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The protective garment or “lead apron” is a critically 
important item for the protection of staff involved in work 
where fixed physical barriers are not available or feasible to 
shield radiation scattered from x-ray equipment or patients. 
The detrimental effects of x-ray radiation are well understood, 
and the need for good quality aprons that provide sufficient 
levels of protection for the work being undertaken is not 
disputed by anyone. Further, the use of radiation in almost 
all applications is tightly controlled by local regulatory 
authorities, but despite this, it is a remarkable fact that in 
most of the world, Australasia included, the claims apron 
manufacturers make, and the labelling they fix to their 
garments often does not give an accurate picture of the 
apron’s true protective abilities.

This article is the first of a series to be published over the next 
few issues of Spectrum that will focus on the lead aprons used by 
staff in diagnostic imaging and interventional procedures, and the 
factors that have contributed to the situation mentioned above. 
The intention of these articles is to provide interested readers 
an insight into what aprons are made of, how they work, what 
the metrics of protection are and how they are measured, and 
most importantly, how to interpret the marketing information 
provided by manufacturers and suppliers engaged in the business 
of selling aprons. People required to make lead apron purchasing 
decisions will hopefully find these articles helpful, as will anyone 
who is curious as to why two aprons of the same size and with the 
same claimed level of protection can weigh substantially different 
amounts.

Weight Vs Protection
Naturally there is a demand from the market for lightweight 
protective garments because weight is a very significant 
contributor to overall comfort. Modern medical practices often 
involve complex and long procedures, requiring aprons to be 
worn for extended periods of time, and fatigue or injury are very 
real issues for wearers.

Unfortunately, it is unavoidable that adequate attenuation of 
diagnostic x-ray radiation requires a significant mass of material 
and so protection, and wearing comfort are somewhat in 
competition with each other. A compromise needs to be made 
whereby an adequate level of protection is provided, and the 
wearer afforded good quality of working life.

Apron manufacturers have responded to this challenge in the last 
several decades by producing aprons that use materials other 
than lead as their key attenuating agent. The accepted testing 
laboratory measurement methods available to determine the 
attenuating ability of aprons have not been truly representative 
of actual exposure situations for wearers though. As a result, the 
market is full of non-lead or reduced-lead aprons with weights 
significantly less than the weight of the equivalently labeled lead 
based garment. Often, these claims are quite inaccurate in terms 
of actual protection.

This is not to say that manufacturers are deliberately misleading 
their customers. Rather, a shortcoming in testing methods has 
existed that has provided the so-called lightweight non-lead 
garments an apparent advantage. The situation has begun to 

change with the recent publication of new measurement methods 
for testing laboratories to follow. These methods give more 
representative measures of the attenuating ability of a nonlead 
apron when compared to a lead apron, and so a more accurate 
picture is beginning to emerge. A consequence of these changes 
will not necessarily be that apron weights will increase. Instead, 
it is hoped that the labelling fixed to aprons to indicate their 
protective abilities will be a more accurate reflection of reality. 
Unfortunately, it takes some time for new standards and methods 
to be adopted, and in the meantime, manufacturers will continue 
to seek an “edge” by making statements based on results 
obtained using the older standards.

Evolution of the Apron
As mentioned, the lead apron has evolved considerably in the last 
century. Regardless of the construction particulars, all aprons rely 
on the same radiation interaction mechanisms to achieve their 
attenuating abilities, and these mechanisms require the use of 
high atomic number elements.

Conventional textiles used for garment manufacture do not 
contain high atomic number elements, and so some means is 
required to incorporate these elements into suitably flexible and 
workable substrate materials.

Historically, the substrate material used was rubber, and lead has 
been the preferred attenuating element because it has a high 
atomic number, exists as a stable pure metal, and does not react 
with other materials. It can be readily powdered to a fine particle 
size, and in this form can be mixed into the uncured rubber. Once 
cured, a flexible sheet of attenuating core material is obtained 
that can be cut into patterns and stitched into garments. Early 
aprons materials were not particularly flexible, and styles were 
limited to “front and back over-the-shoulder drapes”. More 
recently synthetic rubbers, and PVC vinyls have been employed, 
and these materials can be cast into thinner layers, affording 
more flexibility. This has allowed for the option to manufacture 
actual fitted vests with companion skirts as a means of providing 
full protection to the human trunk, but with the advantage that 
weight is distributed to the shoulders and the hips.

