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PROTECTIVE EFFECT OF LEAD APRONS IN MEDICAL RADIOLOGY 
Chris J. Huyskens & Yuri Franken • Eindhoven University of Technology, NL 5600 MB Eindhoven 

Summary 

This article summarizes the results of an ongoing study regarding the protective effect that lead 
aprons , as used in medical radiology , have on the resulting effective dose for medical personnel. 
By means of model calculations we have analyzed the protection efficacy of lead aprons for 
various lead thicknesses , in function of tube potential and of variations in exposure geometry as 
they occur in practice. The degree of efficacy appears to be highly dependent on the fit of aprons 
because of the dominating influence of the equivalent dose of partially unshielded organs on the 
resulting effective dose. 
Also by model calculations we investigated the ratio between the effective dose and the operational 
quantity for personal dose monitoring. Our study enables the choice of appropriate correction 
factors for converting personal dosimetry measurements into effective dose, for typical exposure 
situations in medical radiology. 

Model calculations of effective dose 

During examinations that involve significant levels of exposure, radiology staff wear protective 
aprons which causes the resulting body exposure to be extremely non-uniform. The assessment of 
the resulting effective dose under the apron is complex. Not only because the dose distribution 
over relevant organs is highly dependent on X-ray energy and exposure orientation, but additional
ly because the degree of shielding varies with photon energy and lead thickness. A further compli
cating factor is that some organs may remain partially or even fully unshielded in particular 
exposure orientations, depending on the model and fit of the apron. 

At our Centre for Radiation Protection and Dosimetry of the Eindhoven University of Technology, 
we have developed PC computer programs to calculate the effective dose and other relevant 
dosimetric quantities in simulated exposure conditions as they occur for staff in medical radiology. 
All calculations refer to whole body exposure with broad parallel beams. For each organ the 
equivalent dose is calculated with and without shielding, separately for frontal (AP), dorsal (PA) 
and lateral (LAT) exposure directions . For our calculations we have adopted the organ dose 
conversion coefficient per unit kerma in air , from the work of the German Institute for Radiation 
Protection GSF [1, 2]. (see figure 1) 

For each particular exposure orientation the equivalent dose per organ is calculated, accounting for 
the shielded fraction of that organ and the transmission fraction of X-rays, depending on lead 
thickness. To account for energy dependency, calculations are performed step by step for each 
energy interval of 10 keV across the entire energy spectrum of the scattered radiation. In earlier 
work we have used approximations based on effective energy [3]. For a particular exposure 
geometry organ doses are then combined as the weighted sum over respective orientations, in 
proportion with time fraction in each orientation. For any desired combination of shielding para
meters, tube voltage and exposure geometry, the effective dose is then calculated as the weighted 
sum over relevant organs with their assigned weighting factor, according to the definition in ICRP 
publication 60 [4]. 
Our model calculations for the related operational quantity in personal monitoring, refer to the 
depth dose at 10 mm tissue equivalent material. Personal dosimeters are usually calibrated in AP-
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orientation only, and the actual angular response in LAT and PA orientation is then neglected, 
when worn at the front of the body. Under these assumptions we calculate the values for 
unshielded depth-dose measurements outside the apron, and shielded values which apply under the 
protective apron. Our method for calculating the depth dose per unit air kerma is based on conver
sion coefficients for the directional dose equivalent in the ICRU sphere [3, 5]. 

In the course of our study, large series of calculations were carried out. Each for energy spectra of 
scattered fields that belong to tube potentials between 50 kV and 125 kV. In the further discussion 
we summarize results only for three exposure conditions: 100 % AP exposure with use of a frontal 
apron ( code F 100/0/0), 80 % AP exposure with 20 % LAT contribution and using a frontal apron 
( code F 80/20/0). These conditions are representative of the comparatively stationary exposure 
conditions in general radiodiagnostics. The third case is characterized by 60% AP, 30% LAT and 
10 % PA exposure with use of a wrap-around apron ( code WA 60/30/ 10). This combination is 
characteristic of conditions in interventional radiology, in which the operator and assistants move 
around considerably with respect to the patient. 

