for the examination. If S is the 
total Measured skin dose for the examination then fron equation (5)« 

^ « f k S -(6) 

Substituting in equation (2) gives; 

s y k . V S • < ^ ' -(7) ? s. • (**J 
The dose to the bone marrow element of mass m.. is given by E.. 

*"'• Eij " Sijk • W±i " ( 8 ) 

where ED,. « depth dose for marrow element i 
J in section j obtain^ from ippendix I 

function (d^., cos 0. HVL, SSD^) 

th The contribution to the mean weighted marrow dose 1... for the i 
th th 

bone in the j section, during the k exposure is given by; 
A i J k « M i j V » u -<*> 
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The total weighted marrow dose A was obtained by summing A. ., for all 
marrow sites in the direct beam foi each exposure and dividing by the total active 
marrow weight 

^ ~ M. .DD. . S.., -(10) 

ft 1J 

These calculations were incorporated into a Fortran IV computer program 
and run on a CDC Cyber J6 computer. The computer model was then compared with 
other calculations of active marrow doses using data collected for the British 
survey of population doses (Ellis 1975). Both Ellis and Rosenstein (1976) 
have calculated marrow doses using these data. The latter calculation involved a 
Monte Carlo calculation of photon absorption in the body. The results of the 
three calculations are shown in Table 5« from the table it is apparent that 
there are marked differences between the three sets of calculations. In many cases 
the Monte Carlo calculations are a factor of two lower than Ellis' values. The 
doses calcui °ted using the computer model described in this paper lie between 
the two sets of calculations. This suggests that the calculated marrow doses may 
carry an uncertainty as large as - 5056. 

(b) Fluoroscopy 

The patient dose arising from fluoroscopic examinations was 
considered as having two separate components. The first component was due to 
the fluoroscopy of various regions of the body. These investigations used low tube 
currents and involved relatively extended exposure times. The other source of 
patient dose occurred when X-ray radiographs were taken during the examination. 

Over 2000 measurements of patient doses arising from fluoroscopic 
examinations were made using TLD sachets placed at the level of the ovaries 
(Morris 1980b). During those examinations the patient details and technical 
parameters for the examinations were recorded. These data included 

(1) The X-ray tube output for the unit used for the examination and the 
beam HVL. 

(2) The type of examination, the type of ancillary aid and the 
patient size. 

(3) The exposure parameters for the examination. For the fluoroscopic 
investigation the X-ray tube voltage and current, the fluoroscopic time and the 
SSD were recorded. For each radiograph, the tube voltage, the exposure time and the 
projection, were recorded. Where possible the field size was also recorded. 
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After consultation with a number of radiologists, the approximate 
areas covered by typical fluoroscopic examinations and the X-ray field sites and 
positions for the radiographs were estimated. For the fluoroscopic investigations, 
the body was divided into 5 vertical segments as shown in Figure 1. The central 
segment was 15 cms wide for the standard man. For each segment, the upper and lower 
bounds of the fluoroscopic examination were specified in terms of the relevant 
section numbers. 

For the fluoroscopic component of the examination it was assumed that 
all areas covered during fluoroscopy received the same radiation dose. The 
magnitude of this dose was estimated from the component of the TLD measurement due 
to radiation scattered laterally through the body (Morris 1980b). The dose was 
then weighted in proportion to the fraction of the total active marrow in the body. 
The weighted marrow doses were then summed over all the marrow sites irradiated 
during fluoroscopy. 

The bone-marrow dose from the radiography was calculated using the method 
detailed in section 2(a) for diagnostic radiography. The X-ray tube output 
was combined with the exposure time a i the SSD to calculate the skin dose 
for each radiograph. The radiation doses to the bone-marrow elements in the 
direct X-ray beam were calculated using the bone depths for the appropriate 
model size and weighted in proportion to the fraction of the total active marrow 
in the body. The total weighted marrow dose from the radiography was obtained 
by summing over each of the radiographic exposures. The marrow dose from 
fluoroscopy was then added to the radiographic contribution to give the total 
weighted marrow dose to the patient. 

( c) Radi£th_e r ap_y_ 

Radio therapeutic techniques were divided into two main groups, one being 
sealed sources and the other beam therapy. The sealed sources were further 
sub-divided into those procedures using implants and those procedures using plates 
or moulds. The radioactive sources most commonly used were Sr, Ra, Au, 

3 Cs and Co. Due to the very short range of electrons in matter, the beta-ray 
component from any source made a negligible contribution to the marrow dose. It was 
therefore neglected. 