Elements such as tin, antimony, 
barium, and bismuth are the most 
commonly employed today.“ “

Other elements with moderate to high atomic numbers have 
become popular as attenuating materials. In addition to lead, 
elements such as tin, antimony, barium, and bismuth are the most 
commonly employed today. The primary driver for their use has 
been to offer apparent weight advantages, but concerns about 
the health and environmental impacts of lead have also motivated 
the use of these other elements.

The evolution of the “lead apron” is shown in the images 1-3, 
which covers a time span of approximately one century. In some 
regards, it would be fair to say nothing much has changed, whilst 
in others, a number of innovations have taken place.
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WeighingInOnPRP RadSafe® personal radiation protective 
apparel and eye wear is setting new standards in innovative and 
reliable protection for healthcare professionals around the world.

Image 1 of a protected worker has been obtained from material 
provided by the International Atomic Energy Agency (the IAEA), 
and is dated 1916. Note the obvious inflexibility of the apron 
material, which almost looks like it could have been constructed 
from straight lead sheeting.

The garment modelled in image 2 is typical of what was available 
in the 1970s. The core material is lead rubber based. Despite the 
apron covering both front and rear, note the gapping areas at 
the sides potentially exposing sensitive tissues to unattenuated 
radiation.

The garment in image 3 is representative of products available 
today. Its core material may be either synthetic rubber, or PVC 
(vinyl) based, and will utilise either lead, reduced-lead, or non-
lead based materials to attenuate the radiation. Note the vest/
skirt configuration employed to distribute weight to both the 
shoulders and the hips, and the snug fit under the arms to ensure 
completed protection of the trunk

This article has served as an introduction to the humble lead 
apron, and has touched upon a range of topics that in the forth-
coming issues of Spectrum will be expanded upon. Real world 
measurement data and diagrams will be used to explain how the 
measurement standards work, and most importantly, what to look 
for when navigating the critical issue of weight vs protection in 
selecting suitable lead aprons.
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Getting “Physical”
This second article in the “lead apron” series will focus on the 
underlying physics concepts that are relevant to protective 
garment performance. To understand what differentiates 
the performance characteristics of one protective garment 
from another it is necessary to understand how the materials 
incorporated within the apron attenuate the x-ray radiation. So, 
although this article will delve into the more technical aspects of 
lead aprons (please refer to the glossary at the end of the article 
for explanation of the terms and units used), understanding 
the underlying concepts will be useful in assisting you when 
interpreting the labelling and marketing material associated with 
them.

When diagnostic x-ray radiation passes through a medium, 
the two key interaction processes that can occur are Compton 
scattering and photo-electric absorption.

Compton scattering is depicted in Figure 1 and occurs when the 
energy of the x-ray photons is significantly higher than the energy 
that binds electrons to an atom. In a Compton interaction, the 
incoming x-ray photon will scatter off a loosely bound electron, 
and continue on in some direction with a diminished amount of 
the energy until it undergoes further interactions, or leaves the 
medium. The energy lost by the photon is imparted to the ejected 
electron as kinetic energy.

Fig1. - Schematic diagram of Compton scattering

The photo-electric interaction is depicted in Figure 2 and occurs 
when the energy of the x-ray photons is just above the binding 
energy of electrons in an atom. In a photo-electric interaction, 
the incoming x-ray photon is completely absorbed, and ejects 
a tightly bound inner shell electron from the atom. The atom’s 
other electrons will then redistribute themselves, resulting in the 
emission of fluorescence x-rays in a high proportion of cases. As 
for the Compton scattered x-ray, the fluorescent x-ray will then 
undergo further interactions, or leave the medium.

