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The shielding properties of two different lead-free materials—tin and a compound of 80% tin and
20% bismuth—for protective clothing are compared with those of lead for three typical x-ray
spectra generated at tube voltages of 60, 75, and 120 kV. Three different quantities were used to
compare the shielding capability of the different materials: �1� Air-kerma attenuation factors in
narrow-beam geometry, �2� air-kerma attenuation factors in broad-beam geometry, and �3� ratios of
organ and effective doses in the human body for a whole-body irradiation with a parallel beam
directed frontally at the body. The thicknesses of tin �0.45 mm� and the tin/bismuth compound
�0.41 mm� to be compared against lead correspond to a lead equivalence value of 0.35 mm for the
75 kV spectrum. The narrow-beam attenuation factors for 0.45 mm tin are 54% and 32% lower
than those for 0.35 mm lead for 60 and 120 kV; those for 0.41 mm tin/bismuth are 12% and 32%
lower, respectively. The decrease of the broad-beam air-kerma attenuation factors compared to lead
is 74%, 46%, and 41% for tin and 42%, 26%, and 33% for tin/bismuth and the spectra at 60, 75, and
120 kV, respectively. Therefore, it is recommended that the characterization of the shielding po-
tential of a material should be done by measurements in broad-beam geometry. Since the secondary
radiation that is mainly responsible for the shielding reduction in broad-beam geometry is of low
penetrability, only more superficially located organs receive significantly enhanced doses. The
increase for the dose to the glandular breast tissue �female� compared to being shielded by lead is
143%, 37%, and 45% when shielded by tin, and 35%, 15%, and 39% when shielded by tin/bismuth
for 60, 75, and 120 kV, respectively. The effective dose rises by 60%, 6%, and 38% for tin, and
14%, 3% and, 35% for tin/bismuth shielding, respectively. © 2007 American Association of Physi-
cists in Medicine. �DOI: 10.1118/1.2786861�
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I. INTRODUCTION

For many years, the protective clothing used in medical
x-ray diagnostic departments was made of lead. Since there
were often objections to the heaviness of the lead clothes,
alternative shielding materials that are lighter have been
sought.1,2 Of course, these less heavy materials have attenu-
ation properties that differ from those of lead. A comparabil-
ity of these materials with lead concerning their ability to
shield from x rays has, therefore, to be established.

Numerous lead-free protective aprons have been intro-
duced that were classified using the lead equivalence value
and thus conform to the relevant international standard.3

These measurements of the lead equivalence value are per-
formed in a well-defined narrow-beam geometry. Such a
measurement setup, however, has the property that only the
attenuated primary radiation is measured. Secondary radia-
tion that is generated by photon interactions inside the

shielding material can leave the apron at angles different
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from those of the primary radiation. Therefore this secondary
radiation is missed by the small detector at great distance
from the absorber material that is typical for this measure-
ment setup. Hence, the international standard regulating the
assessment of the attenuation equivalent4 makes use of the
quantity “build-up factor” that includes the contribution from
secondary radiation. This standard demands that for materi-
als with a high spectral contribution of secondary radiation
�and thus a high build-up factor�, the measurement protocol
for broad-beam geometry has to be used, a requirement that
is unfortunately not addressed in the standard regulating the
classification of protective clothing. This is particularly criti-
cal for protective garments consisting of materials with me-
dium atomic numbers, as in these materials considerable
fluorescence �K� radiation might be excited at typical diag-
nostic x-ray energies of 30–80 keV. In lead, no fluorescence
radiation is excited below about 80 keV.

A variety of authors5–11 have measured the attenuation of

lightweight �lead-free or lead-composite� aprons and found
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in many cases, that the protection is less than what is ex-
pected from the declared lead equivalence values. Since
many of these authors employed a broad-beam configuration
for their measurements, a higher transmission through the
lightweight aprons compared with the lead aprons is not un-
expected due to the previous mentioned reasons. Neverthe-
less, a few authors6,11 did not detect a decreased attenuation
for the lightweight aprons. However, they either investigated
only lead-composite, and not lead-free aprons,6 so that only
little fluorescence occurs, or followed the IEC standard3 and
employed a narrow-beam geometry for the measurements.11

Interestingly, only Eder et al.9 noticed that fluorescence
radiation of the lead-free shielding materials is the main
source for their reduced shielding capability, such that in a
broad-beam geometry the attenuation was considerably
lower than indicated by the lead equivalence value and was
outside the tolerance values of that quantity3 in several cases.
Therefore, they demand that the shielding capability of pro-
tective clothing should be classified by measuring attenua-
tion factors related to broad-beam geometry instead of lead
equivalence values, since the broad-beam geometry repre-
sents the practical situation more realistically. It is worth
mentioning that Webster noted already in 1966 the potential
problem of medium-Z materials for radiation-protection pur-
poses, as the “photoelectric absorption in these elements pro-
duces characteristic x rays at energies for which these mate-
rials are relatively transparent”.1 This issue he stressed again
1991 �Ref. 12� in a response to the investigation by Yaffe
et al.2 but it was apparently not recognized widely in the
community.

Since a large proportion of the secondary radiation gener-
ated inside the shielding materials has low energy and hence
low penetrability in the human body, the aim of the present
study is to investigate the relevance of these findings for
organ doses in the human body. It can be assumed that only
more superficially located organs are affected, but the degree
of dose enhancement should be quantified, and the conse-
quences for the effective dose, the quantity to be limited in
occupational radiological protection, should be investigated.

II. MATERIALS AND METHODS

Many lead-free protective aprons in use consist of tin or
antimony or contain a substantial amount of these materials.
Antimony has properties similar to tin and is therefore not
explicitly examined in this study. Hence, the shielding mate-
rials that were to be compared with lead �mass density �
=11.35 g cm−3� regarding their suitability to protect against
diagnostic medical x rays, were tin ��=7.31 g cm−3� and a
compound from tin and bismuth �80% and 20% by mass,
respectively, �=7.70 g cm−3�. The thickness of lead against
which the comparison was made, was 0.35 mm.

Three primary x-ray spectra were chosen for the study,
covering tube voltages from 60 to 120 kV. The spectra were
generated by a software tool,13 and their main characteristics
are listed in Table I. The applied filtrations conform with the
requirements of IEC 61 331-1,4 which we assume have been

chosen such that the resulting spectra have characteristics
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similar to the radiation scattered by the patient. Thus, the
usage of these spectra for determining the dose conversion
coefficients for medical staff is justified. Note, that the ap-
plied pure Cu filtration leads to a rather strong K� emission
line of Cu at about 8 keV �see Fig. 2 below�, which is below
the detection threshold of conventional air-kerma detectors,
and is certainly not able to penetrate the shielding material.
To obtain attenuation factors from the simulations that are
comparable with measurements, all photons with energies
below 20 keV are therefore excluded from the evaluation of
the air kerma before and after the shielding material, but
their paths are still pursued.