The position of the sealed source for each procedure was determined 
from the type of disease and the region of the treatment, as given in the survey 
data for patients undergoing radiotherapy. Flat plate and mould source treatments 
carried out over the period of the survey were found to be positioned at either 
the head, hands or upper shoulder. The co-ordinates of each of these treatment sites 
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were estimated relative to the standard man and for the co-ordinate system used to 
describe the bone-marrow position. The implants were found to be used either for 
gynaecological purposes or for treatments of the head regions. For gynaecological 
treatments, the position of each implant was taken at a point in the mid-line of 
the body at a depth of 10 cm from the front of the body. The co-ordinates of the 
implants for both types of implants were determined relative to the standard man 
model. 

For each patient the distance from the implant to each bone marrow site 
was calculated. By using the method described in (3) of Appendix I, the radiation 
dose to each marrow site was calculated. These doses were summed and then weighted 
to the total mass of active marrow in the standard man, to give the mean marrow dose 
to the patient for that treatment. 

For beam therapy, the source-skin distances were much shorter than those 
used in X-ray diagnostic procedures and the X-ray beams were oriented at different 
angles to the body. Consequently the depths of the bones from the body surface 
are not necessarily the same as those used in section 2(a). For beam radiotherapy, 
the depths of the bones were calculated assuming the body cross-sections to be 
elliptical. The major axis of each ellipse was taken as the standard man width 
at the centre of the X-ray field and the minor axis taken as the standard man 
thickness. 

The survey data for radiotherapy patients gave the condition type 
and the site of the treatment as well as the energy of the X-ray or gamma-ray 
beam and the field sises. Information was not obtained on the SSD or the orientation 
of the X-ray beam. Lacking this information, the bone-marrow dose for a treatment 
region was calculated using the averaged marrow doses from eight fields spaced at 45 
intervals around the body and centred on the same section of the standard man model. 
For each field the depths of each marrow site in the treatment beam was calculated 
from the difference between the co-ordinates of the marrow sites and the surface 
of the ellipse. The bone-marrow dose was calculated using these depths in the same 
manner as the bone marrow doses for X-ray diagnostic procedures, using the 
appropriate equations for depth dose from Appendix I and the treatment skin dose. 
The marrow doses were summed over all the marrow sites within the direct beam 
and then averaged over the eight field orientations to give an estimate of the 
bone-marrow dose to each patient. To facilitate the calculations the procedures 
were classified using the codes in Table 6. Tables 7-10 give the bone-marrow 
doses from treatments using superficial therapy, deep therapy, teletherapy and linear 
accelerator therapy. The doses have been normalised to 1 Gy skin dose and have been 
averaged over all patients undergoing treatment for a particular condition at each 

treatment site. 
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CONCLUSION 

The methods described in this work were incorporated into three 
separate Fortran IV computer programs and executed on a CSC CYBER 76 computer. 
The calculations of bone marrow dose were carried out for each patient measured 
during the survey of population doses. The calculated bone-marrow doses for the 
same procedure were then averaged to provide mean active marrow doses. The values 
for these mean doses and the calculation of the annual weighted marrow dcce for 
Australia are detailed elsewhere (Swindon 1980). 
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Table 1a ; Distances from vertex to anatomical landmarks 
for different model sizes 

External Distance (cm) from ver tex to 

Model aud i to ry Sterna l Xiphoid I l i a c Pubic Soles 
n o . canal notch process cres t symphysis Knee of fee t 

