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Protection and optimization of patient radiation doses are key principles in the safe prac-
tice of diagnostic radiography.1 Ionizing radiation can result in deterministic or stochas-
tic effects on biological tissue,2 and radiation protection serves to eliminate or reduce 

deterministic effects and render the probability of stochastic effects as low as possible.3 Lead 
shielding has been used as a radiation protection tool since low levels of diagnostic radiation 
became implicated in late radiation responses approximately 80 years ago.4 Lead (or equiva-
lent) shielding is a radiation protection apparatus that can be directly applied to the patient 
either inside the field of view (FOV) to reduce the radiation dose to radiosensitive organs, or 
outside the FOV to protect the patient against scattered radiation. Despite this, several radia-
tion advisory bodies have recently published position statements advocating the curtailment 

PURPOSE
The purpose of this study was to evaluate the effect of outside-field-of-view (FOV) lead shielding on 
the entrance surface dose (ESD) of the breast on an anthropomorphic X-ray phantom for a variety 
of axial skeleton X-ray examinations.

METHODS
Using an anthropomorphic phantom and radiation dosimeter, the ESD of the breast was measured 
with and without outside-FOV shielding in anterior-posterior (AP) abdomen, AP cervical spine, oc-
cipitomental 30° (OM30) facial bones, AP lumbar spine, and lateral lumbar spine radiography. The 
effect of several exposure parameters, including a low milliampere-seconds technique, grid use, 
automatic exposure control use, wraparound lead (WAL) use, trolley use, and X-ray table use, on the 
ESD of the breast with and without outside-FOV shielding was investigated. The mean ESD (μSv) 
and standard deviation for each radiographic protocol were calculated. A one-tailed Student’s t-test 
was carried out to evaluate whether ESD to the breast was reduced with the use of outside-FOV 
shielding.

RESULTS
A total of 920 breast ESD measurements were recorded across the different protocol parame-
ters. The largest decrease in mean ESD of the breast with outside-FOV shielding was 0.002 μSv  
(P = 0.084), recorded in the AP abdomen on the table with a grid, OM30 on the table with a grid, 
OM30 standard protocol on the trolley, and OM30 on the trolley with WAL protocols. This decrease 
was found to be statistically non-significant.

CONCLUSION
This study found no significant decrease in the ESD of the breast with the use of outside-FOV shield-
ing for the AP abdomen, AP cervical spine, OM30 facial bones, AP lumbar spine, or lateral lumbar 
spine radiography across a range of protocols.
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of the practice of using lead protection in di-
agnostic imaging.5-7

The “as low as reasonably practical 
(ALARP)” principle is based on the optimiza-
tion of patient radiation dose by balancing 
the benefit with the risk of the dose applied 
to obtain a diagnostically acceptable image.8 
Factors that can be considered when apply-
ing the ALARP principle include decreasing 
exposure time, increasing the distance be-
tween the source and object, and the use of 
shielding.8 The ALARP principle can be ap-
plied to both primary and secondary radia-
tion. The radiation dose in the primary beam 
is relatively high, 2% of which is directly ab-
sorbed by the patient.9 It has been suggested 
that lead shielding within the primary beam 
may increase the patient radiation dose in 
some instances by interfering with the au-
tomatic exposure control (AEC) and by mis-
placement or movement that may obscure 
pathology, potentially leading to overexpo-
sure and repeat exposures.5,10-12 However, this 
current study focuses on secondary radiation 
and so these factors were not of concern. 

Secondary radiation originates from the 
attenuation of primary radiation, includ-
ing scatter and extra-focal radiation.13 Lead 
shielding outside the FOV has been advo-
cated by many studies, with scatter radia-
tion reduced by more than 20% when lead 
shielding was used in mobile pediatric chest 
radiographs and breast dose reduced up to 
80% by breast shielding in anterior-posterior 
(AP) and lateral lumbar spine X-ray projec-
tions.14,15 While the later study included 100 
patients and 40 phantom measurements, 
only five pediatric patients were included in 
the former study, possibly limiting its gener-
alizability. The International Commission of 
Radiological Protection (ICRP) is of the con-
sensus that shielding more than 5 cm from 
the primary beam has a negligible effect 
on additional patient dose from secondary 

radiation.16 Furthermore, for the anatomy 
outside the FOV, radiation exposure results 
largely from internal scattering, which lead 
shielding cannot protect against.16 The Brit-
ish Institute of Radiology has reported that 
scattered radiation in projection radiogra-
phy often amounts to no more than 0.2% of 
overall patient radiation dose.5 This has led 
to the argument that radiographers should 
focus on the main source of patient radiation 
dose–the primary beam–by improving colli-
mation, increasing the distance, and individ-
ualizing doses by using the AEC. 

