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ABSTRACT 

As part of the National Health and Medical Research Council survey 
to determine the genetic and mean bone-marrou doses to the Australian population 
from the medical, dental and chiropractic uses of radiation sources, doses to 
patients undergoing X-ray diagnostic procedures were evaluated. The doses were 
measured using capsules of LiF or CaF.:Dy thermoluminescent dosemeters (TLD). 
The evaluation of the TLD measurements is described and the mean values of the 
skin doses for patients undergoing various radiographic examinations in 
Australia in 1970 are presented. 



INTRODUCTION 

In 1969, the National Health and fledical Research Council (NHFIRC) 
commissioned a survey to determine the genetic and mean bone-marrow coses to 
the Australian population from the medical, dental and chiropractic uses of 
radiation sources. Subsequently, in 1970, a survey of all departments and 
practices using radiation for medical purposes determined the total number 
of examinations performed in Australia per year at different types of 
establishment. The gonadal and bone-marrow doses from the diagnostic uses 
of Xrays were estimated from measurements made on a statistically derived number 
of patients for different tynes of examinations and establishments, weighted 
according to their contribution to the overall population doses (Swindon 1980). 

The methods of calculating the gonadal and bone-marrou doses are 
detailed in Morris (1980) and Solomon (1980). The methods described 
require that, for direct radiography of females, the entrance skin dose in 
the centre of the X-ray field be determined. The ovarian and bone-marrcw doses 
for females undergoing fluoroscopic examinations were calculated from dose 
measurements made at four points at the ovary level. For this purpose, the 
ovaries were assumed to be on a plane midway between the iliac crest and 
pubic symphysis. For X-ray examination of the lower arm and hand and breast, 
the ovarian doses were calculated from the dose measurements on the iliac crest. 

The gonadal doses for males were calculated from dose measurements 
made on the scrotum and the male bone-marrow doses were taken to be the same as 
the female bone-marrow doses. 

METHOD OF MEASUREMENT 

As upwards of 10000 measurements were to be made, a readily usable 
system of measuring this large number of individual doses was needed. 
Thermoluminescent dosimetry (TLD) was the most convenient and easiest system 
to use. Lithium fluoride (TLD 100.) was used for the measurement of doses in 
the direct beam and dysprosium doped calcium fluoride (TLD 200), which has 
a greater sensitivity, was used for the measurement of doses outside the 
direct beam. The two phosphors chosen for measuring doses were in powder form. 
Approximately 40 mg of TLD powder was dispensed into gelatin capsules which 
had been modified so th*t TLD powder would be in a spherical shape (see Figure 1) 
F3ch capsule w*s sealed in in individually numbered plastic sachet, the LiF 
dosemeter beinr, spiled in a blick sachet and the CaF :Dy dosemeter sealed in a 
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red sachet. The required number of sachets for the examinations to Di 
investigated were issued to each establishment, together with enoî .̂ h e.<*ra 
sachets to act as zero dose controls (approximately 3 controls per 20 dasenuters). 

1. Instrumentation 

The TLD powder was read out on Harshaui model 2000A/2000B TLD 
readers. One unit was used solely for the readout of LiF and the o'hei for 
CaF :Dy. The LiF TLD unit, had a heat cycle of 30 seconds duration, reachinr 
a maximum temperature of 190 C, approximately 5 seconds before the ê d of the 
cycle. The CaF :Dy TLD reader had a laooratory built externally programmed 
temperature control unit with a cycle of 60 seconds duration. The fi•st part 
of the temperature cycle was a post irradiation annealing period of 30 seco'.Cs 
at a temperature of 85 C. The readout cycle was then initiated autonu•tiralj.y 
by a relay. The cycle was continuous for a further 30 seconds while the 
temperature was taken to a maximum of 200 C. 

The sensitivities of the photomultiplier tubes were adjusted to qut 
a maximum reproducible sensitivity and the dark current was backed off to 
read a minimum. The Harshaw TLD dispensers provided approximately 18 rr.̂  of 
LiF or 14 rug of CaF„:Dy and were accurate to within ± 2%. The reproducibility 
of each heat cycle was excellent. 

2. Thermoluminescent dosimetry 

a. Annealing of TLD powders 

Before annealing, the powder was sieved so that the grain r>izi; 
was between 75 and 180 -.m. The LiF anu CaF :Dy powders were arr,«ajed 
for one hour at 400 C and then quenched on a copper block. The LIF 
powder was then given an additional 20 hour annealing at 80 C. 
The room lighting was subdued to minimise ultra-violet light ef.vcts 
on the powder. 