Fig2. - Schematic diagram of photo-electric absorption, and subsequent fluorescent x-ray 

emission

In the context of diagnostic imaging, soft tissue is comprised 
mainly of the low atomic number elements hydrogen, carbon, 
and oxygen (atomic numbers 1, 6, and 8 respectively). The 
electron binding energies for these light elements is low, and so 
the Compton interaction dominates when diagnostic x-rays pass 
through soft tissue. In conventional radiography and fluoroscopy, 
the Compton interaction is of little benefit – it deposits dose in the 
patient, and the Compton scattered photons that exit the patient 
and reach the image receptor reduce image contrast.

In bone, the presence of significant amounts of phosphorous and 
calcium (atomic numbers 15 and 20) means that photo-electric 
patient and reach the image receptor reduce image contrast.

In bone, the presence of significant amounts of phosphorous and 
calcium (atomic numbers 15 and 20) means that photo-electric 
interactions dominate over Compton interactions. This is the 
reason x-rays can be used to delineate bone within soft tissue – 
the combination of higher density, and higher atomic number 
means the bone absorbs and scatters more radiation, and 
effectively casts a “shadow” on the image receptor.

Before looking at what role these interaction processes play 
in protective garments, it is important to understand the main 
metric that is used to describe the protective ability of a lead 
apron. The metric is known as lead equivalence. For a particular 
material, its lead equivalence can be defined as the thickness of 
pure lead that is required to produce the same measured ratio 
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of attenuation of an incident radiation beam as the test material. 
Figure 3 below illustrates this point.

Fig3. - Schematic representation of lead equivalence determination

There is some discussion concerning the merit of lead equivalence 
as a metric for protection. Its use traces back to the historical use 
of lead in garments, but there is nothing intrinsically special about 
lead beyond this. Lead equivalence does provide a simple index 
that most people in the industry are familiar with. It is widely 
recognised that in round terms, an apron with a lead equivalence 
of 0.25 mm Pb is suitable for lower energy radiation sources, 
and light duty use. For higher workloads or x-ray energies, a 0.35 
mm Pb, or even 0.50 mm Pb apron will afford the appropriate 
amount of protection. In this regard, it is a simple and convenient 
measure, even if the actual lead equivalence doesn’t provide 
explicit information about the level of protection. The process of 
measuring lead equivalence and relating this to actual wearing 
conditions is a topic in its own right, and the methods used will be 
discussed in the next apron article.

Returning to aprons, the photo-electric interaction probability 
increases sharply as the atomic number of the element increases, 
and so in terms of providing the most effective attenuation, the 
high atomic number elements are the best. Compton scattering 
will occur off the substrate PVC or rubber materials used in 
the apron’s construction, but the photo-electric interactions 
with the heavy elements will dominate by several orders of 
magnitude. Historically, lead (atomic number 82) has been the 
preferred material. The reasons for this were mentioned in the 
first Understanding lead aprons article, namely that it is plentiful 
and cheap, has a high atomic number, exists as a stable pure 
metal which can be readily powdered, and does not react with 
other materials. Concerns over the environmental effects of 
improper disposal of lead based products, and the possibility 
of achieving better performance for a given weight in some 
circumstances mean that medium atomic number elements such 
as tin, antimony, barium, and tungsten are now popular as the 
attenuating agents in lead aprons.

Fig4. - Mass attenuation coefficients for antimony and lead for x-ray energies from 20 to 160 

keV

To understand how the lead equivalence of the non lead 
materials used in an apron will behave, a plot of the absorption 
characteristics of lead, and antimony over the diagnostic x-ray 
energy range is shown below. The lines plotted in Figure 4 show 
what is known as the mass attenuation coefficients for the two 
materials. Put simply, the mass attenuation coefficient provides 
a measure of the interaction probability as an x-ray passes 
through a unit thickness of the given material. Mass attenuation 
data is published by the US National Institute of Standards 
and Technology on their website at http://physics.nist.gov/ 
PhysRefData/XrayMassCoef/tab3.html.