The lead equivalence value of a given layer of the absorb-
ing material under consideration is the thickness of lead
�given in millimeters� that would result in the same reduction
of air kerma in a well-defined narrow-beam configuration.
The measurement geometry involves a beam of 2 cm diam-
eter at the test material, and the point where the air kerma is
measured is 115 cm away from the layer of absorbing mate-
rial to be examined. At that point the air kerma �and thus the
resulting lead equivalence value� is solely determined by the
mass attenuation coefficient of the material because only pri-
mary radiation is recorded. Secondary radiation, created by
photon interactions in the absorbing material, leaves the ab-
sorber predominantly at angles different from that of the pri-
mary radiation and thus cannot be detected by this measure-
ment setup.

II.A. Evaluation of absorber thickness „narrow-beam
geometry…

In the first part of this study, Monte Carlo calculations
were performed to find out the appropriate thicknesses of the
materials under consideration �tin and tin/bismuth com-
pound, respectively� that correspond to a lead equivalence
value of 0.35 mm. Since the lead equivalence value is energy
dependent, one of the spectra had to be selected for this
substudy, and the spectrum at tube voltage 75 kV was cho-
sen, since this is a typical value for numerous radiation-
intensive diagnostic techniques, e.g., angiography. The simu-
lation was performed using the Monte Carlo radiation-
transport program package EGSnrc.14 The geometry was the
following: A round absorber plate with a diameter of 4 cm
was set up at a distance of 40 cm from the point source. The
air kerma was scored in a volume of approximately 30 cm3

that was centered at a distance of 115 cm from the absorber
plate. The beam was square shaped with a side length of

TABLE I. Primary spectra considered in this study.

Voltage
�kV�

Filtration
Cu �mm�

Mean energy
�keV�

60 0.08 34.2
75 0.13 43.9
120 0.40 66.1
10 cm at the position of the air-kerma measurement.
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The narrow-beam air-kerma attenuation factor was evalu-
ated for 0.35 mm of lead; that means the ratio of the primary
air kerma to the air kerma at the measurement point behind
the lead absorber was calculated for the narrow-beam geom-
etry described above. Then the lead absorber was replaced by
the tin or tin/bismuth, respectively, and the Monte Carlo cal-
culations were repeated with varying material thickness, un-
til that thickness was found for which the air-kerma attenu-
ation factor was approximately the same as that for 0.35 mm
lead. Subsequently, the same tin and tin/bismuth thicknesses
were used for the spectra with 60 and 120 kV tube voltages
to evaluate the respective attenuated spectra in narrow-beam
geometry and air-kerma attenuation factors. The paths of 30
million initial photons and resulting secondary particles were
pursued in each of the individual Monte Carlo simulations
described.

II.B. Calculation of attenuation factors and attenuated
spectra in broad-beam geometry

In practical situations a broad-beam geometry is much
more realistic. There, a substantially larger absorber is com-
pletely irradiated, and is moved closer to the measuring air-
kerma detector. Thus, secondary radiation leaving the ab-
sorber from various positions contributes to the detector
signal behind the plate. The usage of the primary photon flux
is, however, very inefficient, as from each absorber position
only a small portion of the scatter radiation impinges on the
detector. Moreover, a larger amount of absorber material is
demanded than in the narrow-beam geometry.

An alternative to the broad-beam geometry with its small
detector has been established by the Physikalisch-Technische
Bundesanstalt �PTB, the German national primary standard
metrology institute�: The “inverse” broad-beam geometry. It
is characterized by a narrow beam and a large detector as
illustrated in Fig. 1. In this configuration, the scatter radia-
tion emerges only from a small region but can be almost
completely detected. It has been verified by the PTB �Ref.
15� that the same results as for the standard broad-beam ge-
ometry are obtained. This can be made plausible, when treat-
ing each point of the absorber plate, which faces the detector,

FIG. 1. Sketch of the inverse broad-beam geometry.
as a new �secondary� source point with the same emission
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properties. The radiation reciprocity principle16 then states
that the radiation from an extended region impinging on a
pointlike target region is proportional to the case, when
source and target regions are swapped. The proportionality of
both geometries is also maintained to a high degree in the
real system, as the broad beam is quasi-parallel, thus yielding
secondary source points with practically identical emission
spectra in a large region. The same spectrum is also emitted
in the inverse geometry by the absorber in a small region.
Hence, the reciprocity principle is applicable, and therefore
the same results are obtained with the inverse as with the
standard broad-beam geometry. It is worth noticing that in a
draft for new German regulations for lead-free or lead-
reduced protective garment,17 the inverse broad-beam geom-
etry is to be employed in the attenuation measurements.

Nevertheless, the absorber still has to be large enough in
diameter to avoid scattered photons emerging from its edges
to hit the detector. Compared to the narrow-beam geometry,
the inverse broad-beam configuration is thus characterized
by a larger detector, a smaller absorber-detector distance and
a possibly somewhat larger probe size.

The inverse broad-beam geometry is to be preferred to the
broad-beam setup also in the simulations. The better exploi-
tation of the primary photons implies that fewer photon his-
tories are required to achieve an acceptable statistical signifi-
cance in the detector. In the present computations the
absorber plate was set up at a distance of 100 cm from the
point source, the plate was circular with a diameter of 25 cm,
and the air kerma was scored in a volume of 20 cm height at
a distance of 0.2 cm from the absorber plate. The beam di-
ameter was 5 cm at the absorber plate. The same absorber
materials and thicknesses as for the narrow-beam geometry
were investigated.

As described above for the narrow-beam configuration,
air-kerma attenuation factors �i.e., the air kerma in the scor-
ing volume in absence of the absorber plate, divided by the
air kerma in the same volume behind the absorber plate� and
the attenuated photon spectra were calculated using the same
Monte Carlo code. By using the inverse geometry, acceptable
statistical uncertainties could be achieved by following 10
million photon histories per individual simulation.

II.C. Calculation of organ and effective dose
conversion coefficients

The spectra collected in the scoring volume in the inverse
broad-beam geometry were then used to calculate organ dose
conversion coefficients as organ equivalent doses per air
kerma free in air. �It should be noted that for these calcula-
tions, the air kerma free in air is evaluated for the spectrum
used for the calculation in the body, even if this means an
attenuated spectrum. The term “free in air” in this context
refers to the absence of the body phantom, not to the absence
of an absorber attenuating the primary beam.�

The irradiation geometry chosen was a whole body irra-
diation with a parallel beam directed at the body in anterior-

posterior �AP� geometry. This is the geometry where the or-
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gan dose conversion coefficients are highest for most organs
and photon energies18 and which thus presents the “worst
case” of a photon exposure.