1 13.3 22.5 32.6 47.2 57.6 76.8 106.4 

2 14.5 24.3 36.4 50.8 62.6 81.8 114.3 
2 13.8 24.3 35.8 51.3 65.7 91.8 122.5 

4 12.3 25.7 38.3 54.0 66.0 93.0 132.6 

5 13.6 28.1 41.3 55.5 67.5 98.6 137.5 

6 12.8 25.5 40.2 55.2 70.7 99.6 141.1 

7 13.0 29.5 45.4 61.8 77.3 109.6 154.2 

8 15.0 28.8 44.5 67.7 81.7 119.0 153.5 

9 13.1 27.8 44.0 66. 3 78.3 115.2 163.5 

10 14.0 30.1 46.9 64.0 83.S 117.6 152.5 

11 14.4 32.8 45.9 64.8 81.0 116.7 160.0 

12 12.8 31.7 44.8 65.6 84.0 120.7 165.0 

17 12.8 31.2 49.7 65.8 82.9 120.6 171.5 

14 13.4 30.3 44.7 64.6 78.1 121.2 170.0 

15 13.8 32.2 51.7 70.2 88.8 127.9 178.7 

16 14.5 30.2 49.2 68.3 82.6 120.6 172.0 

17 14.2 32.0 49.6 72.6 88.4 125.6 175.3 

18 13.7 32.4 53.4 73.6 94.0 130.8 183.5 

19 12.2 31.3 49.2 72.5 86.5 132.6 186.8 

20 14.0 33.8 52.7 74.8 89.7 130.0 185.0 

21 13.0 31.4 47.0 73.0 88.0 126.6 180.3 

22 13.0 31.0 50.0 72.0 88.0 124.0 170 

23 10.3 24.5 34.6 46.4 54.9 72.5 95.0 

24 7.2 17.1 24.7 33.4 39.8 50.9 65.0 

25 9.2 22.0 30.6 40.6 47.8 61.9 80.0 



TABLE 1b ; Dimensions of body regions for model sizes 

I 
1 

Skull Thorax Abdomen 
1 

Model | Thickness Width Thickness Width Thickness Width 
no. (cm) (cm) (cm) (cm) (cm) (cm) 

1 17.0 14.0 13.5 20.0 12.0 19.5 
2 18.5 14.5 14.0 19.3 11.5 19.5 
3 18.5 13.5 14.0 22.0 12.5 23.0 
4 17.5 15.0 14.7 22.5 14.5 21.5 
5 17.5 14.0 14.0 24.G 14.2 22.0 
6 19.5 14.5 17.7 25.0 17.5 25.4 
7 18.3 15.0 19.2 29.1 17.2 25.2 
8 19.0 15.9 23.5 37.2 23.0 43.0 
9 18.1 14.3 21.5 29.4 18.5 31.1 
10 19.0 15.6 21.4 30.5 18.5 29.4 
11 18.8 15.6 20.0 34.8 20.6 27.9 
12 18.7 15.5 24.6 35.0 23.6 37.2 
13 18.5 14.5 21.0 27.3 17.7 26.0 
14 19.2 15.9 20.5 33.2 20.5 27.8 
13 19.2 16.3 21.0 33.5 18.0 27.7 
16 19.5 15.9 23.0 37.0 21.5 35.1 
17 20.5 16.4 23.0 34.8 22.0 38.7 
18 19.6 14.6 18.5 35.0 19.0 30.0 
19 19.0 15.8 23.0 31.1 20.0 29.8 
20 20.0 16.0 23.0 38.0 20.5 33.0 
21 20.0 16.7 22.5 37.0 20.0 34.0 
22 19.6 15.8 22.0 29.5 20.4 29.1 
23 17.5 14.1 12.4 16.8 13.2 18.8 
24 15.4 12.4 10.4 12.4 9.8 13.9 
25 16.8 13.5 11.6 15.2 11.4 16.3 



TABLE 2 ; Harrow distribution for adult (1) 

1 

Site Harrow ugt 
(girt) 

Fraction 
active marrou 

Red marrou ugt 
(gm) 

Head 

165.e 0.75 124.3 Cranium 165.e 0.75 124.3 
Mandible 16.4 0.75 12.3 

Upper Limb Girdle 
26.5 0.75 20.0 2 Humerii, head and neck 26.5 0.75 20.0 

2 Scapulae 67.4 0.75 50.5 
2 Clavicles 21.6 0.75 16.2 

Sternum 39.0 0.60 23.4 

Ribs 

39.0 0.60 23.4 

1 - 4 pairs 57.4 0.40 23.0 
5 - 8 pairs 96.4 0.40 3G, 6 
9 - 1 2 pairs 53.0 0.40 21.2 