It can be seen that for both elements there is a general downward 
trend as the energy of the x-rays increases. In other words, as the 
x-ray energy increases the x-rays become more penetrating. The 
discontinuities that occur at around 15 keV and at 88 keV for lead 
represent the transitions where the x-ray energy matches the 
binding energy of the inner most shells of electrons (in this case 
the L and K shells respectively), so that photo-electric interactions 
are suddenly far more likely to occur. In the case of antimony, 
the K-shell discontinuity occurs at 30 keV – considerably below 
the 88 keV of lead due to its lower atomic number (51 compared 
to 82). These features combine to provide three distinct regions 
of interest in terms of lead equivalence – the one below 30 keV 
where the mass attenuation coefficient of lead is greater than 
antimony, the region between 30 keV and 88 keV where the 
antimony is greater, and above 88 keV where lead is greater 
again.

From the point of view of protection, if the bulk of the x-ray 
spectrum sits in the region between 30 and 88 keV, then elements 
like antimony offer the possibility of providing better attenuation 
for the same mass of material. Conversely, if the spectrum moves 
significantly to the left (lower kV), or right (higher kV), then lead 
offers better performance. It follows that this behaviour with x-ray 
energy will be reflected in the lead equivalence results as the 
energy of the test x-ray beam is varied.

An example of some lead equivalence measurement data is 
shown in the plot on Figure 5 for a non lead garment with a stated 
lead equivalence of “0.5 mm Pb”. Consistent with the discussion 
above, it can be seen that the maximum lead equivalence of 0.50 
mm occurs for an x-ray tube voltage of around 90 kV, and drops 
either side of this as the x-ray spectrum covers more of the region 
outside the 30 – 88 keV range.

Fig5. - The behaviour of lead equivalence as a function of x-ray tube voltage for a non-lead 

based garment

Given that lead equivalence behaves in this general way for all 
non lead or low-lead garments, when considering what apron is 
appropriate for a given task, it is important to understand what 
the lead equivalence is over the entire range of energies likely to 
be encountered. For example, in interventional and fluoroscopic 
procedures, the primary source of radiation exposure to an 
operator is from patient scatter, and given the typical kVs used, 
the nonlead garments can provide a good level of protection for 
their weight. If the energies being encountered are higher, for 
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example, in cases such as an “in-room CT-assist” procedure, or 
nuclear medicine procedure involving Tc-99m, then a lead apron 
is more likely to offer better protection for a given weight since its 
lead equivalence remains constant.

Ideally, the garment 
labelling should provide a 
clear statement of the lead 
equivalence, and over what 
range of kVs it is applicable

“ “

Ideally, the garment labelling should provide a clear statement of 
the lead equivalence, and over what range of kVs it is applicable. 
In a lot of cases, only the peak lead equivalence value is provided, 
and perhaps the kV at which it was measured. This leaves the 
prospective purchaser with no useful information about what 
happens at other energies. New standards that have been 
published are more prescriptive around labelling requirements, 
and this will hopefully improve the situation in time. In the 
meantime, if there is any doubt about interpreting the labelled 
lead equivalence of an apron, then advice should be sought from 
a radiation protection officer, or medical physicist.

Glossary of Terms
Binding energy – the energy that is required to separate an 
electron from its parent atom.

Electron shells – the electrons within an atom are arranged in 
shells like the layers of an onion. The inner most shell of electrons 
has the highest binding energy, with each shell further out having 
a progressively reduced binding energy.

keV – kiloelectron-volt. The electron-volt is a unit of energy 
commonly used when describing the energy of x-rays and 
electron binding energies. An x-ray tube connected to a generator 
with its kilovoltage set to 80 kV will produce a spectrum of x-rays 
with energies up to 80 keV. At 100 kV, x-rays with energies up to 
100 keV are produced, and so on.
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Setting The Standards
In the previous Understanding lead aprons article, the concept 
of lead equivalence was introduced, and it was shown how the 
different materials that are used to attenuate the x-ray radiation 
in a “lead apron” can affect the lead equivalence. In this article 
the measurement methods used to determine lead equivalence 
and the effect that these methods can also have on the results 
obtained will be scrutinised. The measurement methods followed 
are prescribed in several international standards related to 
protective garments and equipment, and whilst details of these 
methods will be of limited interest to readers, there are several 
key messages concerning lead equivalence that emerge from the 
details, and should be noted.