The body phantoms used for these calculations were the
voxel models Rex and Regina19 that were recently developed
at the GSF and that represent the male and female adult
ICRP Reference persons whose body characteristics are de-
scribed in ICRP Publication 89.20 Rex consists of approxi-
mately 2 million voxels having a dimension of 2.137
�2.137�8.0 mm3 and Regina has approximately 4 million
voxels of dimension 1.775�1.775�4.84 mm3. These voxel
models contain all organs and tissues that have been consid-
ered recently as relevant for evaluating the risk-weighted
dose quantity effective dose.21 Exceptions are the red bone
marrow and the bone surfaces, the structures of which are
too small to be resolved in the voxel models. Rex and Regina
are being adopted by the ICRP as computational models that
will be used in the forthcoming update of the ICRP reference
organ dose conversion coefficients. Twenty nine different el-
emental tissue compositions18 were considered in each of the
phantoms.

The Monte Carlo calculations in the voxel phantoms were
also performed with EGSnrc.14 The energy depositions in
each organ were summed and finally divided by the organ
mass to give mean organ absorbed doses. Since the exact
structure of bone cannot be represented at the given voxel
sizes, the doses to red bone marrow and bone surfaces had to
be approximated. The energy deposited in the red bone mar-
row was evaluated from that in the spongiosa regions by
applying correction factors as described elsewhere.22 The ab-
sorbed dose to the bone surfaces was substituted by that to
spongiosa. The spongiosa regions are represented by bone-
specific mixtures of mineral bone and red �active� as well as
yellow �inactive� bone marrow.19 The absorbed doses were
then divided by the air kerma free in air that was also scored
during the simulation by summing the energy-dependent ra-
tios of air kerma per photon fluence for all starting photons
and subsequent division by the total photon fluence.

The organ equivalent dose conversion coefficients �in
units of Sv Gy−1� for photon irradiation are numerically
equal to the organ absorbed dose conversion coefficients �in
units of Gy Gy−1�, since the radiation weighting factor for
photons of all energies is unity.21,23 Two sets of conversion
coefficients of effective dose per air kerma were then evalu-
ated by applying two different sets of tissue weighting
factors21,23 to the organ equivalent dose conversion coeffi-
cients �cf. Table II�. The reason for including the prospective
new effective-dose definition from the ICRP Draft
Recommendations21 is the fact that the tissue weighting fac-
tor for the breast is higher in this version �0.12, compared
with 0.05� than in the earlier one.23 It is expected that the
low-energy secondary photons generated in the lead-free ab-
sorbers increase the doses to the glandular breast tissue to a
certain extent, due to its near-surface location. Thus, the ef-
fect of the secondary photons on the effective dose might be
more pronounced when applying the new instead of the 1991
definition. For both definitions of effective dose, the tissue

weighting factors �Table II� were applied to the arithmetic
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mean of the dose conversion coefficients for the male and
female voxel phantom. The only exception is the breast, for
which in the effective dose definition from ICRP Publication
60 �Ref. 23� only the conversion coefficient of the female
glandular breast tissue was taken. The dose conversion coef-
ficients for the so-called “remainder” were the arithmetic
mean values of the male and female remainder dose conver-
sion coefficients in both cases, and the gender-specific re-
mainder doses were also evaluated as arithmetic mean of the
dose conversion coefficients for the organs included in the
remainder.

II.D. Ratios of organ dose conversion coefficients

The organ and effective dose conversion coefficients de-
scribed so far are related only to the photon spectrum im-
pinging on the body and do not permit a direct comparison of
the shielding properties of the different absorber plates under
consideration. Therefore, the conversion coefficients that
were calculated for the attenuated spectra first have to be
related back to the primary, unattenuated beam, and then the
dose coefficients for the spectra behind the absorber materi-
als tin and tin/bismuth can be compared to those behind lead
in a second step.

To relate the spectrum-specific organ dose conversion co-
efficients back to the primary, unattenuated beam, they sim-
ply have to be multiplied by the air-kerma attenuation factors
of the different absorber materials for the spectra considered,
since these are exactly the factors by which the attenuated

TABLE II. Tissue weighting factors for the evaluation of effective dose �Refs.
21 and 23�.

Organ

Tissue weighting factor, wT

ICRP 60 �Ref. 23� ICRP draft �Ref. 21�

Bladder 0.05 0.04
Bone surfaces 0.01 0.01
Brain — 0.01
Breast �glandular tissue� 0.05 0.12
Colon 0.12 0.12
Gonads 0.20 0.08
Liver 0.05 0.04
Lung 0.12 0.12
Oesophagus 0.05 0.04
Red bone marrow 0.12 0.12
Remaindera 0.05 —
Remainderb — 0.12
Salivary glands — 0.01
Skin 0.01 0.01
Stomach 0.12 0.12
Thyroid 0.05 0.04

aadrenals, gall bladder, kidneys, muscles, pancreas, small intestine, spleen,
thymus, uterus
badrenals, extrathoracic airways, gall bladder, heart, kidneys, lymphatic
nodes, muscles, oral mucosa, pancreas, prostate/uterus, small intestine,
spleen, thymus
air-kerma values are smaller than those of the primary beam:



4274 Schlattl et al.: Shielding properties of lead-free protective clothing 4274
hT,a,p =
HT,a

Kp
=

HT,a

Ka
·

Ka

Kp
=

HT,a

Ka
· Fa

−1 = hT,a · Fa
−1, �1�

where hT,a,p is the conversion coefficient that relates the or-
gan equivalent dose behind the absorber plate a to the air
kerma of the primary, unattenuated spectrum. HT,a is the or-
gan equivalent dose in organ T behind the absorber plate a.
The air kerma free in air for the primary spectrum in front of
the absorber plate is Kp, while Ka is the air kerma free in air
for the spectrum behind the absorber plate a. The ratio of Kp

to Ka defines Fa, the air-kerma attenuation factor for ab-
sorber plate a and the spectrum considered. Finally, hT,a is
the conversion coefficient that relates the organ equivalent
dose behind the absorber plate a to the air kerma free in air
of the spectrum behind the absorber plate a. Its value results
from the Monte Carlo calculations described above, where
photons with energy distributions equal to the attenuated
spectra are irradiating the voxel phantoms. The air-kerma
attenuation factors Fa are those for the broad-beam geometry
since this is the geometry relevant to practical exposure situ-
ations examined by this study.

A direct comparison of the shielding properties of the ab-
sorber plate a in relation to that of the 0.35 mm thick lead
plate for a specific primary spectrum can then be made by
dividing the organ dose conversion coefficients hT,a,p for or-
gan T and the absorber plate a by the corresponding ones for
lead as the absorber.

III. RESULTS AND DISCUSSION

III.A. Attenuation factors in narrow-beam geometry

The narrow-beam air-kerma attenuation factor for
0.35 mm lead and the 75 kV spectrum was 36.0. For tin, the
material thickness corresponding approximately to a lead
equivalence value of 0.35 mm was 0.45 mm, and the respec-
tive attenuation factor in narrow-beam geometry was 36.7;
the values for tin/bismuth were 0.41 mm thickness and an
attenuation factor of 35.6, respectively. The narrow-beam at-
tenuation factors for the three spectra and three materials are
given in Table III together with the mean photon energies of
the attenuated spectra. The statistical uncertainty was in all
cases lower than 0.5%.

