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Abstract

Background In radiologically guided interventions, medical practitioners are subjected to radiation exposure, which
may lead to radiation-induced diseases. In this study, novel radiation shields for the head and neck were evaluated
for their potential to reduce radiation exposure.

Method An anthropomorphic phantom was exposed on its left side to scattered radiation from beneath to simu-
late the exposure of an operator in a x-ray operating room. Thermoluminescent dosimeters (TLDs) were positioned
at different depths in five slices in the phantom, measuring personal dose equivalent. Two different set up situations
were evaluated: a head protector designed to reduce radiation in the upper section of the head; and a novel thyroid
protector prototype extended in the front and on both sides, designed to reduce radiation in the lower and mid-
dle sections of the head. A standard thyroid collar prototype and a ceiling mounted lead glass shield were used

as comparisons.

Furthermore, the head protector was evaluated in a clinical study in which TLDs were positioned to measure scattered
radiation exposure to the heads of operators during endovascular interventions.

Results The extended thyroid protector reduced the scattered radiation in the throat, chin, and ear slices. Some
shielding effect was seen in the brain and skull slices. The head protector showed a shielding effect in the skull slice
up to two cm depth where it covered the phantom head. As expected, the ceiling mounted lead glass shield reduced
the scattered radiation in all measuring points.

Conclusions A ceiling mounted lead glass shield is an effective radiation protection for the head, but in clinical prac-
tice, optimal positioning of a ceiling mounted lead shield may not always be possible, particularly during complex
cases when radiation protection may be most relevant. Added protection using these novel guards may compliment
the shielding effect of the ceiling mounted lead shield. The head protector stand-alone did not provide sufficient pro-
tection of the head. The extended thyroid protector stand-alone provided sufficient protection in the lower and mid-
dle sections of the head and neck.

Keywords Radiation exposure, lonizing radiation, Scatter radiation, Radiation protection, Personal protection
equipment, PPE
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Key takeaways: A ceiling mounted lead glass shield is an effective radiation protection for the head, but in clinical practice, optimal
positioning of a ceiling mounted lead shield may not always be possible, particularly during complex cases when radiation protection
may be most relevant. Added protection using these novel guards may compliment the shielding effect of the ceiling mounted lead
shield. The head protector stand-alone did not provide sufficient protection of the head. The extended thyroid protector stand-alone
provided sufficient protection in the lower and middle sections of the head and neck.This study was sponsored by Vinnova

Background

In radiologically guided interventions, Medical prac-
titioners are subjected to x-ray exposure, which may
exceed occupational dose limits and lead to radiation-
induced diseases [1].

Regulations for occupational dose limits follow recom-
mendations by the International Commission on Radio-
logical Protection (ICRP). In ICRP 118, the commission
considered the radiation effect in the lens of the eye and
recommended keeping doses below the nominal thresh-
old 0.5 Gy to prevent radiogenic cataract and they also
recommended a reduced occupational dose limit [2]. It
has been suggested when wearing protective lead glasses
to reduce the exposure to the lens of the eye, a dose
reduction factor (DRF) of at least 2 could be applied [3,
4].

According to ICRP 103 the radiation-induced cancer
sensitivity of the brain is relatively low [5], and the need
for head protection might seem unnecessary. However,
the risk of tissue reaction effects are not completely
understood [6, 7], and awareness is raised by the com-
mission in ICRP 118 [2] for radiation-induced circula-
tory diseases suggesting that the radiation dose threshold
level for the brain might be 0.5 Gy corresponding to the
threshold for the lens of the eye. Furthermore, reports

of left-sided brain tumors in interventional cardiologists
[8-10], has increased interest among medical practition-
ers in reducing the radiation exposure of the head.

Many types of radiation protection devices can be used
to reduce scattered radiation [11, 12]. Personal protec-
tion equipment such as aprons, thyroid collar, and lead
eyeglasses, as well as ceiling mounted lead shields, is
commonplace in most x-ray operating rooms. The type of
radiation protection devices used by personnel depends
on the clinical situation. Ceiling mounted lead shields
can effectively reduce the dose to the operator. However,
the dose-reducing effect of a lead shield is directly cor-
related to the accuracy of the positioning of the shield
[12]. Personal protection equipment has the advantage
of keeping the protection relatively constant despite the
wearer moving about. Conventional radiation protection
aprons do not, however, cover certain body parts such as
the head. It is of interest to evaluate head and neck radia-
tion protection devices as they can be valuable in clini-
cal situations involving high radiation exposure, given
the practical limitations in achieving adequate protection
from ceiling mounted lead glass shields in certain C-arm
positions and during certain procedural maneuvers.

The aim of this study was to evaluate two novel radia-
tion protection devices to assess if these shields can
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reduce the absorbed dose to the head and neck during
radiologically guided interventions.