Vertebrae (Cervical) 
47.4 0.75 35.3 1 - 7 47.4 0.75 35.3 

Vertebrae (Thoracic) 
46.1 0.75 34.6 1 - 4 46.1 0.75 34.6 

5 - 8 63.3 0.75 47.5 
9-12 87.6 0.75 65.7 

Vertabrae (Lumbar) 
152.2 0.75 114.1 1 - 5 152.2 0.75 114.1 

Sacrum 194.0 

310.6 

0.75 

0.75 
0.75 

145.6 

233.0 
Lower Limb Girdle 

194.0 

310.6 

0.75 

0.75 
0.75 

145.6 

233.0 2 08 coxae 

194.0 

310.6 

0.75 

0.75 
0.75 

145.6 

233.0 
2 Femora, head and neck 53.0 0.75 40.0 

TOTAL 1497.7 1045.7 

Scaled to Standard flan 2090 1459.5 

(1) Ellis (1961) 



TABLL 5: Comparison of active marroj doses* 

Examination P ro jec t i on HVL F ie ld s i z e * * 

Ac t ive marrou doses*(mGy) 

Examination P ro jec t i on HVL F ie ld s i z e * * This E l l i s * 1 > M o n t e ^ 
(mmAl) (cm) uork Carlo 

S k u l l AP 1.7 15.6 x 18.8 20.3 25.4 10.5 
AP 2 .5 28.6 x 36.9 55.0 

S k u l l PA 2 . 3 38.4 x 38.4 47.6 32.9 63.3 
PA 2 .1 27.9 x 34.9 34.0 29.4 47.7 

Cerv i ca l spine AP 1.9 10.4 x 15.6 11.3 20.6 6 .2 
AP 3.2 28.9 x 34.7 122 154 68.5 

Chest PA 3.1 29.3 x 33.6 182 209 166 
PA 2.1 25.9 x 38.2 149 134 129 
PA 2.6 29.8 x 38.0 168 193 162 

Chest La te ra l 2 . 0 27.3 x 36.8 44.8 92.2 48.4 
La te ra l 2 .9 24.1 x 29.5 53.4 120 67.8 

Thoracic spine AP 1.3 27.1 x 28.1 46.5 104 31.2 
AP 2 . 4 20.7 x 29.6 75.9 143 47.4 
AP 3.0 26.2 x 54.3 115 312 115 

Lumbar spine AP 2.6 22.4 x 28.4 52.2 105 55.1 
AP 3.1 16.1 x 20.1 25.8 53.3 34.7 

Barium s a l i o . PA 2.8 21.7 x 36.7 143 154 91.9 

Barium enema AP 2 .8 25.6 x 31.6 148 211 136 
AP 3.5 27.4 x 35.9 107 134 77.1 

Barium enema PA 2.2 39.8 x 46.5 201 243 187 
PA 3.4 26.2 x 31.4 236 237 278 

IVP AP 2 .5 42.1 x 48 113 219 98.5 

KUB AP 2.6 28.9 x 33.1 103 144 72.2 

Pelv is AP 1.3 27.4 x 35.9 52.5 52.8 20.8 
AP 2 .8 34.5 x 40.0 116 194 91.7 

Le f t h ip AP 2.1 17.5 x 17.7 52.8 55.7 17.9 
AP 2.6 16.9 x 21.7 60.1 81.0 26.7 

References: 
(1) E l l i s (1961) 
(2) Rosenstein (1976) 

•* IMormalised to 1000 mGy sk in dose 

'•* At entrance surface 



TABLE 4 ; Ratio of active red marrow mass to total marrow 
mass, as a function age, relative to values at 1 year. 

Region of Age (years) 
body 1 5 10 15 20 40 

Head and torso 0.527 0.505 0.470 0.438 0.412 0.365 

Limbs 0.473 0.421 0.281 0.120 0.O30 0.000 

Total 1.000 

I. 

0.926 0.751 0.558 0.442 0.365 

Ref: Atkinson (1962) 



TABLE 3 ; Active red marrow fractions for adults 

Site (1) Custerv ' (2) Hashimoto (3) Uooduard 

Head 

Cranium 0.75 0.4 
Mandible 0.75 0.3 

Upper Girdle 

0.75 0.52 + 0.10 0.2 2 Humerii et al 0.75 0.52 + 0.10 0.2 
2 Scapulae 0.75 0.3 
2 Clavicles 0.75 0.10 0.1 

Sternum 0.60 

0.40 

0.66 + 0.11 0.5 

Ribs 

0.60 

0.40 

0.66 + 0.11 0.5 

Vertebrae 

0.75 0.70 + 0.09 Cervical 0.75 0.70 + 0.09 
Thoracic 0.75 0.70 i 0.09 
Lumbar 0.75 0.70 + 0.09 