Breast tissue and the gonads have a tis-
sue weighting (wT) factor of 0.12 and 0.08, 
respectively, meaning that the relative risk 
of stochastic effects occurring in the breast 
is relatively high.17 The linear threshold mod-
el is used to estimate the risk from low-dose 
radiation exposure, which is endorsed by the 
United States National Academy of Sciences 
and the ICRP. According to this model, even 
the smallest dose of radiation can increase 
the risk of harmful effects proportionally, and 
there is no safe level of exposure.18 In a labo-
ratory setting, it was found that the number 
of double-strand breaks increased linearly 
with doses ranging from 1 mGy to 1 Gy in cul-
tured cells.18 Another investigation reported 
that exposure to a chest X-ray increases the 
risk of breast cancer by a factor of two, irre-
spective of age, at first exposure and by up to 
five times when carrying three or more rare 
variants in a deoxyribonucleic acid (DNA) 
repair gene.19 However, it is probable that 
the tissue and cellular response to radiation, 
including damage and repair, is influenced 
by specific trigger thresholds, hormesis, and 
hypersensitivity of a particular tissue.18 Both 
studies indicated that further research is re-
quired to identify subpopulations that are 
vulnerable to ionizing radiation, which in 
turn would be useful in a clinical setting.

When considering the radiosensitivity 
of breast tissue, the well-known breast can-
cer-carrying gene (BRCA1) and breast cancer 
gene 2 (BRCA2) mutations put some indi-
viduals, particularly those exposed before 
the age of 30 years, at an increased risk of 
breast cancer development from diagnostic 
levels of radiation.20 Due to the generation of 
an abnormal protein in individuals carrying 
a BRCA1 or BRCA2 gene mutation, they may 
not be able to fix this DNA damage, with 
72% of BRCA1 and 50% of BRCA2 healthy 
mutation carriers displaying a radiosensitive 
phenotype.21,22 A cohort study of 1.601 wom-
en carrying  BRCA1 and BRCA2 mutations 
reported an association between increased 
risk of breast cancer and exposure to chest 

X-rays [hazard ratio (HR): 1.54; P = 0.007]. This 
risk was higher in women aged 40 years and 
younger (HR: 1.97; P < 0.001).23

Although the cancer risk of any tissue 
reduces significantly with increased age, 
it should be noted that a single dose of 0.1 
Gy results in approximately 914 cases and 
70 cases of breast cancer per 100,000 when 
exposed at 5 years and 50 years, respective-
ly.24 Outside-FOV breast shielding in AP cer-
vical spine radiography was shown to reduce 
breast dose by 99.9% in a phantom study.25 
Additionally, Foley et al.26 demonstrated that 
breast displacement combined with lead 
shielding outside the FOV in computed to-
mography (CT) angiography reduced breast 
dose by 36%. However, a 23% reduction 
may be a result of displacement alone, with 
no data reported for shielding alone.26 It has 
been suggested that with the advancement 
in radiographic technology in the past 70 
years, fixed exposure systems have turned 
into modern, efficient direct digital systems 
that can use the AEC to control exposure 
level.27,28 This has resulted in a substantial 
decrease in entrance doses, from 12 mGy in 
the 1950s to now below 1 mGy.5 Therefore, it 
has been questioned whether other mecha-
nisms of dose optimization such as primary 
beam collimation and AEC use are more im-
portant.5,6

It has been reported that overall patient 
radiation dose for a standard AP pelvis radio-
graph has reduced by a factor of 60 between 
1900 and 2012.5,29-31 However, the number of 
diagnostic imaging examinations patients 
undergo has increased, leading to an in-
creased cumulative dose with two patients 
per 1.000 receiving a cumulative effective 
dose greater than 100 mSv in a 5-year peri-
od being reported in an international study 
on CT examinations.32 Therefore, despite the 
dose reduction for individual examinations, 
cumulative doses are increasing. As a result, 
low doses of scattered radiation outside the 
FOV are also increasing, contributing to the 
argument that outside-FOV lead shielding 
should still be considered in radiographic 
examinations, particularly for those known 
to be sensitive to radiation such as children 
and those with BRCA1/2 mutations. Current-
ly, the state of practice concerning the use 
of lead shielding differs throughout Europe, 
individual countries, and local departments. 
Due to recent publications, many radiog-
raphers are opting to use or not use lead 
shielding in X-ray examinations,5,6 and this in-
consistency has the potential to create con-
fusion and patient fear in a radiographer’s 
practice. It is generally agreed that a united, 

Main points

• The largest decrease in mean entrance 
surface dose (ESD) of the breast with out-
side-field of view (FOV) shielding was 0.002 
μSv (P = 0.084).

• This phantom-based study suggests that 
outside-FOV lead shielding of the breast 
does not significantly reduce ESD to the 
breast in anterior-posterior (AP) abdomen, 
AP cervical spine, occipitomental 30° facial 
bone, AP lumbar spine, and lateral lumbar 
spine radiography.

