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Abstract

Purpose: This study aims to evaluate the lead equivalence (LE) of radiation protec-

tive apparatuses under various combinations of tube potentials and spectral shaping

filter.

Method: In this study, the commercially available 3M™ Lead Foil Tape 421, with

nominal lead thickness of 0.1 mm, was employed to determine the LE of four differ-

ent radiation protective apparatuses. The LE of protective apparatus was determined

by utilizing the X‐ray transmission curves obtained with the lead foil tape at 60–120
kVp in combination with the spectral shaping filters of 0.1, 0.2, 0.3, 0.6, and

0.9 mmCu. The experimental setup and test method, for the transmission measure-

ments with narrow beam geometry, was performed in accordance to ASTM Desig-

nation F2547‐18 Standards. All measurements were obtained using cardiovascular

interventional angiography system.

Results: A much larger discrepancies between the measured LE and stated (nominal)

LE were observed at low tube potential (<70 kVp) for non‐lead protective appara-

tus. At higher tube potentials (>80 kVp) and thicker spectral shaping filters, the

measured LE appears to be more consistent with the manufacturer specified nomi-

nal thickness for the protective apparatus investigated. On the other hand, for the

lead protective eyeglasses, the measured lead equivalence of both the lead side

shield and the lens of eyeglasses (0.38 and 0.85 mmPb respectively) are consistent

across all tube voltage.

Conclusion: The conventional specification of LE without considering spectral shap-

ing filter is a valid measure for tube voltages at and above 80 kVp. The measured

LE generally exceed the specifications. The difference is most significant at lower

tube potentials, and especially with thicker spectral shaping filters. At higher volt-

ages (>100 kVp), the measured LE and the nominal LE are in good agreement with

each other irrespective of the spectral shaping filter thickness.
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1 | INTRODUCTION

Conventional radiation protective apparatus (RPA) such as aprons

and garments are made of lead or lead composite materials. Lead

composite shielding materials have overcome the weight burden

with lighter elements such as bismuth oxide and provide comparable

protection and attenuation properties to lead at a certain X‐ray
energy.1–4 The composition of these materials is often not disclosed

while only their lead equivalence (LE) in millimeter of lead (mmPb) is

specified.5 The effectiveness of these non‐lead protective garments

may be evaluated with attenuation measurement, and in terms of

lead equivalency.4 In fact, the LE is energy dependent; therefore,

they would only have the same X‐ray attenuation as lead at certain

X‐ray energies. However, the transmitted spectra are quite differ-

ent.3,5 Although attenuation properties and effectiveness of lead and

radiation protective garments have been studied by various investi-

gators, the influence of spectral shaping filters (SSF) was not

included in their investigations.3,5–8

The method to determine attenuation properties of shielding

materials has been described by two international radiation stan-

dards. They are (a) International Electrotechnical Commission (IEC)

61331‐1,9 Protective Devices against Diagnostic Medical X‐radiation,
Part 1: Determination of Attenuation Properties of Materials.10 (b)

American Society for Testing and Materials (ASTM) F2547‐18, Stan-
dard Test Method for Determining the Attenuation in a Primary X‐
ray Beam of Materials Used to Protect against Radiation Generated

during the use of X‐ray Equipment.11 Both IEC and ASTM have

established a standardized test method and experimental setup to

measure the attenuation values of the protective materials in the pri-

mary and scattered X‐ray beam. The major differences between

these two methods are in experimental setups. IEC standard pro-

vides three different experimental setups for attenuation ratio mea-

surements: broad beam, inverse broad beam, and narrow beam

geometries. Broad beam and inverse broad beam are defined as the

standard test methods to determine LE value accounting for both

primary and scattered radiation. Narrow beam geometry is defined

as the standard test method to determine LE value accounting for

primary radiation only. Alternatively, ASTM International has estab-

lished two standard test methods ASTM F2547‐18 and ASTM

F3094‐14. The ASTM F2547‐18 standard measures the attenuation

values of the protective materials in the primary X‐ray beam under

condition of narrow geometry. The ASTM F3094‐14 standard deter-

mines protection provided by X‐ray shielding materials from “Sources

of Scattered X‐ray” using inverse broad‐beam geometry.