Sacrum 0.75 

0.75 0.52 + 0.10 0.2 

Lower Girdle 

0.75 

0.75 0.52 + 0.10 0.2 2 Os coxae 

0.75 

0.75 0.52 + 0.10 0.2 
2 Femora 0.75 

(1) Custer (1949) 
(2) Hashimoto (1963) 
(3) Woodward (1979) 



TABLE 6 ; Classification of conditions treated 

A. Non-ma.ignant neoplasms 
1 Skin conditions 

a Acne vulgaris 
b Dermatitis - eczema, inc. neurodermatitis, lichen simplex, 

pompholyx, (intertrigo) 
c Furunculosis, inc. boils, sycosis barbae et nuchae, 

folliculitis (papillomata, inflammatory hair follicle) 
d Herpes simplex, recurrent 
e Hyperhidrosis 
f Keratoses, inc. hyperkeratoses, cutaneous horn 
g Paronychia, inc. onychia 
h Psoriasis, inc. pustular psoriasis 
j Warts, inc. kerotatic papilloma 
k Neuoid conditions, inc. cavernous angioma, angioma uasculas, 

angiokeratoma, haemangiomata, naeuus, strawberry naeuus, 
cauernous haemangioma 

m Kerato-acanthoma 
n Fungal infections, inc. kerion, sporotrichosis, 

chromoblastomycosas 
o Keloid and hypertrophic scar 
p Rosacea, inc. acne rosacea, pustular rosacea 
q Bowen's disease, inc. early bouinoed 
r C'lers, inc. cyst, pruritus ani, lichen planus, infect 

fissures, plantar fasceitis, guttate scleroderma, prurigo 
nodularis, granulomata, granuloma annulare, ulcer 
(unclassified), after dermabrasion of tattoo to prevent 
keloid, foreign body reaction of 18/12 duration after 
curettage of discharging centre, unstated. 

Glandular enlargement, eg, thymus, T.B. glands. 

Ankylosing spondylitis. 

Arthritis, rheumatism, etc., inc. calcaneal spur, rotator cuff 
lesion, "frozen shoulder", capsulitis, calcification of 
supra-spinatus tendon, supra-spinatus tendonitis, epicondylitis, 
Paget's disease. 

Artificial menopause. 

Deafness. 

Pterygium, inc. uernal catarrh. 

Kidney transplant. 

Others, inc. reparative granuloma, Peyronies' disease, 
intrauterine fibroids, gynaecomastia secondary -,iith 
spironalactome medication, post herpetic neuralgia, 
Herpes Zoster. 

2 

3 

4 

5 

6 

7 

8 

9 



TAPLt 6 ; Cont'd 

Maliqrant neoplasm 
140-149 Buccal cavity and pharynx 

150 Oesophagus 
151 Stomach 
152 Small intestine, including duodenum 
153 Large intestine, excluding rectum 
154 Rectum, including rectosigmoid junction 
155-159 Other digestiue organs and per 

160 Nose, nasal cauities, middle ear and accessory sinuses 
161 Larynx 
162 Bronchus, trachea and lung 
163 Unspecified respiratory organs 

170 Bone 
171 Connectiue and other s o f t t i s s u e 
172-173 Skin 
174 Breast 

180 Cervix Uteri 
181-182 Other uterus 
183 Ouary, fallopian tube and broad ligament 
184 Other and unspecified female genital organs 
185 Prostate 
186 Testicle 
187 Other male genital organs 
188 Bladder 
189 Kidney and ureter 

190 Eye 
191-192 Bra in anc, other pa r t s of neruous system 
193 Thyroid 
194 Other endocrine glands 
195 Ill-defined sites ^here primary in in the region but $± 

not specifiable 
196 Secondary in lymph nodes (primary unknoun) 
197 Secondary in respiratory or digestiue system (primary unknown) 
198 Secondary not covered by 196, 197 (primary unknoun) 

200 lymphosarcoma and reticulum-cell sarcoma 
201 Hodgkin's disease 
202 Other neoplasms of lymphoid tissue 
203 Multiple myeloma 
204 Lymphatic leukemia 
205 Myeloid leukemia 
206 Monocytic leukemia 
207 Other and unspecified leukemia 
208 Polycythemia uera 
209 Myelofibrosis 



TABLE 7: Average bone-ma rro-- doses froi superficial 
X-ray therapy (mCy/Cy skin dose) 