• Further studies are required to support the 
complete discontinuation of this radiation 
protection tool.
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definitive statement from regulatory bodies 
throughout Europe regarding the use of lead 
shielding would be useful to limit confusion 
and differing practices by radiographers.33

The current study aimed to investigate 
whether there is a reduction in the entrance 
surface dose (ESD) of the breast with the use 
of outside-FOV shielding for AP abdomen, 
AP cervical spine, occipitomental 30° (OM30) 
facial bones, AP lumbar spine, and lateral 
lumbar spine radiography across a range of 
parameters.

Methods

Experimental design

This study was conducted in the X-ray lab-
oratory in the Assert Building at University 
College Cork (UCC). The approval of the UCC 
Ethics Committee was not required for this 
research. All experiments were conducted 
using the Carestream Health Inc. DRX-Evolu-
tion Plus X-ray unit and the DRX Plus 3543C 
detector. A dosimeter (Quarta, RADEX ONE) 
was used to obtain the ESD of the breast on 
a whole-body anthropomorphic X-ray phan-
tom (PBU-50., Kyoto Kagaku) with dimen-
sions of 165 cm and 50 kg. Detailed phantom 
information can be found in the reference 
section.34 In the current experiment, the 
X-ray energy used in abdominal radiography 
was 75 kVp, lumbar spine and facial bone 
was 80 kVp, cervical spine was 70 kVp, and 
lateral lumbar spine was 90 kVp. 

Quality control

Quality control tests on the lead shield-
ing, X-ray tube output, and X-ray equipment 
were carried out before the study. The en-
tire surface area of the lead shielding apron 
(0.35 mm Pb/150 kV) and the WAL (0.25 mm 
Pb/150 kV) were placed on the detector and 
screened, and no defects were detected. 
Tube output variability was assessed by se-
curing the dosimeter to the breast region of 
the phantom 5 cm from the FOV, setting a 
fixed exposure, and irradiating the phantom 
10 times. All QA tests fell within expected tol-
erances.

Pilot study

A pilot study was conducted to assess do-
simeter placement stability, parameter selec-
tion, dosimeter reading variability, and phan-
tom positioning issues. It was found that the 
dosimeter required fixation to the phantom. 
Dosimeter reading variability fell within ac-
ceptable tolerances. It was established that 
the variable parameters would include a low 

milliampere-seconds (mAs) technique and 
the use of a grid, AEC, WAL, a trolley, and an 
X-ray table. The phantom could not be sup-
ported when erect or on its side; therefore, 
all projections were conducted in the supine 
position. 

Entrance surface dose measurements

The dosimeter was secured to the breast 
of the phantom in the midline. Outside-FOV 
shielding was placed on top of the dosimeter, 
or, in the case of WAL, wrapped around the 
phantom and dosimeter 5 cm or more from 
the FOV in all projections, as shown in Fig-
ure 1. The phantom underwent AP abdomi-
nal, AP cervical spine, OM30 facial bone, AP 
lumbar spine, and lateral lumbar spine radi-
ography. A standard set of exposure param-
eters, adapted from Bontrager’s Handbook 
of Radiographic Positioning and Techniques, 
were set for each projection.35 Based on the 
standard, a low mAs technique and the use 
of a grid, AEC, combined grid and AEC, WAL, 
a trolley, and an X-ray table were explored for 
each projection. The phantom was exposed 
10 times under each protocol, and the ESD of 
the breast and deviation index (DI) with and 
without outside-FOV shielding was recorded 
for each exposure.

Statistical analysis

The collected data underwent statistical 
analysis using Microsoft Excel 2019 (Micro-
soft Corp., Redmond, WA). The mean ESD of 
the breast with and without outside-FOV 
shielding for each projection was calculated. 
The standard deviation (SD) for each data set 

was also computed. A one-tailed Student’s  
t-test was conducted to determine whether 
a statistically significant difference was pres-
ent between the ESD of the breast with and 
without outside-FOV shielding for each pro-
jection. Statistical significance was defined 
as P < 0.05.

Results
The ESD of the breast for each protocol 

with and without outside-FOV shielding was 
collected and expressed as the mean and SD. 
A paired one-tailed t-test revealed that the 
use of outside-FOV shielding was not found 
to significantly reduce the ESD of the breast 
when compared with no shielding for any 
X-ray projection or parameter (P < 0.05). The 
SD of the mean ESD was considered low for all 
protocols, at between 0–0.006 μSv. Many of 
the deviation indices indicated overexposure 
of the phantom. A summary of the mean 
ESD data can be found in Table 1. For AP 
abdominal radiography, the largest decrease 
(0.002 μSv) in mean ESD of the breast was 
observed in the grid X-ray table protocol (P = 
0.084). In AP cervical spine radiography, the 
greatest reduction in mean ESD was report-
ed in the AEC X-ray table, WAL X-ray table, 
and grid trolley protocols, with a decrease of 
0.001 μSv (P = 0.172). For OM30 facial bone 
radiography, a 0.002 μSv decrease in mean 
ESD with the use of outside-FOV shielding 
was recorded in the grid X-ray table, stan-
dard trolley, and the WAL trolley protocols (P 
= 0.084). For the AP lumbar spine, the great-
est reduction in mean ESD was 0.001 μSv, 
observed in the grid X-ray table, standard 
trolley, low mAs trolley, grid trolley, and WAL 

Figure 1. The anthropomorphic phantom displaying the dosimeter placement and collimation for anterior-
posterior abdominal imaging (a) with the gonadal shield placed outside the field of view and (b) with no 
shielding. 
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trolley protocols (P = 0.172). The trolley grid 
and AEC protocol demonstrated the greatest 
decrease in mean ESD of 0.002 μSv for lateral 
lumbar spine radiography (P = 0.222).