Protection efficacy 

The degree of protection efficacy of aprons can be expressed in the protection factor which is 
defined as the ratio between the effective dose without and with the use of an apron respectively. 
Calculated protection factors are summarized in Fig. 2 for different values of lead thickness and 
also in function of tube potential. Results in Fig. 2a apply to frontal aprons in 100% AP orienta
tion and Fig. 2b shows calculated results for wrap-around aprons in the 60% AP, 30% LAT and 
10 % PA geometry. These results are for aprons without additional neck shielding. Primary 
filtering of the beam is 2.5 mm aluminium. For extra filtering with 0.1 mm copper, the calculated 
protection factor corresponds with shown results at 5 a 10 kV higher values for tube potential. 
Upper and lower values for good and bad fitting aprons respectively are indicated. The actual 
protection factor appears to vary more dominantly with good or bad fit of the apron, than with 
variations in tube potential , especially for thick aprons. 

The degree of protection offered by an apron is also described by the protection efficiency, which 
is the percentual reduction of the effective dose. Within the overall range of uncertainty, due to 
variations in apron-fit and the calculation modelling, approximately the same results apply for 
wrap-around aprons in a mixed 60-30-10 exposure geometry as for frontal aprons in the predomi
nant AP geometry with less than 20 % lateral contribution. Fig. 3a shows summarized results for 
aprons without neck shielding . 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 region, 
as a function of tube potential in kilovolts [kV] and lead thickness (Pb) of the apron in millimeters. 

. ff' . 85 kV - 50 protection e 1c1ency ~ -
20 

x Pb 

In predominant AP exposure the protection factor of frontal aprons of 0.25 mm is at least a factor 
4 for high tube potentials. This corresponds with 75% or more protection efficiency. For most 
work in general radiology this offers adequate protection to the worker. Beneath 70 kV tube 
potential, 0,15 mm Pb thickness already provides a guaranteed protection factor of 5 which 
corresponds with a protection efficiency over 80 % . Values apply under the condition that the fit of 
the apron is reasonably good, i.e. no low cut-out at the neck and good fit beneath the arm pits. 
For heavy workloads in fluoroscopy and interventional radiology, a protection efficiency above 
75 % is desirable. Often, the first thoughts go to thickening the lead apron and therefore making it 
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heavier. Our summarized results easily show that the incremental improvement of protection effi
ciency above 0.35 mm Pb apron thickness is only minimal (see Fig. 3b). The degree of protection 
can be far more easily increased by wearing neck shielding. 

Additional neck shielding with O. 25 mm Pb results in an additional 5 to 10 % reduction of the 
effective dose, because of almost complete shielding of the thyroid and oesophagus. For tube 
potentials below 100 kV, this additional reduction considerably 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 high values of tube potential, the efficacy of neck shielding is roughly equivalent 
with adding O .15 mm lead thickness to the apron, this however, implies a lot of extra weight. 
When using an apron thickness of 0.35 mm Pb in combination with neck protection of 0.25 mm, 
nearly the maximal achievable protection efficiency is reached. 