The slight difference of the tin narrow-beam air-kerma
attenuation factor for the 75 kV spectrum �36.7� from those
for tin/bismuth �35.6� is due to the strong dependence of this

TABLE III. Narrow-beam attenuation factors for absorber plates of 0.35 mm
lead, 0.45 mm tin, and 0.41 mm tin/bismuth for the x-ray spectra under
consideration, and mean energies �in keV� of the attenuated spectra.

Tube voltage
�kV�

Narrow-beam attenuation factor
Mean photon energy

�keV�

Pb Sn Sn/Bi Pb Sn Sn/Bi

60 188.1 86.6 165.3 50.7 41.2 49.3
75 36.0 36.7 35.6 59.9 58.5 59.7
120 7.19 4.85 4.87 73.5 82.6 80.3
factor on the absorber thickness. For a tin thickness of
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0.44 mm, the attenuation factor is 34.6. It can be seen from
Table III that the lead equivalence value strongly depends on
photon energy since otherwise the attenuation factors would
be similar not only for 75 kV but also for the 60 and the
120 kV spectra, which is obviously not the case. The mean
photon energy of all attenuated spectra is higher than that of
the corresponding primary spectrum �Table I� due to a higher
absorption of the lower photon energy contributions of the
spectra.

III.B. Attenuation factors in broad-beam geometry

The air-kerma attenuation factors for the same absorber
plates and spectra, but evaluated in �inverse� broad-beam ge-
ometry, are given in Table IV with a statistical uncertainty
lower than 0.6%.

Obviously, the air-kerma attenuation factors are smaller in
broad-beam than in narrow-beam geometry for all absorber
materials and all spectra considered. This reduction is due to
the secondary radiation generated in the absorbing material
that is impinging on the larger detector in the inverse broad-
beam geometry and is lost otherwise. The reduction is largest
for tin and the 60 and 75 kV spectra, where the broad-beam
attenuation factors are less than half of those in narrow-beam
geometry. Furthermore, Table IV shows that the mean energy
of all attenuated spectra is also lower in broad-beam geom-
etry. Again, the difference is most pronounced for tin as at-
tenuating material, where interestingly the mean energy of
the 60 kV spectrum behind the absorber is close to that of
the primary spectrum. This change in the mean photon en-
ergy is caused by a relatively large low-energy contribution
in the spectra attenuated by tin, illustrated by Fig. 2. The
presented attenuated spectra show that the amount of pri-
mary radiation that reaches the detector is nearly the same
for lead, tin, and the lead/bismuth compound, which is in
agreement with the fact that the narrow-beam attenuation
factors are rather similar. For tin and the 60 kV spectrum
�Fig. 2�b��, a small peak of low-energy primary photons can
also be observed in the attenuated spectrum. This peak is
responsible for the relatively low mean photon energy of the
attenuated spectrum even in the narrow-beam geometry �see
Table III�. While the transmitted spectra have similar shapes
for all three absorber materials for 60 and 75 kV �apart from
the low-energy peaks for 60 kV in tin and tin/bismuth as
well as for 75 kV in tin�, they are quite different for the

TABLE IV. Broad-beam attenuation factors, Fa, for absorber plates of
0.35 mm lead, 0.45 mm tin, and 0.41 mm tin/bismuth for the x-ray spectra
under consideration, and mean energies �in keV� of the attenuated spectra.

Tube voltage
�kV�

Broad-beam attenuation factor, Fa

Mean photon energy
�keV�

Pb Sn Sn/Bi Pb Sn Sn/Bi

60 152.6 39.3 88.7 50.2 35.4 44.4
75 30.0 16.1 22.3 59.3 49.6 55.4
120 5.41 3.21 3.65 73.1 75.7 76.6
120 kV spectrum. This is also reflected by the mean photon
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energy values of Table IV that are higher for 120 kV behind
tin and tin/bismuth than behind lead, whereas they are lower
for these two shielding materials for the other two radiation
qualities.

In both tin and the tin/bismuth compound a relatively
large peak of low-energy secondary photons is generated,
that is mainly fluorescence radiation created by the K� and
K� emission lines of tin at about 25 and 29 keV. This low-
energy spectral contribution is again most pronounced in the
60 kV spectrum attenuated by tin. In lead, the K� and K�

emission lines are at energies of about 74 and 86 keV, such
that fluorescence radiation is generated only in the 120 kV
spectrum. Actually, two K� lines at 73 and 75 keV and two
K� lines at 85 and 87 keV are visible in the spectrum behind
lead. The splitting of the K� line is caused by the fine struc-
ture of the L shell, while the K� line splitting is a result of
the energy difference between M and N shell in lead. In the
spectrum generated in the tin/bismuth absorber in total six
emission lines emerge, where the two at 25 and 29 keV are
created by the tin portion in the mixture. The four lines at
about 75, 77, 87, and 90 keV are created by bismuth, and
correspond, similarly to lead, pairwise to its K� and K�
emission.
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III.C. Organ dose conversion coefficients

For the radiation-transport calculations in the male and
female voxel phantoms, 5 million photon histories were
simulated for each spectrum. The resulting statistical uncer-
tainties are well below 1% for brain, colon, glandular breast
tissue �female�, heart, liver, lung, muscle, red bone marrow,
skin, small intestine, and spongiosa �which was used as sur-
rogate organ for the bone surfaces�. For kidneys, lymphatic
nodes, pancreas, salivary glands, spleen, stomach, testes, uri-
nary bladder, and uterus, the statistical uncertainties are be-
low 2%, and for extrathoracic airways, gall bladder, glandu-
lar breast tissue �male�, oesophagus, oral mucosa, prostate,
thymus, and thyroid, below 5%. Only for very small organs
were the statistical uncertainties higher: For the ovaries up to
6%, for the adrenals up to 8%, and for the eye lenses up to
20%. The statistical uncertainties described are given in
terms of the coefficient of variance; that means the estimated
standard deviation, expressed as a percentage of the esti-
mated value of the dose conversion coefficient.