Discussion
The use of outside-FOV shielding has long 

been employed as a radiation protection 
tool in diagnostic radiography.5,36 Numerous 
regulatory bodies have recently advocated 
the curtailment of its use, citing issues with 
efficacy, efficiency, patient comfort, and in-
fection control.5-7 This phantom-based study 
set out to examine whether breast shielding 
outside the FOV for AP abdomen, AP cervical 
spine, OM30 facial bones, AP lumbar spine, 
and lateral lumbar spine radiography re-
duced the ESD of the breast. 

In 2017, it was reported that radiology 
services in Ireland and internationally ex-
perience an annual 8%–10% increase in 
demand.37 Although radiation doses for 
individual examinations have decreased 
dramatically in the last century due to the 
advent of modern technology, the popula-
tion as a whole undergo more radiological 
examinations, thereby increasing an individ-

ual’s cumulative radiation dose.38,39 Children 
are particularly at an increased risk of radia-
tion-induced cancer development due to the 
increased rate at which their cells divide and 
their life expectancy post-exposure when 
compared to the adult population.40,41 Breast 
tissue is considered the most radiosensitive 
organ of the human body, with a wT of 0.12 
reported by the ICRP 103.16,42 Ionizing radi-
ation can lead to breaks in DNA, leading to 
cancer, thereby imposing an additional risk, 
on top of the intrinsic risk, of breast cancer 
development in individuals carrying BRCA1/2 
gene mutations.43 Therefore, the importance 
of radiation protection and dose reduction 
to the breast in all patients, especially in 
children and BRCA1/2 carriers, cannot be ig-
nored.

However, the present study reports no 
significant reduction in the ESD of the breast 
with the use of outside-FOV shielding for 
AP abdomen, AP cervical spine, OM30 facial 
bones, AP lumbar spine, or lateral lumbar 
spine radiography across all examined proto-
cols. The SD calculated for the protocols was 
considered acceptably low. Although the 
mean DI recorded in most protocols indicat-
ed overexposure, it must be considered that a 

55 kg phantom may not accurately represent 
the DI recorded for a standard-sized adult 
patient under the same parameters. Multiple 
studies and radiation advisory boards report 
that the dose to organs outside the FOV is 
almost entirely from internal scatter gener-
ated within the patient, which lead shielding 
cannot protect against.5,6,16,44-47 This research 
supports the view that shielding anatomy 
outside the primary beam provides negligi-
ble additional radiation protection in terms 
of breast ESD to the patient. Therefore, this 
study recommends alternative methods of 
reducing patient radiation doses, such as pri-
mary beam collimation, increasing distance, 
and the use of the AEC or patient-adapted 
exposure factors.

Interestingly, a study that reported a 
99.9% decrease in absorbed dose to the 
breast using outside-FOV shielding in AP 
cervical spine radiography utilized 2.5 mm Al 
filtration and 70 kVp.25 The present study uti-
lized no additional filtration with 70 kVp, im-
plying that more scatter was generated per 
exposure in the current study. This suggests 
that beam filtration was not a contributing 
factor to breast ESD in the current study. Due 
to the differing conclusions and no definitive 

Table 1. Summary of the data for each projection protocol

Protocol Lead AP abdomen Cervical spine OM30 facial bones AP lumbar spine Lateral lumbar spine