The two powders were kept completely separated at all times, and 
all annealing apparatus was duplicated so there could be no cms.?: 
contaminaticn of powders. A record of the history of each batch 
of powder annealed was kept, so that any changes of behaviour of L.he 
powders could be noted. 



Angular response of dosemeters 

It was necessary to make certain that the response of the TLO 
capsules was angularly independent. The spherical shape of the 
dosemeter was chosen to minimise any angular dependence. In order to 
confirm this, the angle of irradiation of the capsules was varied 
between 0 and 90 angle of incidence over a range of X-ray energies 
between 0.2 mm Al and 8 mm Al half-value layer (HVL). There uas no 
apparent change to the measured dose due to the angle of incidence 
of the Xrays for either LiF or CaF :Dy in the gelatin capsules used. 

Energy dependence 

Capsules of both LiF and CaF :Dy were exposed to the same dose of 
radiation for various X-ray energies between 1 mm Al and 8.5 mm of 
Al HVL and also to radium gamma rays. The X-ray energies cover the 
diagnostic X-ray region. The graphs of response versus HVL, 
normalised to the response due to radium gamma rays are shown in 
Figure 4 for LiF and Figure 5 for CaF_:0y. The curves can also be 
normalised to a point with HVL = 1.7 mm Al and equations can be 
fitted to the resultant curves. It was found that for LiF: 

H = X̂ ,,, /X„ _ = 1.02247 - 0.01285 x HVL - 0.000329 x HVL 2 

HuL 1.I 

and for CaF :Dy 

H = X H U L /X1 = 0.97636 + 0.026055 x HVL - 0.007190 x HVL 2 

where H is the sensitivity correction for half-value layer, X is the 
sensitivity of the phosphor at HVL, and X _ is the sensitivity at 
HVL = 1,7 mm Al. These equations agree with the experimental results tc 
within +_ 0.5% over the range 1 mm Al to 8.5 mm Al HVL. They are 
also in good agreement with energy dependence data derived by 
Klick (1967) and Becker (1970). The relative response of 
CaF :Dy to LiF at 2.0 mm Al HVL is 380, 

Exposure dependence 

Capsules of both LiF and CaF :0y were given exposures to Xrays 
—6 —1 and to radium gamma rays between 1.29 x 10 Ckg (5 mR) and 0.258 

Ckg (1000R). The response was linear up to exposures of greater 
— 2 -1 

than 7.7 x 10 Ckg (300R), which is well above the maximum diagnostic 
X-ray exposures expected. 
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Exposure rate dependence 
No dependence on exposure rate was found for exposure rates encountered 

in diagnostic radiography. 

Standard exposures 
To ensure that the energy -response for the TLQ phosphors was constant 

between each annealed batch of powder, two standard exposures were performed 
for each newly annealed batch of powder. Sufficient TLO capsules were given 

-4 —1 # an exposure of 4.4 x 10 Ckg (1.7R) from xrays with 1.7 mm Al HVL or 
-3 -1 , 3.0 x 10 Ckg (11.8R) from radiuiu gamma rays of filtration 1.0 mm Pt 

equivalent. 
The ratio of the response to a normalized exposure was then calculated. 

The result was in the range: 

1.34 ± 0.04 for LiF 

= 11.6 + 0.3 for CaF-rDy 
I 

is the response at a HVL = 1.7 mm Al 
is the respond to radium frays. 

Additional standards were used during each readout session to check the 
sensitivity for the TLO reader. This minimised any effect due to changes in 
the sensitivity of the TLO reader. 

Fadinq 

Because the light emitted at the time of readout from TLO phosphor 
decreases with the time between exposure and readout, i.e. the fading effect, 
it was necessary to allow for the fading that occurred in this elapsed time 
for both the standard and measurement TLD's. In practice, this elapsed time 
varied from 10 days to 400 days and consequently, the long term fading 
characteristics of the phosphors were needed. This was determined experimentally 
using extra TLD's which had received the standard exposures throughout the survey. 
Standards from both batches of pouder were read out during a number of consecutive 
readout sessions. The results were then plotted as fraction of residual readout 
versus time elapsed from exposure. These results are shown in Figure 6 for LiF 
and Figure 7 for CaF.:Dy. Equations were fitted to these curves and it was found 
that the following equations gave good agreement with the experimental results: 

F(t) = exp (-8.185 x 1Q~ 4 x t) for LiF and 
F(t) = (1 - 0.04032 In (I7.82t)) for CaF :0y 

V 
and R x / 

'"r 
where "» 
and R r 
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where 
F(t) = fraction of initial thermoluminescence remaining after an 

elapsed time t (days) from exposure. In most cases, the dates of the 
measurements on patients with the TLO's were known as were the exposure 
dates of the standards and dates of readout. The readout for zero day's 
fading was then calculated for both the standard and the measurement TLO's. 