Methods

Two different head and neck protection devices were eval-
uated (Fig. 1). The head protector (HeadPeace",Texray
AB, Sweden), with 0.25 mm lead equivalence, is designed
to provide radiation protection in the upper section of
the head. The extended thyroid protector (MindPeace ",
patent pending, Texray AB, Sweden) evaluated in this
study was a prototype of 0.5 mm lead equivalence,
extended in the front and on both sides, and designed to

_ LNV |
Fig. 1 The head protector used in both the phantom study
and the clinical study and the extended thyroid protector used
in the phantom study
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provide radiation protection in the lower and middle sec-
tions of the head.

Thermoluminescent dosimeters (TLD) DXT-RAD
Ringlets TLD-100 (Thermo Fisher Scientific Inc) were
used to measure radiation dose at each measuring point.
The TLDs are normally used in the Personal Dosimetry
Laboratory at Sahlgrenska University hospital and were
calibrated for personal dose equivalent Hp (0.07) in N80
spectrum, according to ISO 4037-1,-3, [13].

Phantom study

To study exposure to the head and neck, a study setup
was developed to simulate a radiologically guided inter-
vention. An anthropomorphic phantom, head, and tho-
rax, (Rando Alderson, USA) was used to simulate a
medical practitioner, exposed to scattered radiation. In
the phantom head, TLDs were positioned at different
depths in five slices (a, b, ¢, d and e), as shown in Fig. 2.
Each slice was 5 cm apart, and in between each slice a
2 mm high polymethyl methacrylate (PMMA) slice was
inserted, drilled with holes for placement of TLDs. In the
head protector and ceiling mounted lead shield studies all
TLD position were used while for the extended thyroid
protector the TLD position 1-14 were used, (Fig. 2). The
thorax phantom part, was equipped with a radiation pro-
tective apron of 0.5 mm lead equivalence.

Another phantom was placed on a table to simulate
a patient undergoing an x-ray examination. The x-ray
equipment was positioned with the x-ray tube beneath
the table set at zero-degree angle. The operator-phantom
was placed facing the table, with the exposed area of the
patient-phantom to the left, as shown in Fig. 3, imitating
a typical exposure situation during x-ray guided interven-
tions, with scattered radiation hitting the operator on the
left side from beneath. During the evaluation of the head
protector, four 5 cm PMMA blocks were used to simu-
late a patient (20x30x25 c¢cm) and during the evaluation
of the extended thyroid protector, a 21 cm thick anthro-
pomorphic phantom was used. Exposure-parameters are
presented in Table 1.

Evaluation of the head protector and extended thyroid
protector

To evaluate the radiation shielding effect of the protec-
tors, a shielding-effect ratio, Rqg, was developed for every
measuring point in the head phantom, comparing the
TLD-signal, including the radiation protection, with the
TLD-signal without the evaluated radiation protection,
where Rgp =1-[Hp(0.07) ghcigea/HP(0.07) ynghicidea) -

For evaluation of the head protector, the PMMA
slices in the head phantom (b-e) were prepared with
224 TLDs (53, 57, 59 and 55 TLDs per slice). As com-
parison a ceiling mounted lead shield with 0.5 mm lead
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Fig. 2 lllustration of the phantom used to simulate the operator’s head where TLDs were positioned at different depths in five slices (a, b, ¢, d
and e). For the head protector and ceiling mounted lead shield studies all TLD positions (light grey and dark grey) were used, while for the extended
thyroid protector study the TLD positions 1-14 (dark grey) were used. On the right, slice ¢ is shown enlarged, illustrating the numbering in each

individual section

Detector

-

Patient
phantom

Operator
phantom

/

Detector

Patient
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phantom

X-ray tube

X-ray tube

A

Fig. 3 A schematic phantom set-up to illustrate a medical practitioner performing a radiologically image-guided procedure. A shows
the measurement setup seen from the foot end of the patient phantom and B the measurement setup seen from the left side of the patient

phantom, See Table 1 for details

equivalence was used. Meanwhile for the evaluation
of the extended thyroid protector, the PMMA slices in
the head phantom (a-e) were prepared with 70 TLDs
(14 per slice). As comparison, a prototype of a stand-
ard thyroid collar, with 0.5 mm lead equivalence, of the
same attenuating material as the extended thyroid pro-
tector used in this study, was evaluated. The dose-area-
product (DAP) indication on the x-ray equipment was

used to terminate the radiation at the same exposure-
level between set-ups.