Standard table
No 0.031 0.021 0.031 0.030

Yes 0.030 0.021 0.030 0.031

Low mAs table
No 0.022 0.016 0.021 0.021

Yes 0.021 0.016 0.020 0.021

Grid table
No 0.032 0.021 0.032 0.031

Yes 0.030 0.021 0.030 0.030

AEC table
No 0.004 0.006 0.009 0.003 0.010*

Yes 0.004 0.005 0.009 0.004 0.010*

Grid and AEC table
No 0.012 0.009 0.029 0.010 0.024*

Yes 0.012 0.009 0.028 0.010 0.022*

Wraparound lead table
No 0.031 0.021 0.031 0.030

Yes 0.030 0.020 0.030 0.031

Standard trolley
No 0.032 0.021 0.032 0.032 0.056

Yes 0.031 0.022 0.030 0.031 0.055

Low mAs trolley
No 0.022 0.016 0.021 0.023 0.046

Yes 0.022 0.016 0.020 0.022 0.046

Grid trolley
No 0.031 0.022 0.031 0.032 0.055

Yes 0.031 0.021 0.030 0.031 0.056

Wraparound lead trolley
No 0.032 0.021 0.032 0.032 0.056

Yes 0.031 0.021 0.030 0.031 0.056

*Measurements were conducted on the trolley using the upright bucky. No data were found to be statistically significant (P < 0.05). AP, anterior-posterior; OM30, occipitomental 
30°; mAs, milliampere-seconds; AEC, automatic exposure control.
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reasons as to why this current study saw no 
significant reduction in ESD to the breast 
using outside-FOV shielding, one must also 
question if tube housing comes into play. 
This study utilized a Varex Imaging B-130H 
housing model type which has a permanent 
filtration of 0.7 mm Al/77 kV. This modern 
equipment may not be available due to a 
lack of resources in many parts of the world. 
Therefore, the relevance of this study’s find-
ings for worldwide consideration is ques-
tionable. Furthermore, many of the studies 
reporting a decrease in radiation dose with 
the use of outside-FOV shielding are almost a 
decade old and may not represent the most 
recent advancements in technology and its 
effect on patient radiation dose.14,15,26 One 
study has proposed that shielding outside 
the FOV may contribute to increased patient 
radiation dose as a result of shielding back-
scatter that reduces with distance from the 
primary beam.44 In contrast, additional radi-
ation dose due to the backscatter from lead 
shielding was not found in this study, as the 
addition of outside-FOV shielding or WAL did 
not significantly increase patient breast ESD 
for any protocol. However, it must be consid-
ered that in the present study, all shielding 
was placed 5 cm or more from the primary 
beam.

While the present study examined multi-
ple parameters across 920 exposures, further 
studies could explore the effect of varying 
kVp, shielding placement 0–5 cm from the 
primary beam, and the effects of outside-FOV 
breast shielding on other organs such as the 
lungs. Furthermore, infection control, pa-
tient discomfort, and manual handling is-
sues have been cited as reasons to abandon 
shielding use. The recent severe acute respi-
ratory syndrome-coronavirus-2 pandemic 
has increased radiographer awareness and 
has shown that infection prevention and 
control measures can be achieved in a busy 
hospital environment. Despite this, Yu et 
al.48 reported that the risk of infection due to 
outside-FOV lead shielding outweighed the 
0.7% dose reduction it provided in pediatric 
chest CT examinations. Of note, this study 
only examined one phantom the size of a 
5-year-old child, and the potential infection 
risk due to shielding contamination was not 
quantified. Additionally, an international sur-
vey found that lead shielding led to 25% of 
patients reporting discomfort due to shield-
ing weight or position.49 Undoubtedly, more 
studies are required in these areas. Finally, 
as breast shielding outside the FOV has the 
potential to induce a sense of security or im-
ply that radiation doses outside the area of 

interest are high, the psychological effects of 
breast shielding should also be explored.

Limitations to this research include sam-
pling bias associated with the use of a 55 
kg anthropomorphic phantom rather than 
human patients. Therefore, the results of this 
study may not accurately represent the X-ray 
attenuation and resulting ESD of the breast 
in patients of different weights (e.g., obese 
or pediatric patients) and densities (e.g., fi-
brous and glandular breast tissue). Future 
work should include a population study to 
validate or conflict with this study’s findings. 
Furthermore, unlike a similar study, this study 
did not involve placing radiation dosimeters 
in the four quadrants of the breast.26 Rather, 
the dosimeter was placed in the midline, at 
the level of the breasts. This may result in a 
loss of data regarding the ESD received in 
all regions of the breast. Additionally, only 
the ESD of the breast was measured. An or-
gan dose measured by thermoluminescent 
dosimeters inside the phantom may pro-
vide greater insight into the effects of out-
side-FOV shielding of the breasts. Combined, 
these limitations may limit the generalizabil-
ity to the human population. 

In conclusion, this phantom-based study 
suggests that outside-FOV lead shielding 
of the breast does not significantly reduce 
ESD to the breast in AP abdomen, AP cer-
vical spine, OM30 facial bone, AP lumbar 
spine, and lateral lumbar spine radiography. 
Further studies are required to support the 
complete discontinuation of this radiation 
protection tool. 

Conflict of interest disclosure

The authors declared no conflicts of inter-
est.

Funding

The authors would like to extend their 
sincere appreciation to the researchers sup-
porting program for funding this work un-
der Researchers Supporting project number 
(RSPD2023R780), King Saud University, P.O. 
box 145111, Riyadh 4545, Saudi Arabia.