Calculation of exposure 
Each issue of sachets to an establishment included extra sachets to act 

as zero dose controls. It was assumed that the controls would also be 
exposed to any non-examination radiation exposure, such as background, or 
other adverse effects. The readout of the exposed TLO's less the readout 
of the controls should then be due solely to the radiation from the examination. 

The exposures received by the TLD's from an X-ray examination were 
calculated according to the following formula: 

D J (Nm-Nc) x Rs F(ts) . Rd = • „ ' x - ) ' ( where Ns x H F(td) 
Rd = exposure of measurement TLD 
Rs = exposure of standard TLD (4.4 x 10 Ckg ) 
Nm = readout in nC of measurement TLD 
Nc = readout in nC of the control TLD 
Ns = readout in nC of the standard TLD 
H = sensitivity correction for HVL of X-ray beam to which 

the measurement TLD was exposed 
F(ts) = fraction of initial thermolumincscence remaining after 

elapsed time ts (days) from exposure to readout of the 
standard TLD 

F(td) = fraction of initial thermoluminescence remaining after elapsec' 
time td (days) from exposure to readout of the measurement 
TLD 
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3. Errors 
The biggest single error involved uas in the readout of the TLD's. 

The minimum detectable exposure for LiF uas found to be 1.3 x 10 Ckg (5mR) 
—7 —1 and CaF_:Dy uas found to be 2.5 x 10 Ckg (lmR). The random uncertainty in 

the measuring system resulted in a further 35% possible error for all readouts. 
If a suitable control uas not available with the exposed TLO's, the minimum 

—6 —1 —fi —1 
detectable exposure jas 5.2 x 10~ Ckg (20mR) for LiF and 2.3 x 10 Ckg -

(9mR) for CaF_:Dy, the increase being mainly due to the uncertainty of the 
background radiation to uhich the TLO's uould have been exposed. Each correction 
factor used in the calculation of exposure also had a random uncertainty associated 
with it. The error estimation for a particular measurement TLD uas found by 
combining in quadrature the individual percentage errors associated with the 
readout. An absolute error uas associated uith the uncertainty of the control 
value. The total error uas the sum of these tuo contributions. The errors 
involved have been tabulated in Table 1. 

TECHNICAL PARAMETERS REQUIRED TO ASSESS THE TLO DOSES 

1. X-ray unit information 

Information on each X-ray unit used in the survey uas needed to determine 
the required doses accurately. 

fleasurments uere made to determine: 
a. the half-value layer (HUL) of the X-ray beam used for the 

examination. 
The HUL uas needed for an energy correction in the assessment 

of the TLD's and for depth dose determinations. A laboratory 
designed and constructed half-value layer devrce uas used to 
measure the HUL of X-ray beams generated at nominally 60 kU 
and 90 k'J on each X-ray unit jsed in the survey for the 
examination of patients. The device used flat sachet9 filled 
uith approximately 80 mg of LiF, the incident radiation being 
attenuated by d, 0.9, 1.8, 3.06, 4.73 and 7.11 mm Al (See 
Figures 2 and 3). 
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An intercomparison was made between the half-value layers determined 
by the device and the half-value layers measured with a secondary 
standard ionization chamber over the diagnostic X-ray energy range. 
It was found that the half-value layers measured by the device 
must be multiplied by a facte- of 0.9 for all X-ray energies to 
obtain the correct half-value layer. 

Four readouts were obtained from each sachet and the results entered 
into a Fortran IV computer program which calculated the half-value 
layers. As the kv" of the X-ray beam used in the examination 
was known, the half-value layer measurements at 60 kV and 90 kV for 
each X-ray unit used in the survey, was linearly interpolated or 
extrapolated to determine the half-value layer of the beam. 

b. The accuracy of radiographic field sizes. 

It was necessary to check that the reported field sizes were 
correct. For each exposure a knowledge of the exact field size 
and its position on the patient's body in relation to the gonads 
and bone-marrou sites was necessary for the calculation of the 
ovarian and bone-marrow doses. 

Radiographs were taken of fields from X-ray units that used 
adjustable collimators, cones or fixed diaphragms. The illuminated 
field size or collimator setting was measured and compared with 
the field size on the radiograph. Any corrections to the field 
size were applied to the examination information supplied by the 
establishment. 