Condition 
Treated 

Non-malignant 

1b 
1d 

4 
5 
8 

Flalignant 

14u 
141 
144 
147 
150 
151 
153 
154 
155 
160 
161 
162 
163 
170 
171 
172 
173 
174 
180 
181 
183 
185 
186 
188 
189 
191 
193 
194 
195 
196 
198 
200 
201 
202 
203 
204 

Head 

69.1 
94.6 
76.5 

102.5 

Chest 

Treatment s i t e 

Abtioaen 

162.5 

69.2 

146.4 

163.9 

128.8 

73.0 

72.4 

91.2 

84.6 

72.5 

: e l v i s 

184.1 

10.9 
08.6 267.6 

1 " J . 9 

Test i c l e s 

47.1 
51.6 162.5 
70.4 155.2 156.7 254.6 
52.8 228.7 
15.6 222.9 234.3 

120.0 130.2 296.5 
60.5 148.1 

128.8 
342.2 297.0 

73.0 167.2 96.9 
e7.3 

107.0 

295.3 
281.9 
291.7 

195.4 97.7 340.6 
108.0 226.1 88.1 

203.2 195.5 380.9 
15.8 67.9 260.9 60.4 

127.0 253.8 102.9 144.2 
50.9 262.0 133.8 317.7 

127.7 170.8 
167.0 

72.0 
123.0 170.3 

48.0 168.4 393.1 
72.4 255.7 234.7 349.9 

131.2 225.4 231.2 356.6 
123.9 258.9 188.7 338.9 
120.6 359.3 
123.8 71.1 



TABLE B: Average bone-marrou doses from deep therapy 
(mGy/Gy sk in dose) 

Treatment s i t e 

Head Chest Abdomen Pe l v i s Tes t i c les Condition 
treated 

Non-malignant 
1b 
1d 
2 
4 
5 184.1 
8 
9 179.2 

73.0 
162.5 

72.4 
69.2 

91.2 

Malignant 

140 69.1 146.4 84.6 
141 94.6 
144 76.5 
147 102.5 
150 163.9 
151 
153 
154 128.8 
155 72.5 
160 
161 
162 
163 
170 
171 
172 
173 
174 
180 
181 
183 
185 
186 
188 
189 
191 
193 
194 
195 
196 
198 
200 
201 
202 
203 
204 123.8 71.1 

110.9 
108.6 267.8 

146.9 

47.1 
51.6 162.5 
70.4 155.2 156.7 254.6 
52.8 228.7 
15.6 222.9 234.3 

120.0 130.2 296.5 
60.5 148.1 

128.8 
342.2 297.0 

73.0 167.2 96.9 
87.3 

107.0 

295.3 
281.9 
291.7 

195.4 97.7 340.6 
108.0 226.1 88.1 

203.2 195.5 380.9 
15.8 67.9 250.9 60.4 

127.0 253.8 102.9 144.2 
50.9 262.0 133.8 317.7 

127.7 170.8 
167.0 

72.0 
123.0 170.3 

48.0 168.4 393.1 
72.4 255.7 234.7 349.9 

131.2 225.4 231.2 356.6 
123.9 258.9 188.7 338.9 
120.6 359.3 



TABLE 9; Average bone-marrou doses from te le therapy 
(mGy/Gy sk in dose) 

Condition 
treated 

Treatment site 

Head Chect Abdomen Pelvis Testicles 

110.9 
108.6 267.8 

146.9 

Non-malignant 
1b 73.0 
1d 162.5 
2 72.4 
4 69.2 
5 134.1 
8 91.2 
9 179.2 

Malignant 

140 69.1 146.4 84.6 
141 94.6 
144 76.5 
147 102.5 
150 163.9 
151 
153 
154 128.8 
155 72.5 
160 
161 
162 
163 
170 
171 
172 
173 
174 
180 
181 
183 
185 
186 
188 
189 
191 
193 
194 
195 
196 
198 
200 
201 
202 
203 
204 123.8 71.1 