References
1. Strauss KJ, Kaste SC. The ALARA (as low as 

reasonably achievable) concept in pediatric 
interventional and fluoroscopic imaging: 
striving to keep radiation doses as low as 
possible during fluoroscopy of pediatric 
patients--a white paper executive summary. 
Pediatr Radiol. 2006;36(Suppl 2):110-112. 
[CrossRef]

2. Choudhary S. Deterministic and stochastic 
effects of radiation. Cancer Ther Oncol Int J. 
2018;12(2):31-32. [CrossRef]

3. Hamada N, Fujimichi Y. Classification of 
radiation effects for dose limitation purposes: 
history, current situation and future prospects. 
J Radiat Res. 2014;55(4):629-640. [CrossRef]

4. Engel-Hills P. Radiation protection in medical 
imaging. Radiography. 2006;12(2):153-160. 
[CrossRef]

5. The British Institute of Radiology. Guidance 
on using shielding on patients for diagnostic 
radiology applications. 2020. [CrossRef]

6. American Association of Physicists in 
Medicine. AAPM position statement on the 
use of patient gonadal and fetal shielding. 
Policy Statement PP-32A. 2019. [CrossRef]

7. The Society of Radiographers. Contact 
Shielding for Patients No Longer Required. 
2020. [CrossRef]

8. Lakhwani OP, Dalal V, Jindal M, Nagala A. 
Radiation protection and standardization. 
J Clin Orthop Trauma. 2019;10(4):738-
743. Erratum in: J Clin Orthop Trauma. 
2020;11(6):1176. [CrossRef]

9. Pizzutiello RJ, Cullinan JE. Introduction 
to medical radiographic imaging: Health 
Sciences Division, Eastman Kodak Company; 
1993. [CrossRef]

10. Davies BH, Manning-Stanley AS, Hughes VJ, 
Ward AJ. The impact of gonad shielding in 
anteroposterior (AP) pelvis projections in 
an adult: a phantom study utilising digital 
radiography (DR). Radiography (Lond). 
2020;26(3):240-247. [CrossRef]

11. Frantzen MJ, Robben S, Postma AA, Zoetelief 
J, Wildberger JE, Kemerink GJ. Gonad 
shielding in paediatric pelvic radiography: 
disadvantages prevail over benefit. Insights 
Imaging. 2012;3(1):23-32. [CrossRef]

12. Fawcett SL, Barter SJ. The use of gonad 
shielding in paediatric hip and pelvis 
radiographs. Br J Radiol. 2009;82(977):363-
370. [CrossRef]

13. Brateman L. Radiation safety considerations 
for diagnostic radiology personnel. 
Radiographics. 1999;19(4):1037-1055. 
[CrossRef]

14. Hawking NG, Sharp TD. Decreasing radiation 
exposure on pediatric portable chest 
radiographs. Radiol Technol. 2013;85(1):9-16. 
[CrossRef]

15. Mekis N, Zontar D, Skrk D. The effect of breast 
shielding during lumbar spine radiography. 
Radiol Oncol. 2013;47(1):26-31. [CrossRef]

16. ICRP; Khong PL, Ringertz H, et al. ICRP 
publication 121: radiological protection in 
paediatric diagnostic and interventional 
radiology. Ann ICRP. 2013;42(2):1-63. Erratum 
in: Ann ICRP. 2020:146645320966413. Erratum 
in: Ann ICRP. 2021:1466453211000254. 
[CrossRef]

https://doi.org/10.1007/s00247-006-0184-4
htttp://doi.org/10.1093/jrr/rru019
https://doi.org/10.1016/j.radi.2005.04.008
https://www.aapm.org/org/policies/details.asp?id=468
https://www.sor.org/news/imaging/contact-shielding-for-patients-no-longer-required
https://doi.org/10.1016/j.jcot.2018.08.010
https://books.google.com.tr/books/about/Introduction_to_Medical_Radiographic_Ima.html?id=xidvXv6F_jIC&redir_esc=y
https://doi.org/10.1016/j.radi.2020.01.007
https://doi.org/10.1007/s13244-011-0130-3
https://doi.org/10.1259/bjr/86609718
https://doi.org/10.1148/radiographics.19.4.g99jl231037
https://pubmed.ncbi.nlm.nih.gov/24029880/
https://doi.org/10.2478/raon-2013-0004
https://doi.org/10.1016/j.icrp.2012.10.001


 

560 • May 2023 • Diagnostic and Interventional Radiology Hurley et al.

