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INTRODUCTION 
The assessment of effective dose for medical X-ray workers is very complex, a.o. because the 
dose distribution over relevant organs is highly dependent on photon energy and exposure orienta
tion. Assessment of effective dose is further complicated by the variable efficacy of partial body 
shielding with protective aprons. 
We developed PC computer programmes for calculating equivalent organ doses and resulting 
effective dose as a function of (1) scattered X-ray energy spectrum, (2) shielding parameters and 
(3) exposure geometry. Our model 1 implies calculation of dosimetric quantities , based on inter
nationally adopted dose conversion coefficients per unit kerma-in-air, derived from Monte Carlo 
calculations in mathematical phantoms2. The resulting effective dose is calculated as the weighted 
sum over relevant organs with their assigned weighting factor, according to the definition by 
ICRP-603. 

We have analyzed the reduction of effective dose from use of lead aprons of different models, fit 
and lead thickness, all in function of tube potential and variations in exposure geometry as they 
occur in actual practice. The protection factor, defined as the ratio between the effective dose 
without and with use of an apron respectively, is predominantly dependent on the size and fit of 
aprons because of the dominating influence of partially unshielded organs on the effective dose . 
We have calculated the conversion factors for assessment of effective dose from personal dose 
measurements, for frontal aprons and wrap-around ones, all as function of lead thickness, tube 
potential and exposure geometry. Our study enables the choice of appropriate dividers for 
correction of unshielded personal depth dose measurements, which always significantly over
estimate the effective dose. 
We have calculated the degree of underestimation of effective dose by personal depth dose 
measurements under lead aprons. Our findings demonstrate that single badge monitoring with 
dosemeters worn under the apron should not be recommended because substantial levels of 
effective dose then remain unassessable due to the adversely increase of the lower detection limit. 

PROTECTION FACTOR AND PROTECTION EFFICIENCY 
Calculated protection factors are summarized in 2 graphs for three values of lead thickness and in 
function of tube potential. Results for frontal aprons in 100 % AP orientation and for wrap-around 
aprons in 60 % AP, 30 % LAT and 10 % PA geometry are shown. Results apply for aprons without 
additional neck shielding . Beam filtering is 2.5 mm Al. For extra filtering with 0 .1 mm Cu, the 
calculated protection factor corresponds with shown results at 5 a 10 kV higher tube voltage. 
High and low values for good and bad fit respectively are indicated. Good fit, espcially high cut at 
neck and arm pits, is of more importance than variations in tube voltage, especially for thick 
aprons. 
The graphs on protection efficiency show the reduction in effective dose in terms of percentage . 
Within the range of uncertainty, due to variations in fit and calculation modelling, the same 
results apply for wrap-around aprons in a mixed 60-30-10 exposure geometry as for frontals in the 
predominant AP-geometry with less than 20% lateral exposure. From our calculations we derived 
a rule of thumb which provides a reasonable estimate for the protection efficiency for aprons 
without shielding of the neck as a function of tube potential in kilovolts [kV] and lead thickness 
[Pb] in millimeters. 

kV -50 protection efficiency ::::; 85 - ----
20 X Pb 

1 See Annex for basic structure of calculation model 
2GSF 1993, Zank! and Drexler. Organ dose conversion factors for whole body irradiation. 
ICRU report 43 . Determination of dose equivalence from external radiation sources . 

31990 Recommendations of the International Commission on Radiological Protection 
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Additional neck shielding with 0.25 mm Pb results in an additonal 5 to 10% reduction of effective 
dose because of almost complete shielding of the thyroid and the oesophagus. For tube voltage up 
to 100 kV, this additional reduction outweighs the improvement in protection efficiency that would 
result from doubling the lead thickness of an apron from 0.25 to 0.5 mm. For very high tube 
voltage the efficacy of neck shielding is roughly equivalent with adding 0.15 mm Pb apron 
thickness and a lot of weight. 
The table on protection by 0.25 mm Pb aprons summarizes the minimum protection factor and 
corresponding protection efficiency, as well as the total dose reduction with additional neck 
shielding. The values refer to frontal aprons in predominant AP orientation and for wrap-around 
aprons in a mixed geometry of 60 % AP, 30 % LAT and 10 % PA orientation. It is conditional that 
aprons have a good fit, which means sufficiently high cut at the neck and arm pits. 