IEC 61331‐1 standard provides specification of LE only for gar-

ments that contain lead and at certain beam quality. In addition, due

to setup difficulties within the IEC specification, one might not be

able to comply with the requirements. Whereas the ASTM F2547‐
18 Standard is a test method to measure the attenuation of the

shielding materials in the range of 60–130 kVp tube potential. A

study by Jones et al.8 followed both IEC and ASTM standardized

methods to determine LE values of lead and non‐lead protective gar-

ments. The study showed that the lead‐based garment has the same

nominal LE value at all kVp values, whereas the non‐lead garment’s

LE value varies as a function of beam quality. The study stated that

accurate measurement of scattered beams under broad‐beam geom-

etry was challenging while primary beam measurement under narrow

beam condition was much more useful. A more recent study12

showed that the LE value for shielding materials is influenced by

both method of measuring the attenuation and beam quality.

The aim of this study is to determine the LE of radiation protec-

tive apparatus (RPA) due to the influence of varying tube potential

and in combination with the SSFs. Measurement of LE was per-

formed following ASTM F2547‐18 standard using the primary X‐ray
beam under condition of narrow beam geometry.

2 | MATERIALS AND METHODS

2.A | Measurement equipment

All measurements were conducted using cardiovascular interven-

tional angiography (CIA) equipment. The CIA system was operated

under the service mode so that the tube potential and SSFs can be

selected manually. The primary radiation transmission measurements

were obtained using Black Piranha Model 657 dosimeter system

(RTI, Towaco, NJ 07082, USA). The acquisition parameters were

large focus of 1.0 mm, tube current of 400 mA, pulse width of

100 ms, and tube potential between 60 and 120 kVp in increment

of 10 kVp, in combination with SSFs of 0, 0.1, 0.2, 0.3, 0.6, and

0.9 mm of copper (mmCu).

2.B | Lead foil sheets and transmission curves

Typically, protective garments have nominal LE thickness of 0.25–
0.5 mm (mmPb). The thinnest commercially available lead sheet, we

were able to find, is 3M™ lead foil tape 421 (3M™ Corporate, St. Paul,

MN) with a total nominal thickness of 6.3 mil (0.16 mm). As specified in

the product brochure, it consists of 4.0 mil (0.10 mm) lead foil as the

backing material and 2.3 mil (0.06 mm) as adhesive material. The 3M™

lead foil tape 421(LFT), here after 3M™ LFT, has been internally verified

through attenuation measurements. It was found that the 3M™ LFT is,

indeed, made of 0.1 mm lead foil. The transmission curves from this

internal investigation were utilized to determine the LE of RPA.

2.C | Radiation protective apparatus (RPA)

Listed in Table 1 are four RPA investigated in this study. They are as

follows: (a) surgical drape (non‐lead), (b) surgical cap (non‐lead), (c)
thyroid shield (non‐lead), and (d) lead eyeglasses (lead lenses and

lead side shield with vinyl sheet).

2.D | Experimental setup for X‐ray transmission
measurements

The experimental setup and test method for transmission measure-

ments under narrow beam geometry were conducted in accordance
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to ASTM Designation F2547‐18 standards. The geometry of the

measurement was maintained constant for all lead sheets and pro-

tective apparatus to insure consistency and reliability. The primary

beam was measured with and without the shielding material (Test

Sample) as shown in Fig. 1.