17. The 2007 Recommendations of the 
International Commission on Radiological 
Protection. ICRP publication 103. Ann ICRP. 
2007;37(2-4):1-332. [CrossRef]

18. Nguyen PK, Wu JC. Radiation exposure from 
imaging tests: is there an increased cancer 
risk? Expert Rev Cardiovasc Ther. 2011;9(2):177-
183. [CrossRef]

19. Ribeiro Guerra M, Coignard J, Eon-Marchais 
S, et al. Diagnostic chest X-rays and breast 
cancer risk among women with a hereditary 
predisposition to breast cancer unexplained 
by a BRCA1 or BRCA2 mutation. Breast Cancer 
Res. 2021;23(1):79. [CrossRef]

20. Pijpe A, Andrieu N, Easton DF, et al. Exposure 
to diagnostic radiation and risk of breast 
cancer among carriers of BRCA1/2 mutations: 
retrospective cohort study (GENE-RAD-RISK). 
BMJ. 2012;345:e5660. [CrossRef]

21. Baert A, Depuydt J, Van Maerken T, et al. 
Increased chromosomal radiosensitivity in 
asymptomatic carriers of a heterozygous 
BRCA1 mutation. Breast Cancer Res. 
2016;18(1):52. [CrossRef] 

22. Baert A, Depuydt J, Van Maerken T, et al. Analysis 
of chromosomal radiosensitivity of healthy 
BRCA2 mutation carriers and non-carriers in 
BRCA families with the G2 micronucleus assay. 
Oncol Rep. 2017;37(3):1379-1386. [CrossRef]

23. Andrieu N, Easton DF, Chang-Claude J, et 
al. Effect of chest X-rays on the risk of breast 
cancer among BRCA1/2 mutation carriers 
in the international BRCA1/2 carrier cohort 
study: a report from the EMBRACE, GENEPSO, 
GEO-HEBON, and IBCCS Collaborators’ 
Group. J Clin Oncol. 2006;24(21):3361-3366. 
[CrossRef]

24. National Research Council. Health risks from 
exposure to low levels of ionizing radiation: 
BEIR VII phase 2. 2006. [CrossRef]

25. Elshami W, Abuzaid MM, Tekin HO. 
Effectiveness of breast and eye shielding 
during cervical spine radiography: an 
experimental study. Risk Manag Healthc Policy. 
2020;13:697-704. [CrossRef]

26. Foley SJ, McEntee MF, Achenbach S, 
Brennan PC, Rainford LS, Dodd JD. Breast 
surface radiation dose during coronary 
CT angiography: reduction by breast 
displacement and lead shielding. AJR Am J 
Roentgenol. 2011;197(2):367-373. [CrossRef]

27. Jeukens CRLPN, Kütterer G, Kicken PJ, et 
al. Gonad shielding in pelvic radiography: 
modern optimised X-ray systems might 
allow its discontinuation. Insights Imaging. 
2020;11(1):15. [CrossRef]

28. Marsh RM, Silosky M. Patient shielding 
in diagnostic imaging: discontinuing a 
legacy practice. AJR Am J Roentgenol. 
2019;212(4):755-757. [CrossRef]

29. Kotre CJ, Little BG. Patient and staff radiation 
doses from early radiological examinations 
(1899-1902). Br J Radiol. 2006;79(946):837-842. 
[CrossRef]

30. Lord A. Radiological hazards to patients: final 
report of the committee: great Britain. Ministry 
of Health. Committee on Radiological Hazards 
to Patients: Free Download, Borrow, and 
Streaming: Internet Archive. 1966. [CrossRef]

31. Hart D, Hillier M, Shrimpton P. Doses to 
patients from radiographic and fluoroscopic 
X-ray imaging procedures in the UK–2010 
review HPA-CRCE-034. Chilton HPA. 2012. 
[CrossRef]

32. Rehani MM, Hauptmann M. Estimates of the 
number of patients with high cumulative 
doses through recurrent CT exams in 35 
OECD countries. Phys Med. 2020;76:173-176. 
[CrossRef]

33. Gilligan P, Damilakis J. Patient shielding: The 
need for a European consensus statement. 
Phys Med. 2021;82:266-268. [CrossRef]

34. Kagaku K. Whole Body Phantom “PBU-50”. 
[CrossRef]

35. Lampignano J, Kendrick LE. Bontrager’s 
textbook of radiographic positioning and 
related anatomy-E-book: Elsevier Health 
Sciences; 2017. [CrossRef]

36. Hiles P, Gilligan P, Damilakis J, et al. European 
consensus on patient contact shielding. 
Insights Imaging. 2021;12(1):194. [CrossRef]

37. Health Service Executive. Review of the clinical 
radiology medical workforce in Ireland. 2017. 
[CrossRef]

38. Schaefer-Prokop C, Neitzel U, Venema 
HW, Uffmann M, Prokop M. Digital chest 
radiography: an update on modern 
technology, dose containment and control 
of image quality. Eur Radiol. 2008;18(9):1818-
1830. [CrossRef]

39. Bansal GJ. Digital radiography. A comparison 
with modern conventional imaging. Postgrad 
Med J. 2006;82(969):425-428. [CrossRef]

40. Kutanzi KR, Lumen A, Koturbash I, Miousse 
IR. Pediatric exposures to ionizing radiation: 
carcinogenic considerations. Int J Environ Res 
Public Health. 2016;13(11):1057. [CrossRef]

41. Tomasetti C, Poling J, Roberts NJ, et al. Cell 
division rates decrease with age, providing a 
potential explanation for the age-dependent 
deceleration in cancer incidence. Proc Natl 
Acad Sci U S A. 2019;116(41):20482-20488. 
[CrossRef]