Correction factors for personal dosimetry 

A particular objective in our studies is to examine the ratio between the effective dose and the 
operational dosimetric quantity in personal monitoring . Such data are essential to derive correction 
factors for converting badge depth dose readings into effective dose, to enable better estimates for 
the effective dose. This is needed on one hand to avoid excessive overestimation of effective dose 
by personal depth dose measurements outside the lead apron, since this could lead to unduly 
limiting necessary working activities. Sometimes, on the other hand, more accuracy may be 
needed to avoid unwarranted underestimation, which could cause problems in showing compliance 
with regulatory dose limits or with ALARA protection objectives. There now is a greater need for 
appropriate data then before, because lower dose limits for occupational exposure have been 
recommended by the ICRP [4]. The significant overestimation of the effective dose by the 
unshielded depth dose measurements at the front outside the apron, shows easily from the summar
ized results in Fig. 4 and 5. The division factor (shortly called: divider) is presented as a function 
of apron lead thickness and of tube potential. Fig. 4a and 4b refer to the use of frontal aprons in 
100 % AP and in 80 % AP + 20 % LAT exposure geometry respectively, both without neck 
shielding. Fig. 5a refers to use of wrap-around apron without neck shielding and Fig . 5b includes 
additional neck shielding, both referring to the mixed exposure geometry in 60 % AP, 30 % LAT 
and 10 % PA geometry. 
To avoid unwarranted overestimation for the divider, we have adopted in our calculations that only 
exposure in the frontal direction contributes to the badge 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 reliable estimates of the effective 
dose without unwarranted underestimation. It must be emphasized that these dividers are calculated 
for the unshielded badge depth dose "mid-front" at the trunk of the body and are therefore only 
applicable when the dosimetry badge is worn mid-front at the chest or at the collar, outside the 
apron. Such is in our view, the recommended position for a personal dosemeter in medical 
practices, when only one single badge is used. It can easily be extracted from Fig . 4 that for 
working conditions in general radiology with predominantly AP-exposure and wearing a 0.25 mm 
Pb frontal apron, justifies correction of the unshielded personal depth dose measurement by a 
factor of at least 4. At moderate and low values for tube potential, the applicable divider is 
substantially more. The precise choices require however, more detailed knowledge of the actual 
exposure conditions . 
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When neck shielding is used additional to a wrap-around apron in the mixed geometry with 
substantial LAT and PA contributions, dividing by a factor of at least 5, is always justified, 
because apron thickness is always more than 0.25 mm Pb (see Fig. 5b). 

Our model calculations for the ratio between effective dose and depth dose readings under the lead 
apron, clearly demonstrate the excessive underestimation of the effective dose when thick aprons 
are used (see Fig. 6). Underestimation is logical because the dosimeter is completely shielded by 
the lead apron, while the effective dose is mostly determined by the exposure of unprotected 
tissues of the body. The underestimation of the effective dose grows with increasing lead thickness 
and indeed even more rapidly with decreasing X-ray energy. Moreover the level of 
underestimation is sensitive to variations in the fit of the apron, so that no reliable correction 
factors could be deduced. Additionally one must realize that 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 increased. At low X-ray energies shielded 
measurements are useless, because nothing can be measured, especially for thicker aprons. These 
arguments demonstrate why single dosimetric measurements under the lead apron are unsuitable 
for control of the effective dose. 

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 readings to 
uterus dose. The divider must be applied for unshielded depath dose readings . (Please note the 
logaritmic scale for divider!) Of potentially more use in practice however, serves the multiplier for 
measurements of depth dose, shielded under the apron. The results in Fig. 7 refer to shielding 
with wrap-around aprons in the mixed 60 % AP, 30 % LAT and 10 % PA exposure geometry. 
Multipliers for exposure situations when less than 10% PA exposure occurs, are slightly less. 
Correction factors taken from Fig. 7 are therefore reliable for estimating the uterus dose, without 
unwarranted underestimation. 
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Figures 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig. 5 

Fig. 6 

Fig. 7 

Basic outline of the calculation model 
HP (personal) depth dose equivalent 
HT equivalent organ dose 
EH effective dose 
K kerma per unit energy interval 

Summary of calculated protection factors for lead aprons without neck shielding 
Fig. 2a (left) refers to frontal aprons in 100% AP geometry. 
Fig. 2b (right) applies to wrap-around aprons, used in a mixed exposure geometry: 
60% AP - 30% LAT - 10% PA. 

Fig. 3a (left): Protection efficiency for frontal and wrap-around aprons without 
neck shielding 
Fig. 3b (right): Protection efficiency for wrap-around aprons with additional neck 
shielding in the mixed 60-3-10 geometry 

Conversion factors to correct for overestimation of the effective dose by the 
unshielded depth dose equivalent "mid-front" at the body for frontal aprons without 
neck shielding 

Conversion factors to correct for overestimation of the effective dose by the 
unshielded depth dose equivalent "mid-front" at the body for wrap-around aprons 
Fig. 5a (left) without neck shielding, Fig. Sb (right) with additional neck shielding 

Factor of underestimation of the effective dose by the 10 mm depth dose, shielded 
under the apron 
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