2. Information on female patients 

The departments and practices surveyed were requested to provide 
information on the exposure conditions and also on the patients undergoing the 
X-ray examination. For convenience, the departments and practices were 
classified as shoun in Table 2 and the examinations and ancillary aids as 
shown in Tables 3 and 4. The sachets were placed on the patients according to 
instruction sheets supplied "-.o the establishments. The information required to 
calculate the skin, ovarian and bone-marrou doses was: 
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a. examination and ancillary aid used 
b. height and weight of patient 
c. age of patient (if under 15 years of age) 
d. if pregnant 
e. X-ray tube used 
f. tube voltage, tube current, exposure time and number of 

exposures 
g. projection 
h. focus-film distance 
i. distance of sachet from table top 
j. distance of the sachets from the iliac crest and midline 
k. field size on entrance surface 
1. date of examination. 

3. Information on male patients 

As the scrotal dose was to be measured for all male patients and the 
bone-marrow doses were to be estimated from measurements on the female patients 
it was only necessary to obtain information on the exposure parameters and the 
examination, i.e. 

a. examination and ancillary aid used 
b. age of patient (if under 15 years of age) 
c. X-ray tube used 
d. tube voltage, tube current, exposure time and the number of 

exposures 
e. projection 
f. data of examination 

Skin doses from the direct radiography of females 

In order to determine the ovarian and bone-marrow doses from the direct 
radiography of females the skin dose in the centre of the X-ray field was 
required (Morris 1 JBO). The skin doses were measured directly using TLD's. 
The TLD exposures were converted to skin doses (in Gy) by multiplying the 
exposures (in Ckg ) by an absorbed dose/exposure conversion factor for tissue 
which are given in T^ble 5 for the diagnostic X-ray region. 



Tables 6, 7 and 8 give the mean entrance skin doses from direct 
radiography of females under 2 years* between the ages of 2-14 years and 
over 15 years* averaged over the number of Measurements aade for a particular 
examination, weighted according to the total number of examinations performed at 
a particular type of department and practice. The standard error of the mean 
(SCOn) was calculated from the individual skin dose measurements and the 
systematic uncertainty was calculated by taking the square root of the average 
of the measurement errors, added in quadrature. The maximum and minimum entrance 
skin doses measured for a particular examination are also shown. 

DISCUSSION 

The range of entrance skin doses for the same examination is quite 
large. This is reflected in the SEOfl. The variation of doses would mainly be 
due to the different patient sizes or different radiographic techniques. 
The total number of radiographs taken can vary considerably and are dependent 
on the complexity of the particular examination. The exposure parameters, 
film/screen combination and developing procedures can also account for large 
variations in the entrance skin dose. 
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TABLE 1. Estimation of errors for TLD measurements 

CaF2:Dy LiF 
Source(s) Source(s) 
of Percentage Absolute Percentage Absolute 

error error error 
nCkg - 1 

error error 
HCkg-1 

error 
nCkg - 1 

error 
HCkg-1 

Nm 35 0.26 35 1.3 
Nc 35 2.3 35 5.2 
td 38 0.26 38 1.3 
td and Nc 38 2.3 38 5.2 

'Ns 40 0.26 40 1.3 
Rs/ 

1 Ns and Nc 40 2.3 40 5.2 
Rs / 
' Nm and td 43 0.26 43 1.3 

Rs / 
'Nm and td 

and Nc 43 2.3 43 5.2 
ts 36 0.26 36 1.3 
ts and Nc 36 2.3 36 5.2 
td and ts 39 0.26 39 1.3 
Rs / 
'Nm and ts 41 0.26 41 1.3 

Rs / 
'Nm and t9 

and td 44 0.26 44 1.3 



TABLE 2. Type of department or practice 

Classification Type of establishment 

01 Hospital department uiith one 
diagnostic X-ray unit 

02 Hospital department with two 
diagnostic X-ray units 

03 Hospital department with three 
diagnostic X-ray units 

04 hospital department with four 
or more diagnostic X-ray units 

40 Radiologist's private practice 
41 Other medical radiological 

practice 
42 Chiropractic practice 



TABLE 3. Examination classification 

Classification Examination 

01 Chest (lungs, heart, etc) 
02 Thorax (ribs, sternum, 

shoulder, clavicle) 
03 Arm and hand 
04 Pelvis 
05 Hip and femur (upper third) 
06 Femur (shaft and knee) 
07 Lower leg and foot 
08 Head (including cervical 

spine) 
09 Dental 
10 Dorsal spine 
11 Lumbar spine 
12 Lumbo-sacral spine 
13 Abdomen 
14 Abdomen (obstetrical) 
15 Pelvimetry 
16 Hysterosalpingography 
17 Cholecystography-