The transmission curves of 3M™ LFT were obtained under the

following conditions: (a) tube potential in the range of 60–120 kVp,

in increments of 10 kVp, and in combination with, (b) the SSFs of

0.0, 0.1, 0.2, 0.3, 0.6, and 0.9 mm copper (mmCu). In this study, the

transmission ratio of the RPA was measured under the same mea-

surement conditions described above. The transmission ratio of the

RPA was superimposed onto the transmission curves of 3M™ LFT to

determine the LE values of the RPAs. The LE was determined (calcu-

lated) by simple linear interpolation of the transmission data through

3M™ LFT, since we have 0.1 mmPb increment available for testing,

that was based on the internal study. Then, the calculated LE values

of RPA were compared with the nominal values listed on their labels

across all beam qualities.

3 | RESULTS

The results are represented in Figures 2 and 3, and Table 2. The

experiment and the LE measurements were performed for the diag-

nostic X‐ray energy range, 60–120 kVp, and in combination with dif-

ferent thicknesses of spectral shaping copper filters (0, 0.1, 0.2, 0.3,

0.6, and 0.9 mm). For demonstration, calculated LE values at

TAB L E 1 Radiation protective apparatus (RPA) description and specification.

Testing protective
apparatus

Nominal
(mmPb)

Material
type Specification listed Manufactures brand Model

Drape 0.25 Lead

free

Lead equivalence attenuated up

to 98% at 80 kVp

AADCO Medical, Inc.,

Randolph, VT

X‐drape® sterile field X‐ray
shielding drapes

Thyroid shield 0.50 Lead

free

Not specified Burlington Medical,

Newport News, VA

Enviro‐lite™

Surgical cap 0.125 Lead

free

Not specified AADCO Medical, Inc.,

Randolph, VT

Disposable comfort‐fit™ X‐ray
shielded procedure cap

Eyeglasses lens 0.75 Lead Lead equivalence value measured

at 150 kVp

(Burlington Medical,

Newport News, VA).

ES40S lead eyeglasses

Side shield 0.35

F I G . 1 . Experimental setup for measurement of X‐ray
transmission, narrow beam geometry with slight adjustment to
accommodate the interventional angiography system.

F I G . 2 . The measured lead equivalence (LE) in “mmPb” for thyroid
shield and drape. The LEs of thyroid shield and the surgical drape vs
X‐ray tube potential. Each curve represents different spectral
shaping filters (mmCu). The thickness indicated in the figure is the
nominal LE of the radiation protective apparatus.
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selected tube potential (kVp) and the SSF (mmCu) are presented in

Table 2. Illustrated in Fig. 2 is the measured LE values for Thyroid

shielding and Drape investigated (both are lead‐free material) as a

function of tube potential with SSF. Similarly, depicted in Figs. 3 is

the measured LE values for the lens of the Eyeglasses and its side

shielding (both are made of lead) and Surgical Cap (lead‐free) as a

function of tube potential with SSFs.

Table 2 shows the calculated LE “in mmPb” of RPAs investi-

gated in this study, and the effect of different thicknesses of SSF

(0, 0.1, 0.2, 0.3, 0.6, and 0.9 mmCu) at 60, 80, 100, and 120 kVp.

Note, the same data at 70, 90, and 110 kVp were collected but

was not included for presentation simplicity. In Table 2, the tube

voltages of 60, 80, 100, and 120 kVp were chosen, since most of

the LEs of RPA are specified and listed on their labels as the nomi-

nal LE at 80 or 120 kVp, but no SSF is considered.

4 | DISCUSSION

4.A | Surgical drape

The measured LE, at 80 kVp and 0 mmCu, of the drape was approxi-

mately 0.22 mmPb. The LE was less than the specified value of

0.25 mmPb by 12%. At tube voltage higher than 80 kVp and with

thicker SSF, the measured LE tends to be closer to, or higher than,

F I G . 3 . The measured lead equivalence (LE) in “mmPb” for the
lens of eyeglasses, the side shield, and the surgical cap. The LEs of
the lens of eyeglasses, the side shield, and the surgical cap vs X‐ray
tube potential. Each curve represents different spectral shaping
filters (mmCu). The thickness indicated in the figure is the nominal
LE of the radiation protective apparatus.
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the specified value. At tube voltages lower than 80 kVp and SSF thick-

ness of <0.2 mmCu, the measured LE was less than the specified and

increases with increasing SSF. The measured LE at 120 kVp corre-

sponding to filter thickness of 0 and 0.9 mmCu were 0.24 and

0.25 mmPb, respectively. The measured LE was less than that speci-

fied by the manufacturer at 60 and 70 kVp and 0 mmCu, but tends to

be closer to the specified values as SSF thickness is increased.