CONVERSION TO EFFECTIVE DOSE: DIVIDER 
Badges in personal dosimetry are calibrated to depth dose equivalent at 10 mm depth in tissue 
(symbol: HP). The unshielded depth dose at the front always significantly overestimates the 
effective dose of X-ray workers. We have calculated, under various conditions, the ratio between 
the unshielded depth dose equivalent and the corresponding effective dose when using protective 
aprons. Resulting conversion factors are summarized in 4 graphs. To avoid unwarranted 
overestimation for the divider, we have adopted in our calculations that only exposure in frontal 
direction contributes to the depth dose . For the same reason we only show lower estimates for the 
divider which were calculated for poorly fitting aprons. Conversion factors taken from these 
graphs are therefore appropriate for assessment of effective dose without unwarranted 
underestimation. It must be emphasized that the correction factors are calculated for the unshielded 
depth dose "mid front" at the trunk and therefore only may be used when the dosimetry badge is 
worn mid front at the chest or at the collar, outside the apron. Such is the recommended position 
for a personal dosemeter in medical practices. Most definitely when only one single badge is used. 
The calculated ratio between the effective dose and the depth dose HP, shielded under an apron, 
grows rapidly with increasing lead thickness and even more rapidly with decreasing X-ray energy. 
Graphic presentation of the calculated multiplier clearly demonstrates that the unshielded depth 
dose excessively underestimates the effective dose, but what is even more important, substantial 
levels of effective dose remain unassessable due to the considerable enhancement of the lower 
detection limit for dosimetry under the apron. Even for very high tube potential, above 100 kV, 
the lower detection limit under 0.25 mm Pb is at least a factor 10 to 20 higher than for badge dose 
measurements outside the apron. At low voltage and for thicker aprons, shielded measurements are 
useless because nothing can be measured. 

CONVERSION TO UTERUS DOSE 
Dose control in the abdominal region of women is of special interest in radiation protection, where 
it regards potential pregnancy. We have analyzed the ratio between the equivalent dose to the 
uterus and the respective values for the depth dose unshielded or shielded under the apron. The 
final graph summarizes the calculated correction factors for conversion of depth dose measure
ments to uterus dose. The divider applies for HP unshielded. (Please note the logaritmic scale for 
divider!) Of potentially more use in practice however, serves the multiplier for measurements of 
HP, shielded under the apron. The results refer to shielding with wrap-around aprons in the mixed 
60% AP, 30% LAT and 10% PA exposure geometry. Multipliers for exposure situations were less 
than 10% PA exposure occurs, are slightly less. Correction factors taken from the final graph are 
therefore reliable for estimating the uterus dose, without unwarranted underestimation. 

A compilation of calculated conversion factors, divider, protection factors etc, for various realistic 
exposure situations is available in database structure on 3.5" diskette. 
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PROTECTION ' 0.25 mm Pb aprons 
summary 

upto 75 kV upto 100 kV upto 125 kV 

minimum 
protection factor 5 4 3 

protection efficiency 
apron[%] 80 a 85 75 a 80 70 a 75 

reduction in 
effective dose [% ] 90 85 80 
with .neck shielding 

for: frontal apron; 80% AP + 20% LAT 
wrap around apron; 60% AP+ 30% LAT + 10% PA 
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PROTECTIVE APRONS - LEAD THICKNESS 
summary 

0 Wrap around : a MUST for LAT and PA orientation 

0 0.1 - 0.15 mm : adequate • below 70 kV 
0 0.25 mm : optimal • protection for moderate workloads 
0 0.25 mm with additional neck shield : for high workloads 
0 0.35 mm + neck shield: for very high kV and high workload 
0 0.5 mm : excessively thick and heavy 

• 75% protection efficiency easily achievable 
• maximum efficiency 85% without neck shielding 
• 5% additional dose reduction with neck shielding 
• provided that the model suits the exposure geometry 

and the fit is reasonably good - no low cut at collar and arm pits 