Cholangiography 
18 Stomach and G.I. Tract 

(including oesophagus 
and duodenum) 

19 Intestine 
20 Urography (including IVP) 
21 Retrograde pyelography 
22 Urethrocystography 
23 Breast 



TABLE 4. Ancillary aid classification 

Classification Ancillary aid 

0 No aids - direct radiographs 
only 

1 Fluorescent screen - (with 
or without spot film 
device) 

2 Image intensifier only 
3 I.I. with T.V. 
4 Serial changer with above 

(excluding spot film 
device) 

5 Serial changer only 
(excluding spot film 
device) 

6 Tomogram 



TABLE 5. Exposure/dose conv/ersion Factors 

HVL 
(mmAl) G " C K 9 - 1 

0.5 34.5 

0.7 34.5 

1 34,1 

2 34.1 

3 34.1 

4 34.1 

8 34.9 



TABLE 6. Skin doses from the direct radiography of fenales 
weighted according to the relative number of patients at all 

types of department and practice 

No ancillary aid 

Children less than 2 years 

Examination 

Number 
of 

measurements 
made 

nean 
entrance 
skin 
dose 
(rGy) 

SE0P1 
(rGy) 

Systematic 
uncertainty 

(rGy) 

Flaximum 
entrance 
skin 
dose 
(rGy) 

Minimum 
entrance 

skin 
dose 
(rGy) 

01 58 350 66 24 8200 100 
02 4 172 9 13 175 170 
04 17 375 33 25 1300 100 
05 7 1730 250 145 9000 100 
06 5 160 40 11 265 100 
06 16 4000 700 300 33400 300 
11 2 906 320 77 970 880 
13 13 645 55 43 1200 200 



TABLE 7. Skin doses from the direct radiography of femalc-s 
weighted according to the relative number of patients at :11 

types of department and practice 

No ancillary aid 

Children 2-14 years 

1 Number Wean Maximum Minimum 
of entrance 5E0M 

(-Gy) 
Systematic entrance entrance 

Examination measurements skin 5E0M 
(-Gy) uncertainty skin skin 

made dose 
5E0M 
(-Gy) (*Gy) dose doss 

(.-Gy) (r-Gy) U.y) 
01 88 596 78 96 11000 100 
02 7 2215 110 470 7700 600 
04 19 3080 705 695 29100 200 
05 23 2600 480 510 25700 300 
06 41 1260 150 180 10700 200 
07 29 1550 79 255 10900 300 
08 30 9210 480 1310 60000 800 
10 5 6970 975 1245 12300 1000 
11 11 19210 4470 3920 81100 500 
12 10 23560 4580 4340 82500 300 
13 31 3850 525 600 29100 200 
20 22 16630 3585 3110 131600 1300 
22 1 6210 — 2160 6210 6210 



TABLE 8. Skin doses from the direct radiography of females 
weighted according to the relativ/e number of patients at all 

types of department and practice 

No ancillary aid 

Adults over 15 years 

Examination 

Number 
of 

measurements 
made 

Mean 
entrance 
skin 
dose 
UGy) 

SE0P1 
(rGy) 

Systematic 
uncertainty 

UGy) 

Maximum 
entrance 
skin 
dose 
(̂ Gy) 

Hiniirum 
entrance 
skin 
dose 
(.Gy) 

01 350 1375 50 112 15500 100 
02 51 4275 175 610 33000 300 
04 91 9840 670 1140 98500 100 
05 114 11170 840 990 54900 200 
06 116 3330 210 365 41400 200 
07 56 2450 80 305 33900 300 
08 136 17180 600 1515 91600 100 
10 29 22180 635 2860 88800 300 
11 86 36480 1720 3435 180000 900 
12 231 62830 4020 5045 348300 700 
13 204 11360 1025 975 88400 200 
14 86 17720 1230 1670 94200 1100 
15 39 39070 4375 4560 139000 10600 
16 14 17080 1900 2520 50500 1700 
17 33 27630 665 3270 109000 8300 
18 5 25000 3220 5880 59600 5300 
19 2 9420 670 2480 10120 8710 
20 162 56730 3610 4940 670500 4000 
21 15 14550 1630 2110 52500 5400 
22 2 12160 2420 2840 16600 8750 



FIG 1 
TLD Capsule 
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HVL Device 
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FIG.4 
Response versus HVL normallized 
to response of Re V rays. 
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to response of Ra V rays. 
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FIG. 6. 
Fraction of residual readout versus elapsed 

time from exposure 
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FIG. 7. 
Fraction of residual readout versus elapsed 

time from exposure. 
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