47.1 
51.6 162.5 
70.4 155.2 156.7 254.6 
52.8 228.7 
15.6 222.9 234.3 

120.0 130.2 296.5 
60.5 148.1 

128.8 
342.2 297.0 

73.0 167.2 96.9 
87.3 

107.0 

295.3 
281.9 
291.7 

195.4 97.7 340.6 
108.0 226.1 88.1 

203.2 195.5 380.9 
15.8 67.9 260.9 60.4 

127.0 253.8 102.9 144.2 
50.9 262.0 133.8 317.7 

127.7 170.8 
167.0 

72.0 
123.0 170.3 

48.0 168.4 393.1 
72.4 255.7 234.7 349.9 

131.2 225.4 231.2 356.6 
123.9 258.9 188.7 338.9 
120.6 359.3 



TABLE 10: Average bone-marrou doses from 
accelerator therapy (mGy/Gy skin dose) 

Condition 
treated Head Chest 

Treatment site 
Abdomen Pelvis Testicles 

Non-malignant 
1b 

4 
5 
a 
9 

73.0 
162.5 72.4 
69.2 

91.2 
184.1 

179.2 

Mal ignant 
140 
141 
144 
147 
150 
151 
153 
154 
155 
160 
161 
162 
163 
170 
171 
172 
173 
174 
180 
181 
183 
185 
186 
188 
189 
191 
193 
194 
195 
196 
198 
200 
201 
202 
203 
204 

69.1 
94.6 
76.5 

102.5 

146.4 

163.9 

128.8 

84.6 

11D.9 
108.6 267.8 

146.9 
72.5 

47.1 
51.6 162.5 
70.4 155.2 156.7 254.6 
52.8 228.7 
15.6 222.9 234.3 

120.0 130.2 296.5 
60.5 148.1 

128.8 
342.2 297.0 

73.0 167.2 96.9 
87.3 

107.0 

295.3 
281.9 
291.7 

195.4 97.7 340.6 
108.0 226.1 88.1 

203.2 195.5 380.9 
15.8 67.9 260.9 60.4 

127.0 253.8 102.9 144.2 
50.9 262.0 133.8 317.7 

127.7 170.8 
167.0 

72.0 
123.0 170.3 

48.0 168.4 393.1 
72.4 255.7 234.7 349.9 

131.2 225.4 231.2 356.6 
123.9 258.9 188.7 338.9 
120.6 359.3 
123.8 71.1 
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APPENDIX I 

lALCULATIOn OF DEPTH DOSES 

(1) 1.0 - .0 nn Ai Hl/L 

The tables of Central Axis Depth Dose (Cohen 1372) u i v e the percentage 
depth dcce, as a function of depth, for different field size and S S J combinations, 
over che range of Hl/L 1.0 nm Al to C O mm Al. These data apply over the range of 
fic'ld areas zero to 300 cm and SSD's of 15 en to 50 en. 

Tne percentage depth doses at a depth x, for zero field area, given by 
D(0, X ) , were fitted to analytic functions of depth for each Hl/L and for a SOD of 
30 en. These fits mere of the forn: 

D(0, x) = G 1 exp(-b 1 x) + •„ exp (-ox) -(l) 

where - „, b b ̂ , b^ were determined fron a least squares fit to the tabulated 
data and were dependent on the ilUL. 

The values of %,, E^ , b a n cj b for each Hl/L were then fitted to 
analytic functions of HVL . The calculated functions were; 

0, = (47.33 lll/L) °* 3 0° -(2) 
t!2 = 100 - G 1 -(3) 
b 1 = 0.240 - 0.130 (Hl/L)"°'77j -(4) 
h 2 = 2.332 (f!l/L)" 0 , U 6 -1.000 -(5) 

The tabulated percentage depth doses for a field radius C G cm (Area 
300 cn")apd a 330 of 30 cr;i, given by D ( • .c, x), were fitted to analytic functions 
of the forn; 

D( .3, x) = A„ e ~ V + A 0 c ' V - A.,e~a3* -(6) 
1 Z J 

for fjach l!UL value. The values of A , A„, A„, a., a , and a 7 generated by these 
least square fits were then fitted to analytic functions of HV/L given by 
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A 2 = 81.77 exp(-0.643 HUL) -(7) 
A 3 = 1.088 + 3.803 HUL -(8) 
A 1 = 100.0 - A 2 + A 3 -(9) 

and 

3 1 = 0.252 ( H U D " 0 - 2 3 8 " ( 1 0 ) 

a 2 = 0.850 - 0.114 HUL -(11) 
a 3 = 3.579 (HUL)" 0* 8 3 6 -(12) 