The organ equivalent doses per air kerma free in air for a
parallel AP whole body irradiation of the male phantom with

FIG. 2. Photon fluence spectra behind
0.35 mm lead �left�, 0.45 mm tin
�middle�, and 0.41 mm tin/bismuth
�right�, respectively. The tube voltages
are 60 kV �top�, 75 kV �middle�, and
120 kV �bottom�. Different colors
mean contributions of the spectrum
that are due to different physical ef-
fects. Beside the unscattered primary
radiation, the largest contributions in
the spectra attenuated by tin and tin/
bismuth are fluorescence radiation,
whereas in the 60 and 75 kV spectra
attenuated by lead, the main secondary
particle contribution is from photons
that underwent a Rayleigh scattering
event; for the 120 kV spectrum attenu-
ated by lead, fluorescence is also of
importance.
the photon energy spectra attenuated by lead, tin, and tin/
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bismuth are given in Table V, those for the female phantom
in Table VI. It should be noted again that here the air kerma
cannot be considered free in air since these spectra result
from attenuation by the absorber material. Nevertheless, to
demonstrate the impact of the additional low energy photons
in the spectra behind tin and tin/bismuth, the spectra are
considered here as “primary” without any knowledge about
their origin.

Generally, the organ dose conversion coefficients of
Tables V and VI increase with rising tube voltage. The rea-
son is that the photon energies considered in the present cal-
culations are in the range where the organ dose conversion
coefficients increase with photon energy,18 that is up to ap-
proximately 80–100 keV. The proportions of the 120 kV
spectra above this energy range are too small to compensate
this effect. Furthermore, within each group of spectra, the
conversion coefficients are highest for those attenuated by
lead and lowest for those attenuated by tin. This is in agree-
ment with the mean photon energies of the attenuated spectra
of Table IV from where it can be seen that the spectra are
generally hardened by the absorber materials, and that this

TABLE V. Organ equivalent doses normalized to air k
whole body irradiation of the male phantom �Sv Gy−

Organ

Organ equiva

60 kV

Pb Sn Sn/Bi

Adrenals 0.262 0.063 0.127
Brain 0.337 0.076 0.186
Breast, glandular tissue 1.147 0.892 1.064
Colon wall 0.921 0.327 0.572
Extrathoracic airways 0.706 0.346 0.528
Eye lenses 1.240 1.427 1.316
Gall bladder wall 0.640 0.191 0.400
Heart wall 0.895 0.303 0.553
Kidneys 0.341 0.074 0.190
Liver 0.702 0.217 0.426
Lungs 0.784 0.275 0.491
Lymphatic nodes 0.924 0.410 0.614
Muscle tissue 0.735 0.336 0.505
Oesophagus 0.632 0.225 0.365
Oral mucosa 0.488 0.165 0.305
Pancreas 0.666 0.164 0.384
Prostate 0.602 0.123 0.353
Red bone marrow 0.468 0.136 0.277
Salivary glands 0.644 0.270 0.429
Skin, total 0.856 0.627 0.716
Small intestine wall 0.942 0.330 0.586
Spleen 0.360 0.082 0.197
Spongiosa 0.989 0.312 0.600
Stomach wall 0.914 0.314 0.581
Testes 1.387 0.711 0.997
Thymus 1.103 0.528 0.772
Thyroid 1.293 0.702 0.971
Urinary bladder wall 0.912 0.321 0.562
Total body 0.834 0.363 0.562
beam hardening effect is highest for lead and lowest for tin.
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A comparison of the data from Table V with those from
Table VI shows that the organ equivalent dose conversion
coefficients are generally higher for the female phantom due
to its smaller body size. The only exceptions are the breast
glandular tissue, which is more superficial in the male phan-
tom, and the lungs, which are better shielded by the female
breast.

III.D. Organ dose conversion coefficient ratios

As already mentioned above, these organ equivalent dose
conversion coefficients for the irradiation of the voxel mod-
els with the attenuated spectra do not permit a direct com-
parison of the shielding effectiveness of the different ab-
sorber materials. For this purpose, the conversion
coefficients have to be related back to the actual primary
beam by multiplying them by the air-kerma attenuation fac-
tors for the respective combination of absorber material and
spectrum determined in the broad-beam geometry �Eq. �1��.
A direct comparison to the shielding by lead can then be
established by evaluating ratios of these corrected conversion

free in air of the attenuated spectra, for parallel AP

oses per air kerma free in air �Sv Gy−1�

75 kV 120 kV

Pb Sn Sn/Bi Pb Sn Sn/Bi

375 0.153 0.266 0.538 0.409 0.464
465 0.210 0.330 0.589 0.460 0.527
406 1.144 1.242 1.462 1.446 1.318
115 0.591 0.830 1.253 1.007 1.133
877 0.536 0.664 1.005 0.854 0.918
726 1.213 1.235 2.291 1.394 1.293
849 0.392 0.648 1.076 0.787 0.928
115 0.567 0.831 1.281 0.984 1.129
494 0.219 0.346 0.620 0.497 0.561
894 0.452 0.659 1.051 0.828 0.946
958 0.512 0.719 1.112 0.872 0.991
046 0.634 0.867 1.206 0.999 1.095
882 0.526 0.693 1.000 0.826 0.916
816 0.438 0.616 0.960 0.805 0.893
703 0.341 0.514 0.904 0.677 0.816
867 0.410 0.652 1.058 0.844 0.933
772 0.357 0.509 0.975 0.768 0.901
637 0.313 0.467 0.804 0.645 0.736
755 0.449 0.598 0.878 0.729 0.791
947 0.737 0.833 1.015 0.919 0.971
141 0.613 0.870 1.301 1.039 1.166
496 0.226 0.382 0.637 0.501 0.576
190 0.609 0.886 1.299 0.996 1.142
126 0.581 0.865 1.303 1.019 1.160
572 1.002 1.238 1.545 1.370 1.446
265 0.812 1.088 1.490 1.203 1.414
447 1.021 1.187 1.603 1.327 1.426
143 0.604 0.860 1.327 1.076 1.176
996 0.581 0.777 1.109 0.900 1.003
erma
1�.
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coefficients for tin and tin/bismuth and those for lead. Since
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this division cancels out the normalization to �unattenuated�
air kerma free in air, the resulting numbers are ratios of organ
equivalent doses behind absorber plate a to those behind
0.35 mm lead. Values of these ratios that are above unity
indicate a reduced capability of shielding compared to
0.35 mm lead, values below unity an improved shielding.

From Table VII it can be seen that for both absorber
plates—0.45 mm tin and 0.41 mm tin/bismuth—the shield-
ing capability best agrees with that of 0.35 mm lead for the
75 kV spectrum, for which the lead equivalence value has
been established.