To recap from last month’s article, the lead equivalence of a 
protective garment can be defined as the thickness of pure 
lead that is required to produce the same measured ratio of 
attenuation of an incident radiation beam as the test material. 
What is not stated in this definition though, is how the 
measurement is performed.

In terms of the measurement set-up, there are two categories 
of measurement geometry: narrow beam, and broad beam. 
In a narrow beam set-up, the detector is placed some distance 
from the x-ray source – usually something like 1 m, and the x-ray 
beam is tightly collimated (or coned-in) to an area of only a few 
centimetres square in the plane of the detector (hence the name 
“narrow beam”). The sample being tested, or lead filters being 
used as the reference are placed approximately half way between 
the x-ray source, and the detector. This geometry is shown 
schematically in Figure 1 below.

Fig1. - Narrow beam attenuation measurement geometry

The photo-electric interaction process which is responsible for 
the attenuation of radiation in the apron material also produces 
fluorescence x-rays. These are emitted in all directions within 
the apron material, and whilst the majority are re-absorbed in 
the material a proportion of them will escape the exit side of the 
material. The narrow beam measurement geometry is designed 
to measure only the transmitted primary beam and not the 
fluorescence x-ray scatter produced.

Considering that an apron is worn close to the body, and so the 
wearer will be exposed to any scatter produced in addition to the 
transmitted primary beam, the narrow beam geometry does not 
give a representative measure of the lead equivalence of non-
lead material. In the diagnostic x-ray energy region between 30 
and 90 keV, the non-lead materials used like antimony produce 
significantly more fluorescence x-rays than lead, and so the 
narrow beam measurement geometry over estimates their lead 
equivalence. Clearly this is not ideal, and a more representative 
measure is required.

A broad beam measurement geometry will produce a more 
representative measure of lead equivalence. In a broad beam set-
up the x-ray beam is no longer tightly collimated, and the area of 
radiation impinging on the sample is quite large – typically 20 – 30 
cm square. The detector is placed closely behind the material. This 
geometry is shown schematically in Figure 2 below.

Fig2. - Broad beam attenuation measurement geometry

A broad beam measurement set-up most closely resembles 
the real world exposure circumstances of someone wearing 
an apron. Ideally then, when assessing lead equivalence of a 
protective material, a broad beam geometry is desirable, however, 
the problem has been that broad beam measurements in the 
laboratory are not easily reproducible between laboratories, and 
require large pieces of reference lead material, which are not 
readily available, and are difficult to handle. Recent standards 
have introduced an alternative measurement set-up (called 
inverse broad beam geometry) that over comes these problems, 
and produces the same results as a broad beam set-up.

In the inverse broad beam geometry the x-ray beam remains 
tightly collimated, allowing the use of small reference lead filters, 
but the detector is placed closely behind the sample, and has a 
large area that intersects all of the transmitted x-ray beam. This 
geometry is shown below in Figure 3.

Fig3. - Inverse broad beam attenuation measurement geometry

The inverse broad beam measurement method provides results 
equivalent to the broad beam measurement method, and so 
the apron industry now has available to it a viable means of 
determining lead equivalence that provides a realistic comparison 
for the non-lead based aprons against aprons comprised 
predominantly of lead.

The effect of the two fundamental types of measurement – 
narrow beam and broad beam (achieved through the use of the 
inverse broad beam measurement method) – can be seen in 
Figure 4 which shows the measurement data from a popular non-
lead apron with a claimed lead equivalance of “0.5 mm Pb”.
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It can be seen from the graph in Figure 4 that under narrow beam 
measurement conditions, the apron just achieves its 0.5 mm Pb 
lead equivalence (and only around the 80 kV – 90 kV test point for 
reasons discussed in the previous “aprons” article). In contrast, 
under inverse broad beam measurement, the apron fails to 
achieve even 0.4 mm Pb, and would more accurately be described 
as a 0.35 mm Pb apron, and this for the range from 70 – 110 kVp.