4.B | Thyroid shield

The measured LE, at 80 kVp and 0 mmCu, was 0.54 mmPb, which is

8% higher than the specified LE of 0.50 mmPb. As tube voltage is

increased to higher than 100 kVp, the measured LE of the thyroid

shield decreased to below the specified LE of 0.5 mmPb. For

instance, the LE of the thyroid shield at 110 and 120 kVp with SSF

of 0.0 mmCu were 0.48 and 0.44 mmPb, respectively.

4.C | Surgical cap

The LE value, at 80 kVp and 0 mmCu, of the surgical cap was

0.09 mmPb, approximately 28% less than the specified 0.125 mmPb.

Without SSF in the beam, at tube voltage higher than 90 kVp, the LE

tended to be closer to the specified value. For instance, surgical cap’s

LE at 90, 100, 110, 120 kVp, and 0.0 mmCu were 0.098, 0.104, 0.107,

and 0.108 mmPb respectively. Across all tube voltage, the LE values

increased than specified value as SSF thickness increased.

4.D | Lens and side shield of protective eyeglasses

For the lead protective eyeglasses, the LE value of the lens was

0.85 mmPb, 13.3% higher than the “specified 0.75 mmPb.” While

the measured LE for the side shield, at 80 kVp and 0 mmCu, was

0.38 mmPb, 8.6% higher than “specified 0.35 mmPb.” The LE values

of both the lens and the side shield are relatively consistent over

entire tube potential range and the SSFs; namely,

0.84 ± 0.011 mmPb and 0.39 ± 0.003 mmPb, respectively.

In the case of the lead RPA (4‐D) and Fig. 3, it is uniformly more

effective in protection against radiation over the full range of radia-

tion beam quality in this study, where “the full range of radiation

beam quality” refers to the beam qualities in the combinations of

the tube potentials and the SSFs. The lead RPAs’ LE is not adversely

affected whether SSF is employed or not, since the “normalization”

in obtaining the LE is also based on lead. Thus, the lead protective

materials showed perfect consistency among all RPA investigated.

On the other hand, for the non‐lead RPA (4‐A and 4‐B), the LE

varies substantially below 90 kVp by more than ±0.1 mmPb for the

thyroid shield and the surgical drape shown in Fig. 2. For the surgical

cap (4‐C), in Fig. 3, the LE varies by approximately ±0.06 mmPb.

The variation in the LE for non‐lead RPAs can be attributed to

two reasons: (a) Since photoelectric effect is the dominant radiation

interaction in the diagnostic X‐ray energies range and (b) as men-

tioned earlier, these protective apparatuses are made of composite

materials with different K‐absorption energies.

The thyroid shield, for example, consists mainly of bismuth–anti-
mony BiSb, which has X‐ray absorption edge energies of 90.52 and

30.49 keV, respectively.13 Thus, for lower X‐ray energies, 60 and

70 kVp, the effect of K‐edge is significant. The measured LE is opti-

mum at tube potentials of 80 and 90 kVp and decreased at beam

qualities >90 kVp regardless of the SSF thickness (mmCu).

Therefore, the non‐lead thyroid shield is effective at 80–90k kVp

but less effective at the lower tube potentials below 80 kVp. At the

higher tube potential and higher SSFs, the LE is close to the nominal

values but is somewhat less effective. Although we do not know the

exact composition of the surgical drape, LE of this non‐lead RPA has

similar transmission properties as the thyroid shield. The surgical

drape is also less effective at low tube potential (<80 kVp). The opti-

mal protection is afforded at or around 80–90 kVp. Surgical cap also

has less LE at low kVp with SSF < 0.3 mmCu which is less effective

in radiation protection at low kVps. This proves that whatever the

materials that non‐lead protective apparatuses are made of, these

RPA are designed to curtail the radiation between 80 and100 kVp.