For tin and 60 kV, the dose ratios are higher than unity
for almost all organs. The highest values are for glandular
breast tissue �average� and skin, where the doses behind tin
are almost three times the values behind lead. For female
glandular breast tissue, testes, and thyroid the doses behind
tin are 143%, 99%, and 120% higher than behind lead, re-
spectively. In view of the fact that the broad-beam air-kerma
attenuation factor of tin is only less than half of that of lead
for the 60 kV spectrum �see Table IV�, these organ dose
increases are not at all surprising. On the contrary, from the

TABLE VI. Organ equivalent doses normalized to air
whole body irradiation of the female phantom �Sv G

Organ

Organ equiva

60 kV

Pb Sn Sn/Bi

Adrenals 0.440 0.095 0.204
Brain 0.370 0.085 0.207
Breast, glandular tissue 1.138 0.712 0.892
Colon wall 1.066 0.437 0.707
Extrathoracic airways 0.599 0.249 0.387
Eye lenses 1.365 1.021 0.934
Gall bladder wall 0.861 0.222 0.405
Heart wall 0.957 0.349 0.616
Kidneys 0.550 0.128 0.307
Liver 0.853 0.303 0.544
Lungs 0.770 0.269 0.482
Lymphatic nodes 0.954 0.393 0.620
Muscle tissue 0.752 0.320 0.505
Oesophagus 0.707 0.254 0.452
Oral mucosa 0.664 0.241 0.395
Ovaries 0.555 0.120 0.306
Pancreas 0.867 0.259 0.538
Red bone marrow 0.535 0.158 0.320
Salivary glands 0.554 0.195 0.347
Skin, total 0.888 0.655 0.751
Small intestine wall 0.976 0.354 0.619
Spleen 0.504 0.126 0.287
Spongiosa 1.074 0.352 0.662
Stomach wall 1.025 0.393 0.656
Thymus 1.131 0.553 0.792
Thyroid 1.298 0.768 1.007
Urinary bladder wall 1.196 0.579 0.854
Uterus 0.649 0.162 0.370
Total body 0.849 0.378 0.578
attenuation factor ratio even higher organ doses might be
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expected for shielding by tin. The reason for this comparably
moderate increase of the organ doses is the fact that the
spectrum behind tin has a relatively large contribution of
fluorescence radiation with energies of only approximately
25 keV �see Fig. 2�b�� that cannot penetrate deeply into the
body. Therefore, a distinctive dose increase can only be ob-
served in organs that are located very superficially. The brain
and the ovaries are shielded even better �by 11% and 16%,
respectively� by tin than by lead. The reason is that the brain
is surrounded by the skull and the ovaries are deep-lying
organs; here only the high-energy spectral component, which
is slightly lower than in the spectrum behind lead, comes into
effect. The effective dose is higher by 60% or 69%, depend-
ing on the set of tissue weighting factors applied. The higher
increase for the ICRP Draft Recommendations21 is due to the
enhanced weighting factor of the glandular breast tissue.

For tin and the 75 kV spectrum, the organ equivalent
doses are between 15% lower and 46% higher than those for
lead, the higher values occurring again in the superficial or-
gans such as glandular breast tissue and skin. The effective
doses are higher by 6% and 9%, respectively. For 120 kV,

free in air of the attenuated spectra, for parallel AP

oses per air kerma free in air �Sv Gy−1�

75 kV 120 kV

Pb Sn Sn/Bi Pb Sn Sn/Bi

569 0.266 0.433 0.813 0.585 0.732
504 0.232 0.363 0.620 0.485 0.561
270 0.931 1.089 1.404 1.204 1.317
251 0.709 0.970 1.399 1.121 1.276
764 0.410 0.595 0.878 0.730 0.870
653 1.260 1.061 1.625 1.507 1.563
012 0.453 0.695 1.075 0.870 0.982
157 0.621 0.880 1.318 1.038 1.167
720 0.331 0.525 0.879 0.685 0.782
053 0.562 0.794 1.199 0.951 1.070
942 0.495 0.713 1.069 0.845 0.965
104 0.656 0.872 1.229 1.022 1.133
909 0.522 0.706 1.031 0.840 0.934
931 0.493 0.666 1.085 0.844 0.941
858 0.431 0.659 0.961 0.793 0.916
817 0.372 0.589 0.945 0.823 0.898
090 0.540 0.804 1.245 0.997 1.128
718 0.355 0.527 0.890 0.710 0.806
707 0.374 0.524 0.805 0.673 0.722
977 0.767 0.861 1.045 0.945 1.000
176 0.635 0.888 1.336 1.063 1.201
651 0.305 0.476 0.797 0.610 0.706
284 0.664 0.959 1.390 1.061 1.214
235 0.669 0.929 1.381 1.070 1.212
351 0.849 1.116 1.502 1.293 1.414
508 1.051 1.229 1.620 1.345 1.528
400 0.848 1.095 1.473 1.309 1.402
856 0.402 0.631 1.080 0.849 0.955
010 0.595 0.791 1.124 0.914 1.017
kerma
y−1�.
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again all organ doses are higher for the tin-attenuated than
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for the lead-attenuated spectrum, the enhancement being be-
tween 29% �spongiosa� and 56% �glandular breast tissue�.
The increase of effective dose is 38% and 39%, respectively,
which is in excellent agreement with the reduction of the
broad-beam air-kerma attenuation factor by 41% seen in
Table IV.

The shielding effect of the tin/bismuth compound is closer
to that of lead. For 60 kV, the organ doses are between 5%
lower �ovaries� and 47% higher �glandular breast tissue� be-
hind tin/bismuth than behind lead, and the effective dose is
14% and 17% higher, respectively. As for tin, these organ
dose increases are lower than might be expected from the
reduction of the air-kerma attenuation factor of 42%, com-
pared with lead. This is again due to the relatively large
low-energy component of the 60 kV spectrum behind tin/
bismuth �Fig. 2�c�� that cannot penetrate deep into the body.
For 75 kV, shielding by tin/bismuth is between 4% more
�brain� and 18% less �skin� effective than that by lead, with
only 3% and 5% higher effective doses for tin/bismuth than
for lead, depending on the sets of tissue weighting factors
applied. For 120 kV, again all organ doses are higher when
shielded by tin/bismuth instead of lead, with differences be-
tween 30% �spongiosa� and 42% �skin�. The effective dose is

TABLE VII. Organ dose conversion coefficients hT,a,p

the same organ and primary spectrum for lead as th
shielding properties of the absorber plate a compared
mean values of those for the male and the female ph

Organ

Ratios of conversio
tin/

0.45 mm S

60 kV 75 kV

Bladder wall 1.660 1.064
Bone surface
�spongiosa�

1.252 0.959

Brain 0.886 0.850
Breast, glandular tissue 2.730 1.445
Breast, glandular tissue
�female�

2.433 1.366

Colon wall 1.495 1.024
Gonads �average of
ovaries and testes�

1.664 1.072

Liver 1.300 0.970
Lungs 1.361 0.987
Oesophagus 1.391 0.993
Ovaries 0.841 0.848
Red bone marrow 1.140 0.918
Salivary glands 1.509 1.049
Skin, total 2.859 1.456
Stomach wall 1.418 0.986
Testes 1.993 1.188
Thyroid 2.206 1.306
Remainder �1991� 1.303 0.972
Effective dose �1991� 1.597 1.057
Remainder �2006� 1.375 0.985
Effective dose �2006� 1.692 1.088
increased by 35%, irrespective of the tissue weighting factors
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used, again in good agreement with the 33% reduction of the
broad-beam air-kerma attenuation factor of this spectrum
compared to that behind lead.