Fig4. - Comparison of lead equivalence determined using narrow- and inverse broad-beam 

measurement methods for a “0.5 mm Pb” non-lead based apron

The approximately 20 % reduction in peak lead equivalence under 
broad beam measurement conditions is typical of conventional 
reduced-lead, or non-lead aprons that are constructed from a 
homogenous mixture of elements. If the apron is constructed 
either totally from lead, or if it is constructed in a layered fashion, 
with the inner layer nearest the wearer being either lead or 
the element bismuth , then this behaviour will not occur. This 
is because the photo-electric fluorescence x-rays produced by 
the non-lead elements are masked by the exit layer of lead or 
bismuth, and the inverse broad beam measurement results 
should match the narrow beam ones.

So where does this leave the prospective purchaser in terms of 
trying to navigate their way through the issues of lead vs non-
lead, and lead equivalence determined according to narrow or 
inverse broad beam methods?

Well, the lead equivalence behaviour of non- or reduced-lead 
garments, which was covered in the previous “Understanding 
lead aprons” article, is an intrinsic aspect of these aprons. Users 
simply need to be aware of this characteristic when selecting a 
suitable range of protective garments.

In terms the measurement method used to determine lead 
equivalence, there are two main standards relevant for Australia 
and New Zealand: AS/NZS 4543-1(1), and IEC 61331-1 (2nd ed.)(2).

AS/NZS 4543-1 is an old standard based on the first edition of IEC 
61331-1, and contains only narrow beam measurement methods 

for lead aprons. The second edition of IEC 61331, published in 
2014, requires the use of the inverse broad beam measurement 
methods for assessing the lead equivalence of protective 
garments. So, if the garment labelling indicates that lead 
equivalences have been determined according to either AS/NZS 
4543-1, or, more likely, the first edition of IEC 61331-1 (1994), then 
they are narrow beam determinations. Alternatively, if the second 
edition of IEC 61331-1 (2014) is stated as the standard used, then 
inverse broad beam methods have been used. It is often the case 
that this information is not clear from the garment labelling in 
which case the best course of action will be to directly question 
the suppliers about the methods used behind the quoted lead 
equivalence values.

References
(1) AS/NZS 4543-1: Protective devices against diagnostic medical 
X-radiation - Part 1: Determination of attenuation properties of 
materials. 1994.

(2) IEC 61331-1 (2nd edition): Protective devices against diagnostic 
medical X-radiation - Part 1: Determination of attenuation 
properties of materials. 2014.
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Facts About 
Protection And 
Weight
Introduction
The previous two Understanding Lead Aprons articles appearing 
in Spectrum have provided readers with background technical 
information to enable a good understanding of:

The types of attenuating materials used in lead aprons, and how 
and why their lead equivalence varies as the x-ray beam energy 
changes, and;

The narrow beam and inverse broad beam measurement 
methods used to determine lead equivalence, and the different 
results obtained between these methods, depending on the apron 
construction.

In this article, the key issue of weight versus protection for lead 
aprons will be scrutinised with the benefit of knowledge gained 
from the above, enabling some interesting facts to emerge from 
a wealth of sometimes misleading manufacturer’s marketing 
claims.

The Facts On Weight And Protection
The weight of a garment is determined by three physical 
attributes: the type of core material used, the thickness of the 
core material and the surface area of the garment.

The types of core material can be loosely divided into lead based, 
and non- or low-lead based materials. It has been explained how 
results determined according to the current AS/NZS standard 
with the narrow beam method do not accurately reflect the true 
protective abilities of the non- or low-lead core materials, with 
their results appearing to show better protective abilities for 
a given mass than the lead based materials. So, what follows, 
core material from a range of lead aprons produced by different 
manufacturers has been analysed for weight, and for lead 
equivalence using the inverse broad beam method to enable 
a true comparison of weight characteristics for a given level of 
protection.

Lead Based Core Materials
The lead equivalence for a range of lead based materials has been 
determined, along with the mass per unit area of the material. 
These measurements have been normalised to a calculated mass 
per unit area corresponding to a 1 mm lead equivalence in each 
case, and the results are shown in figure 1 below.