5 | CONCLUSION

Our study showed how effective the lead and non‐lead RPAs would

be in a clinical environment. Typically, the non‐lead RPA would not

be as effective as it is claimed by the manufacturer for environment

where the routine fluoroscopic tube potential is <80 to 90 kVp.

Although the traditional specification of LE at 80 kVp with beam

quality of HVL at 3 mmAl, without taking SSF into account, it is still

a valid measure to specify the nominal LE value. One cannot expect

the LE is valid for entire range of tube potentials encountered in

diagnostic radiology. It is strongly suggested that even if the manu-

facturers do provide the LE values for RPA based on the traditional,

conventional specification, it is advisable to evaluate the “true” LE

under the clinical conditions the RPA is intended for. In addition, in

the case when the LE cannot be identified through its label or

appropriate document, one should first check the LE at 80 kVp with

the beam quality of 3 mmAl HVL.

CONFLICT OF INTEREST

The authors have no conflict of interest to declare.

REFERENCES

1. Chatterson LC, Leswick DA, Fladeland DA, Hunt MM, Webster ST.

Lead versus bismuth‐antimony shield for fetal dose reduction at dif-

ferent gestational ages at CT pulmonary angiography. Radiology.

2011;260:560–567.
2. Yaffe MJ, Mawdsley GE, Lilley M, Servant R, Reh G. Composite

materials for X‐ray protection. Health Phys. 1991;60:661–664.
3. Murphy P, Wu Y, Glaze S. Attenuation properties of lead composite

aprons. Radiology. 1993;186:269–272.
4. McCaffrey JP, Tessier F, Shen H. Radiation shielding materials and

radiation scatter effects for interventional radiology (IR) physicians.

Med Phys. 2012;39:4537–4546.

208 | ALJABAL ET AL.



5. Christodoulou EG, Goodsitt MM, Larson SC, Darner KL, Satti J, Chan

HP. Evaluation of the transmitted exposure through lead equivalent

aprons used in a radiology department, including the contribution

from backscatter. Med Phys. 2003;30:1033–1038.
6. McCaffrey JP, Shen H, Downton B, Mainegra‐Hing E. Radiation

attenuation by lead and nonlead materials used in radiation shielding

garments. Med Phys. 2007;34:530–537.
7. Yue K, Luo W, Dong X, et al. A new lead‐free radiation shielding

material for radiotherapy. Radiat Prot Dosimetry. 2009;133:256–260.
8. Jones AK, Wagner LK. On the (f)utility of measuring the lead equiva-

lence of protective garments. Med Phys. 2013;40:063902.

9. IEC 61331–1:2014 Protective devices against diagnostic medical X‐
radiation — Part 1: Determination of attenuation properties of mate-

rials (2014).

10. Büermann L. Determination of lead equivalent values according to

IEC 61331–1: 2014 ‐ report and short guidelines for testing labora-

tories. J Instrum. 2016;11:T09002.

11. ASTM Standard F2547‐018 “Standard test method for determining

the attenuation properties in a primary x‐ray beam of materials used

to protect against radiation generated during the use of x‐ray equip-

ment (West Conshohocken, PA, 2006, 2018)

12. Schöpf T, Pichler T. Strahlenschutzkleidung in der Röntgendiagnostik

– Einfluss der Messmethoden auf den Bleigleichwert und die

erforderliche masse radiation protection clothing in x‐ray diagnostics

– influence of the different methods of measurement on the lead

equivalent an. Fortschr Röntgenstr. 2016;188:768–775.
13. Bearden JA, Burr AF. Reevaluation of x‐ray atomic energy levels. Rev

Mod Phys. 1967;39:125–142.

ALJABAL ET AL. | 209