In general, the enhancement of the organ and effective
doses is moderate except for 60 kV and shielding by tin.
Protective clothes consisting of pure tin are offered though
by few manufacturers only. Nevertheless, the reduced shield-
ing effect of tin/bismuth compared to lead should not be
neglected, especially in view of the low-energy photons that
are responsible for the observed dose enhancement. If one
considers a potentially enhanced relative biological effective-
ness of these low-energy photons compared with higher pho-
ton energies as indicated, e.g., by Schmid et al.,24 a possibly
increased risk for cancer induction cannot be fully excluded.
Still, the annual equivalent dose of occupationally exposed
personal is orders of magnitude smaller than the doses ex-
amined by Schmid et al.24 Thus, it is not clear whether their
findings are also applicable under these conditions involving
very low doses.

III.E. Spatial distribution of dose conversion
coefficients

As an attempt to visualize the different energy deposition

rgan T and the absorber plate a divided by those for
orber. These ratios allow a direct evaluation of the
at of 0.35 mm lead. The values given are arithmetic
s unless stated otherwise.

efficients hT,a,p for 0.45 mm tin and 0.41 mm
uth to those for 0.35 mm lead

0.41 mm Sn/Bi

20 kV 60 kV 75 kV 120 kV

1.435 1.155 1.034 1.366
1.289 1.052 1.003 1.300

1.317 0.956 0.962 1.335
1.558 1.472 1.171 1.364
1.445 1.348 1.153 1.392

1.352 1.107 1.023 1.348
1.484 1.154 1.028 1.397

1.332 1.073 1.004 1.329
1.327 1.077 1.014 1.331
1.359 1.050 0.987 1.331
1.468 0.948 0.970 1.410
1.348 1.024 0.987 1.351
1.404 1.114 1.032 1.334
1.525 1.447 1.184 1.420
1.312 1.097 1.022 1.311
1.494 1.236 1.059 1.389
1.397 1.313 1.100 1.360
1.343 1.057 1.027 1.341
1.384 1.138 1.033 1.354
1.347 1.071 1.025 1.348
1.390 1.169 1.046 1.348
for o
e abs
to th

antom

n co
bism

n

1

patterns of the attenuated spectra—without averaging over
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whole organs—spatial dose distributions in a part of the
body were evaluated. The simulations were also performed
with EGSnrc �Ref. 14� as described above, but the energy
depositions were not summed up per organ but per single
voxel. Division by the individual voxel masses and by the
�primary� air kerma free in air resulted in a spatial distribu-
tion of absorbed dose conversion coefficients on voxel basis.
Only a part of Regina’s body was irradiated with a parallel
beam covering the total width of the body and 30 cm height
to ensure approximately the same amount of scattered radia-
tion in the center of this volume as from a whole-body irra-
diation. The number of photon histories that were simulated
was 2 billion for each spectrum, and the dose distribution
was evaluated in a volume of 14 cm height at the center of
the irradiated volume, which itself was centered at the height
of the breast.

The spatial dose distributions in a selected slice of the
female voxel phantom Regina for the 60 kV spectra shielded
by tin, tin/bismuth and lead are shown in Fig. 3. As expected,
the doses decrease with increasing depth of the voxels in the
body for all three spectra. Furthermore, the doses near the
anterior surface of the body are higher for tin and tin/bismuth
than for lead shielding. This difference is much more pro-
nounced for shielding by tin only. The dose difference is

−1

FIG. 3. Spatial dose distribution in a selected slice of the female voxel
phantom Regina at height of the breast. The calculation is for the 60 kV
spectrum shielded by tin �top�, tin/bismuth �middle�, and lead �bottom�. The
dose conversion coefficients �absorbed dose per air kerma free in air, in
mGy Gy−1� in each voxel are represented by a color code, and they are given
in relation to the primary, unattenuated spectrum. For the entrance skin the
largest dose conversion coefficients are about 10, 15, and 30 mGy Gy−1 for
lead, tin/bismuth, and tin shielding, respectively.
largest �approximately 20 mGy Gy � in the frontal skin and
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decreases with depth in the body until it disappears at depths
ranging from approximately 3 cm �at the site of the arm
bones� to 10 cm �in the lungs�, depending on the penetrabil-
ity of the different body tissues for the low-energy fluores-
cence radiation. The dose enhancement for shielding by tin/
bismuth is only approximately 5 mGy Gy−1 at most and
reaches less deep than that for shielding by tin.

IV. CONCLUSIONS

The shielding effectiveness of different materials used for
protective clothes in diagnostic radiology—lead, tin, and a
compound from 80% tin and 20% bismuth—was evaluated
and compared. The thicknesses of tin and tin/bismuth ab-
sorbers were selected such that they had a lead equivalence
value of 0.35 mm for a typical x-ray spectrum generated
with 75 kV tube voltage. In agreement with previous
findings,2,5,7–11 it could be shown that the shielding efficiency
of lead-free materials depends strongly on the x-ray spectrum
considered, even for the narrow-beam geometry used for de-
termining the lead equivalence value. Moreover, the effi-
ciency deviates from that of lead for the 60 and 120 kV x-ray
spectra considered in this study.

For broad-beam geometry, which much more realistically
represents irradiations in occupational practice, the shielding
capability of the lead-free materials is lower than that of lead
also for the 75 kV x-ray spectrum, and the shielding defi-
ciencies for the 60 and 120 kV spectra compared to lead are
much more pronounced than in narrow-beam geometry. The
reason is the secondary �mainly fluorescence� radiation gen-
erated in the shielding material that is able to leave the
shielding material. The appearance of the considerable
amount of fluorescence radiation is caused by the much
lower energies of the K� and K� emission lines in tin com-
pared with lead. Thus, tin emits a higher amount of low-
energy secondary photons than lead and these are not de-
tected in the narrow-beam but recorded in the broad-beam
configuration. From this it can be concluded that the mea-
surement of the lead equivalence value that is performed in
narrow-beam geometry in accordance with international
standards3 is not suitable for appropriately judging the
shielding capability of materials, and therefore the lead
equivalence value should not be used for this purpose. For a
realistic assessment of the shielding properties of a material,
the broad-beam geometry4 is much more appropriate and
should therefore be recommended.

The calculations of this study have shown furthermore
that the organ equivalent doses are also higher for spectra
attenuated by lead-free shielding materials. The highest or-
gan doses compared with lead shielding were found for
shielding of the 60 kV x-ray spectrum by tin, where the dif-
ferences for superficial organs can amount almost up to a
factor of 3. For 120 kV, tin as shielding material also yields
organ doses that are up to 56% higher compared with lead.
The compound from tin and bismuth is more efficient as
shielding material than tin, but in most cases less efficient
than lead. The maximum dose increases compared to lead

shielding are 47%, 18%, and 42% for the x-ray spectra with
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tube voltages of 60, 75, and 120 kV, respectively. Generally,
the differences in organ doses are much lower than the dif-
ferences in air kerma. The reason is that the low-energy sec-
ondary radiation causing the dose enhancement does not
penetrate into greater depths of the body. However, for su-
perficial organs, like the skin and the glandular breast tissue,
the dose differences are obvious. In view of the potentially
high radiobiological effectiveness of low-energy photons, an
increased hazard for cancer induction cannot be excluded.