Fig1. - Normalised mass per unit area to produce 1 mm of Pb equivalence for six lead based 

apron materials

Within a few percent either way, a 1 mm Pb equivalence requires a 
material weighing on average 1.36 g/cm2 (the full range observed 
is from 1.33 to 1.41 g/cm2). As a point of reference, pure lead has 
a density of 11.34 g/cm3, and so a 1 mm thickness of pure lead 
weighs 1.134 g/cm2. The increase in weight in the core materials 
from this value is due to the plastisol or rubber substrate material, 
which necessarily adds weight, but unfortunately, very little 
protection.

The variations in weight observed above are due to variations in 
the ratios of lead powder added to the substrate material. Ideally 
the maximum amount of lead possible should be added to the 
substrate material subject to not compromising the flexibility, 
structural integrity, or lifespan of the final product.

Non- And Low-Lead Based Core Materials
The lead equivalence for the non- and low-lead based materials 
has similarly been determined, along with the mass per unit 
area of the material. As discussed in an earlier article, the lead 
equivalence of non-lead materials has an energy dependence, 
and the data below is taken from a series of measurements at 
90 kVp. This was chosen as an energy towards the higher end 
of what is typically encountered in fluoroscopic procedures, and 
a point where adequate lead equivalence is important. These 
measurements have been normalised to a calculated mass per 
unit area corresponding to a 1 mm lead equivalence in each case, 
and the results are shown in Figure 2 below.

Fig2. - Normalised mass per unit area to produce 1 mm of Pb equivalence for five non- or 

low-lead based apron materials

Whilst there is a wider variation in the mass required to achieve 1 
mm lead equivalence across the core material types, a 1 mm Pb 
equivalence at 90 kVp requires a material weighing on average 
1.29 g/cm2 (the full range observed is from 1.22 to 1.43 g/cm2).

The wider variation in the weights observed here relative to the 
lead based materials is due to the variety of attenuation materials 
in use (typically mixtures comprised from tin, antimony, barium, 
tungsten, lead or bismuth).

The key message from the above data is that although the non-
lead materials do provide equivalent protection at 90 kV for a 
reduced weight, it is only a marginal reduction of about 5 % on 
average. Further, this is at 90 kV where the non-lead materials 
perform best. The data at 110 kV shows that the lead based, and 
non- or low-lead based are equivalent to within several percent in 
terms of weight for a given level of protection.

Importantly, the data shown above is for conventional non- or 
low-lead based materials comprised of homogenous mixtures of 
elements. The layered materials that are available perform better 
because the low energy fluorescence x-rays are blocked by the 
second layer of lead or bismuth. Only one brand of bi-layered 
material has been available to test for this work, and the results 
show that 1 mm of Pb equivalence can be achieved at a weight 
of 1.16 g/cm2, which is a 15 % improvement over the lead based 
materials.
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Garment Surface Area – Style And Fit
Putting aside the physics considerations of radiation attenuation, 
the weight of a garment is also directly related to the amount of 
material required to construct it. So, reductions in over-all weight 
can be achieved by, for example, increasing the gap around the 
armhole, or reducing the extent of overlap in a double-breasted 
style vest or apron, where both layers are required to achieve 
the stated lead equivalence, or by shortening a vest, allowing for 
the possibility of exposure to the waist area between the vest 
and the skirt. These are obviously all detectable short-comings 
of a garment design, and the consumer should be diligent in 
ensuring staff are properly fitted for the garments they are 
intending to wear. The possibility of exposing sensitive tissues to 
un-attenuated radiation as a result of poor fitting is a very real 
possibility, and one that should be avoided at all costs.

Consumers should also look for features like shoulder pads and 
specially constructed waist support belts. Together these reduce 
load pressures and improve both posture and the comfort of the 
wearer, improving the quality of working life while maintaining 
the required radiation protection.

Conclusions
All wearers are sensitive to the weight burden when wearing a 
lead apron however the clear conclusion from the data presented 
above is that significant differentials in apron weight are likely to 
represent significant variations in the protection being afforded 
the wearer. The only exception to this being the bi-layer materials 
that can offer some weight reduction for comparable protection.