The depth doses for a field radius r can be obtained from D (9.8, x)and 
D(0, X) using the relationship given in Appendix A of Cohen. If S(r, x) is the 
scatter dose for a field of radius r, and S(oo, x) is the scatter dose for a 
field of infinite radius then; 

Z.(r, x) = S(co, x) ( 1 - e " A r -/*re"* r) -(13) 

D(r, x ) , the depth dose for a f i e l d of radius r i s given by 

D ( r , x) = D (0, x) - S(r , x) - (14) 

The values of u and X were chosen to give the best fit to the data. 
These values uere yu = 0.26 and \ = 0.5 Combining equations (13) and (14) and 
evaluating D(r,x) for r equals 9.8 gives 

then 
S(oo, x) = 1.015 (0(9.8, x) - D(0,x)) -(15) 

D(r, x) = 0(0, x) + 1.015 (D(9.8, x) -D(0, x)) (1 - e~° , 5 r-0.13e" 0 , 5) 
-(16) 

D(0, X ) uas calculated from equation (1) and 
0(9.8, x) uas calculated using equation (6) with the appropriate 
parameters. 

Equation (16) gives the percentage depth dose for a SSD of 30cm. To 
adjust for SSO, the method in Appendix B of Cohen uas used. If D(r, x, SSD.) is 
the depth dose for SSD. then 

0( r , x , SSDj - D(r /F, x) B ( r / D F 2 - (17) 
BUT 
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where B(r) and B(r/F) are the backseatter factors for a field of radius r and 
r/F respectively and F is given by ; 

(30 + x) (SSD1 ) -(18) 

( 30 ) (SSD^x) 

The backscatter factors for equation (17) were obtained from analytic 
fits to the tabulated values of Cohen, as a function of HUL. 

B(r) = 1.0 + 1.128(0.5-0.335 exp(-0.297 HUL)) (1 - exp(-0.275r)) -(19) 

Using equations (1) - (19) the percentage depth dose could be calculated as a 
function of depth, HUL, SSD and field radius. These analytic fits uere found to be 
accurate to within 107° over the range of the tabulated depth doses. For depths 
greater than 10 cm, the analytic fits were found to be in good agreement with the 
results of Trout (1971). 

(2) 0.5 mm Cu to 3.0 mm Cu HUL 

For X rays with energies in the range 0.5 mm Cu to 3.0 mm Cu the 
percentage depth dose tables of Cohen uere analysed in a similar manner to the 
lower energy X rays. 

The fits to the zero field area depth doses at a SSD of 5G cm, uere of 
the form; 

0(0, x)= B,, e b 1 X + B 2 e b 2 X -(20) 

with 
B 2 = 12.1 exp (-0.863 HUL) + 3.76 x 10~ 4 exp(2.79 HUL) -(21) 
B,, = 100 - B 2 -(22) 

b
1 = 0.230 exp (-0.071 HUL) + 0.576 exp(-6.36 HUL) -(23) 
b 2 = 0.900 -(24) 

and 0(20, x) = Âj e" a 1 * - A 2e" T -(25) 

with A 2 = 63.68 exp(-0.145 HUL) -149.9 exp(-3.708 HUL) -(26) 
A 1 = 100 + A 2 

a 1 = 0.127 ( H U L ) " 0 , 1 2 9 -(28) 
a 2 = 0.515 -(29) 
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The backscatter for a field of radius r, was given by 

B(r) = 1.0 + (0.610-0.37? exp(0.611 Hl/L)) (1 - exp(-0.101 r)) -(30) 

From the analytic fits to the data for a SSD of 50 cm, the percentage depth doses 
for any SSD, field size, HUL and depth were calculated as for Xrays in the energy 
range 1.0 - 8.0 mm Al HVL using the method described in section 1 of this appendix. 

(3) Sealed Sources 

For the radiation dose from sealed sources, the doses at a distance 
d, given by D(d) were calculated using the relation 

D(d) = T A t f -(31) 
d 2 

where 
P = exposure rate constant 
A = activity at the source 
t = duration of treatment 
f = exposure/dose conversion factor for tissue 

The values of fI used for the calculations for the different radioisotopes 
are given in Table 1. 

TABLE 1 

Source P f (Rem /mCihr) 
2 2 6 R a * 7.51 
198 

Au 2.24 
6 0Co 12.3 

1 3 7 C s 3.18 

* 1.0 mm Pt equiv. filtration. 