42. Authors on behalf of ICRP; Stewart FA, 
Akleyev AV, et al. ICRP publication 118: ICRP 
statement on tissue reactions and early and 
late effects of radiation in normal tissues and 
organs--threshold doses for tissue reactions 
in a radiation protection context. Ann ICRP. 
2012;41(1-2):1-322. [CrossRef]

43. Hutchinson L. Breast cancer: radiation 
risk in BRCA carriers. Nat Rev Clin Oncol. 
2012;9(11):611. [CrossRef]

44. Matyagin YV, Collins PJ. Effectiveness of 
abdominal shields in chest radiography: 
a Monte Carlo evaluation. Br J Radiol. 
2016;89(1066):20160465. [CrossRef]

45. Daniels C, Furey E. The effectiveness of 
surface lead shielding of gonads outside the 
primary X-ray beam. J Med Imaging Radiat Sci. 
2008;39(4):189-191. [CrossRef]

46. Sidhu M, Strauss KJ, Connolly B, et al. Radiation 
safety in pediatric interventional radiology. 
Tech Vasc Interv Radiol. 2010;13(3):158-166. 
[CrossRef]

47. Samara ET, Saltybaeva N, Sans Merce M, 
Gianolini S, Ith M. Systematic literature review 
on the benefit of patient protection shielding 
during medical X-ray imaging: towards a 
discontinuation of the current practice. Phys 
Med. 2022;94:102-109. [CrossRef]

48. Yu L, Bruesewitz MR, Vrieze TJ, McCollough 
CH. Lead shielding in pediatric Chest CT: 
effect of apron placement outside the scan 
volume on radiation dose reduction. AJR Am 
J Roentgenol. 2019;212(1):151-156. [CrossRef]

49. Iball GR, Brettle DS. Use of lead shielding 
on pregnant patients undergoing CT scans: 
results of an international survey. Radiography. 
2011;17(2):102-108. [CrossRef]

https://doi.org/10.1016/j.icrp.2007.10.003
https://doi.org/10.1586/erc.10.184
https://doi.org/10.1186/s13058-021-01456-1
https://doi.org/10.1136/bmj.e5660
https://doi.org/10.1186/s13058-016-0709-1
https://doi.org/10.3892/or.2017.5407
https://doi.org/10.1200/JCO.2005.03.3126
https://books.google.com.tr/books?hl=tr&lr=&id=H4J3Ns_3lUIC&oi=fnd&pg=PR1&dq=National+Research+Council+(US)+Board+on+Radiation+Effects+Research.+Health+Risks+from+Exposure+to+Low+Levels+of+Ionizing+Radiation:+BEIR+VII,+Phase+I,+Letter+Report+(1998).+Washington+(DC):+National+Academies+Press+(US)%3B+1998&ots=mGHW0zo9LQ&sig=StImDFASE8hRI2CHPZ0o1KDGOfs&redir_esc=y#v=onepage&q&f=false
https://doi.org/10.2147/RMHP.S257185
https://doi.org/10.2214/ajr.10.4569
https://doi.org/10.1186/s13244-019-0828-1
https://doi.org/10.2214/AJR.18.20508
https://doi.org/10.1259/bjr/16982267
https://doi.org/10.1016/j.ejmp.2020.07.014
https://doi.org/10.1016/j.ejmp.2021.01.077
https://books.google.com.tr/books?hl=tr&lr=&id=YARODgAAQBAJ&oi=fnd&pg=PP1&dq=Lampignano+J,+Kendrick+LE.+Bontrager%27s+textbook+of+radiographic+positioning+and+related+anatomy-E-book:+Elsevier+Health+Sciences%3B+2017.&ots=17hOj1-oYq&sig=1ODxLXPwsGcNDFFrTkS9MWAVvdc&redir_esc=y#v=onepage&q=Lampignano%20J%2C%20Kendrick%20LE.%20Bontrager's%20textbook%20of%20radiographic%20positioning%20and%20related%20anatomy-E-book%3A%20Elsevier%20Health%20Sciences%3B%202017.&f=false
https://doi.org/10.1186/s13244-021-01085-4
https://doi.org/10.1007/s00330-008-0948-3
https://doi.org/10.1136/pgmj.2005.038448
https://doi.org/10.3390/ijerph13111057
https://doi.org/10.1073/pnas.1905722116
https://doi.org/10.1016/j.icrp.2012.02.001
https://doi.org/10.1038/nrclinonc.2012.175 q
https://doi.org/10.1259/bjr.20160465
https://doi.org/10.1016/j.jmir.2008.09.001
https://doi.org/10.1053/j.tvir.2010.03.004
https://doi.org/10.1016/j.ejmp.2021.12.016
https://doi.org/10.2214/AJR.17.19405
https://doi.org/10.1016/j.radi.2010.12.005