A translation of this conclusion is that despite the marketing 
hyperbole often encountered, basic physics considerations dictate 
that there are no “silver bullet” materials that can offer twice the 
protection at half the weight.

If an apron seems surprisingly light for its claimed lead 
equivalence, then it should be treated with caution. The key 
thing to check is the pedigree of the lead equivalence testing 
underpinning the statements made on the garment label. The 
testing should be done using inverse broad beam methods 
employed by the more recent standards, and not the narrow 
beam methods described in older standards.

To prioritise weight over protective abilities is to disregard the 
intent of the standards and regulations currently in place in 
Australia and New Zealand, which are all there to set minimum 
acceptable levels of protection for wearers. To improve the 
quality of working life for apron wearers, it is strongly advised 
that rather than seeking to source significantly lower weight 
garments, products which incorporate ergonomic benefits such as 
shoulder pads, and built-in belts should be sought to mitigate the 
detrimental effects of apron weight.
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What is RadLab?
RadLab™ is a personal radiation protection compliance testing 
and protection management service suitable for use by 
organisations of all sizes. RadLab provides ready access to a 
robust and independent measurement service to determine the 
performance, compliance and protection capabilties of existing 
and new radiation protection products including aprons, gloves, 
eyewear, shin protection, head protection, and drapes.

The RadLab™ service has the following features and benefits:

• Simple advice given by industry experts.
• NATA accredited to provide assurance that the service is 

technically sound.
• RadLab™ staff provides their expertise in a supporting advisory 

role, and offer a computational modelling capability to users 
interested in determining the radiation attenuation and 
scattering properties of materials in a variety of scenarios 
relevant to diagnostic imaging involving the use to ionising 
radiation

Why do you need RadLab?
As healthcare industries have evolved and become more 
complicated, keeping a pratice that is compliant with personal 
radiation protection standards has become more and more 
difficult.

RadLab™ provides you with a simple, stress-free way to determine 
the performance, compliance and protection capabilities of both 
existing and new radiation protection products. RadLab facilities 
have been configured to be able to determine lead equivalence 
or attenuation properties for submitted samples according to all 
relevant international standards, namely:

• IEC 61331-1(1994), and its revision, IEC 61331-1(2014)
• DIN 6857-1(2009)
• ASTM F2547-06, and ASTM F3094-14.

Beam geometries available for measurements are as per 
recommendations in the respective standards.

Radiation 
Compliance and 
Protection Testing

Dr John Laban
Imaging Solution’s new lab will be managed by Dr 
John Laban, who is a distinguished scientist, physicist, 
and specialist in the science of radiation detection, 
measurement, and reporting. The new RadLab will be 
located at Shailer Park and is intended to offer users access 
to a defined range of testing and reporting services on a 
fee for service basis.

Dr Laban completed his PhD in solid state physics at the 
University of Canterbury in 1994, and for the subsequent 21 
years worked for the National Radiation Laboratory (NRL), 
now known as the National Centre for Radiation Science 
(NCRS), based in Christchurch, New Zealand.

He initially worked in the Diagnostic Radiology group, 
performing regulatory audits of radiology facilities, and 
undertaking project work related to radiation protection 
in diagnostic radiology. After four years, he moved to the 
Standards and Calibrations group where he was ultimately 
responsible for the operation of the radiation calibration 
facility, and reference dosimetry audits of radiotherapy 
centres throughout New Zealand.

Dr Laban has worked closely with the medical physics 
community in New Zealand over the last two decades, 
and through his various professional roles at NRL/NCRS, 
is well known and respected in the industry. He has been 
recruited by the International Atomic Energy Agency as an 
expert lecturer for workshops on personal dosimetry in 
Japan and China, is an active member of the Australasian 
College of Physical Scientists and Engineers in Medicine 
(ACPSEM), and is a technical assessor for the National 
Association of Testing Authorities, Australia (NATA) in the 
field of ionising radiation metrology. He is currently the 
ACPSEM NZ branch radiation protection spokesperson, and 
was previously an International Accreditation New Zealand 
(IANZ) authorised signatory for the NRL/NCRS personal 
dosimetry service.
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