On the other hand, the increases of the effective doses for
tin or tin/bismuth shielding are still rather moderate, such
that the doses may still easily meet the limits. In particular
for that medical personnel, whose exposure is well below
these limits, the protection can still be considered sufficient.
In case the highest possible protection is sought, however,
protective clothing made of lead appears to be the safer op-
tion at present. For existing lead-free aprons, it is advisable
to use them only at tube voltages for which their lead equiva-
lence values have been established, since for these radiation
qualities the shielding deficiencies appear to be the smallest.
Of course, this also holds for protective clothing for patients.

It has been shown that lead-free aprons, the lead equiva-
lent values of which have been determined in the narrow-
beam configuration, provide less protection than lead cloth-
ing. If the same degree of protection is wanted for all
radiation qualities relevant in diagnostic radiology, greater
thicknesses of the attenuating materials have to be used, ob-
viously at the expense of an increased weight of the clothing.
Nevertheless, even with a higher weight than currently, lead-
free aprons might still be favorable if they show increased
lifetimes and/or fewer ecological problems for disposal.

Nevertheless, it is a physical principle that the energies of
the K� and K� emission lines are lower in materials with low
Z. Thus, fluorescence radiation is inevitably created in low Z
materials by primary photons in the energy range relevant to
diagnostic radiology. It appears that only by combining lay-
ers of different materials this dilemma can be solved and a
considerable weight reduction can be achieved.12

a�Author to whom correspondence should be addressed; Electronic mail:
helmut.schlattl@gsf.de

1E. W. Webster, “Experiments with medium-Z materials for shielding
against low-energy x rays,” Radiology 84, 146 �1966�.

2M. J. Yaffe et al., “Composite materials for x-ray protection,” Health
Phys. 60, 661–664 �1991�.

3IEC, Protective devices against diagnostic medical X-radiation—Part 3:

Protective clothing and protective devices for gonads, IEC 61331-3

Medical Physics, Vol. 34, No. 11, November 2007
�1998�.
4IEC, Protective devices against diagnostic medical X-radiation—Part 1:
Determination of attenuation properties of materials, IEC 61331-1
�1994�.

5P. H. Murphy, Y. Wu, and S. A. Glaze, “Attenuation properties of lead
composite aprons,” Radiology 186, 269–272 �1993�.

6T. E. Hubbert, J. J. Vucich, and M. R. Armstrong, “Lightweight aprons
for protection against scattered radiation during fluoroscopy,” AJR, Am.
J. Roentgenol. 161, 1079–1081 �1993�.

7E. G. Christodoulou et al., “Evaluation of the transmitted exposure
through lead equivalence aprons used in a radiology department, includ-
ing the contribution from backscatter,” Med. Phys. 30, 1033–1038 �2003�.

8S. Muir, R. McLeod, and R. Dove, “Light-weight lead aprons - light on
weight, protection or labelling accuracy?” Australas. Phys. Eng. Sci.
Med. 28, 128–130 �2005�.

9H. Eder, W. Panzer, and H. Schöfer, “Ist der Bleigleichwert zur Beurtei-
lung der Schutzwirkung bleifreier Röntgenschutzkleidung geeignet?”
Röfo Fortschr Röntgenstr 177, 399–404 �2005�.

10M. Finnerty and P. C. Brennan, “Protective aprons in imaging depart-
ments: Manufacturer stated lead equivalence values require validation,”
Eur. Radiol. 15, 1477–1484 �2005�.

11J. P. McCaffrey, H. Shen, B. Downton, and E. Mainegra-Hing, “Radiation
attenuation by lead and nonlead materials used in radiation shielding gar-
ment,” Med. Phys. 34, 530–537 �2007�.

12E. W. Webster, “Addendum to ‘Composite materials for x-ray protec-
tion’,” Health Phys. 61, 917–918 �1991�.

13K. Cranley, B. J. Gilmore, G. W. A. Fogarty, and L. Desponds, Catalogue
of diagnostic x-ray spectra and other data, IPEM Report No. 78 �1997�.

14I. Kawrakow and D. W. O. Rogers, The EGSnrc code system: Monte
Carlo simulation of electron and photon transport, PIRS Report No. 701
�2003�.

15L. Büermann, http://www.ptb.de/de/org/6/nachrichten6/2006/63406-
de.htm, �2006�.

16L. V. King, “Absorption problems in radioactivity,” Philos. Mag. 23,
242–250 �1912�.

17DIN, Strahlenschutzzubehör bei medizinischer Anwendung von Röntgen-
strahlung - Teil 1: Bestimmung der Abschirmeigenschaften von bleifreier
und bleireduzierter Schutzkleidung (Entwurf), DIN 6857-1 �2007�.

18H. Schlattl, M. Zankl, and N. Petoussi-Henss, “Organ dose conversion
coefficients for voxel models of the reference male and female from ide-
alized photon exposures,” Phys. Med. Biol. 52, 2123–2145 �2007�.

19M. Zankl, K. F. Eckerman, and W. E. Bolch, “Voxel-based models repre-
senting the male and female ICRP reference adult—the skeleton,” Radiat.
Prot. Dosim. �in press�.

20ICRP, Basic anatomical and physiological data for use in radiological
protection: Reference values, ICRP Publication No. 89 �2002�.

21ICRP, Draft Recommendations of the International Commission of Radio-
logical Protection, 02/276/06 �2006�.

22M. Zankl, U. Fill, N. Petoussi-Henss, and D. Regulla, “Organ dose con-
version coefficients for external photon irradiation of male and female
voxel models,” Phys. Med. Biol. 47, 2367–2385 �2002�.

23ICRP, 1990 Recommendations of the International Commission on Radio-
logical Protection, ICRP Publication No. 60 �1991�.

24E. Schmid, D. Regulla, H.-M. Kramer, and D. Harder, “The effect of
29 kV x rays on the dose response of chromosome aberrations in human

lymphocytes,” Radiat. Res. 158, 771–777 �2002�.

http://dx.doi.org/10.1097/00004032-199105000-00004
http://dx.doi.org/10.1097/00004032-199105000-00004
http://dx.doi.org/10.1118/1.1573207
http://dx.doi.org/10.1118/1.2426404
http://dx.doi.org/10.1088/0031-9155/52/8/006
http://dx.doi.org/10.1088/0031-9155/47/14/301
http://dx.doi.org/10.1667/0033-7587(2002)158[0771:TEOKXR]2.0.CO;2