Clinical study

The clinical study was performed at two sites, Cork Uni-
versity Hospital (Cork, Ireland) and Sahlgrenska Uni-
versity Hospital (Gothenburg, Sweden). Fourteen study
participants representing Cardiac, Electrophysiology,
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Table 1 Exposure-parameters for phantom study
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Parameters Head protector and ceiling Extended thyroid protector
mounted lead shield and standard thyroid collar

Modality Siemens Artis Q° Philips Multi Diagnost Eleva FDP

Table height (cm) 90 80

Operator phantom height, h (cm) 165 165

Central beam axis—operator phantom front distance, d (cm) 26 25

Central beam axis—operator phantom side distance, s (cm) 58 66

Protocol Abdomen Abdomen

Exposure mode Acquisition Acquisition

Zoom (cm) 42 48

Source image distance 120 125

Patient phantom surface—detector distance, y (cm) 50 54

Frames per second 4 2

Tube voltage (kV) 70 90

Tube load (mAs) 30 25

Filter No 1 mm Al, 0.1 mm Cu

DAP¢ (Gycm?2) 400 130

2 Siemens Artis Q (Siemens Healthineers, Germany) angio system
® Philips MultiDiagnost Eleva FD (Philips, The Netherlands)

“Dose Area Product, to terminate the radiation at the same exposure-level

Hybrid OR and Gastrointestinal Radiology departments
were included. Each participant used the head protec-
tor in clinical practice during a period of thirty days. The
participants followed usual radiation-protection routines
in their respective departments and the head protector
was used as complimentary personal protection equip-
ment. TLDs were placed in 16 lining pockets inside and

Left side

outside of the attenuating material, in a specifically modi-
fied head protector to enable evaluation of the shielding
effect, (Fig. 4).

To estimate the absolute personal dose equivalent, a
background subtraction was performed, using the mean
TLD-signal from dosimeters placed in the inside and the
outside lining pockets of a separate head protector placed

12 14

Right side

Fig. 4 lllustration of the TLD-pocket positions. Positions marked black are on the outside of the head protector and positions marked white are

on the inside of the head protector
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in an office at each department during the measuring
period.

The personal dose equivalent was compared between
the inside and outside of the head protector to get
a shielding effect ratio, ie. Rgz=1-[Hp(0.07)gic1ded!
Hp(0.07) shielded)]- NO background subtraction was per-
formed when calculating the shielding effect.

Results

Phantom studies

The R¢; for every measuring point in the head phan-
tom are presented in Table 2 for the head protector, the
extended thyroid protector, the standard thyroid collar
and the ceiling mounted lead glass screen, respectively. A
Rgp of 1 represent an optimal shielding effect, and 0 no
shielding effect.

A schematic color illustration of the shielding effect,
Rgp, where green indicates Rqp>0.5; yellow Rgp >0.2-0.5;
orange R¢r>0.1-0.2; and red Ry <0.1, was created for
the following set-ups A) no head protection; B) the head
protector; C) the standard thyroid collar; D) the extended
thyroid protector; and E) the ceiling mounted lead glass
shield (Fig. 5). In accordance with the reported dose
reduction factor of an average pair of lead glasses [4],
50% was indicated as green in this visual presentation.
Between the slice-layers and between measure-point
within the layer, a gradual combination of colors was
used in the event the shielding effect differed between the
different slices.

As a comparison, the shielding-effect ratio for
the unshielded set-up is illustrated in Fig. 5A:
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RSE = 1-[Hp(0.07) ynshietded/ HP(0.07) ynshielded)] Le.
RSE =0 in all measure-points.

For the head protector, a shielding effect was seen
on the left side in slice e, meanwhile as expected there
was no shielding effect in the uncovered lower slices
b-d, see Table 2 and as illustrated in Fig. 5B. For slice
e, the mean shielding effect was 0.3 (SD 0.3; range 0 to
0.9) (data not shown). The largest shielding effect was
found on the left side of the phantom head where the
shielding effect at 0.5 cm depth was 0.9 (slice e, posi-
tion 1, 2, 3 and 4), but gradually decreased with depth,
at 2.5 cm depth the Rq was 0.2 to 0.5 (slice e, position
6, 7,8 and 9), and at the centre 0.1 (slice e, position 14),
see Table 2. For the standard thyroid collar, a shielding
effect was seen in slice a-b, whereas no shielding effect
was noted in the middle or upper slices c-e, as illus-
trated in Fig. 5C.

The TLD-data show a shielding effect of the extended
thyroid protector in slices a-c with a mean shielding
effect of 0.7 (SD 0.3; range 0.0 to 1.0), 0.9 (SD 0.1; range
0.8 to 1.0), and 0.7 (SD 0.1; range 0.5 to 0.9) respec-
tively, see Table 2 and as illustrated in Fig. 5D. A minor
shielding effect of the extended thyroid protector was
also seen in slices d-e, particularly in the TLD-positions
in the central and back part of the head.

The shielding effect of the ceiling mounted lead
shields was more than 0.9 in the great majority of meas-
ured TLD-positions, as illustrated in Fig. 5E.

A predicted result from a combination of the head
protector and the extended thyroid protector is sche-
matically illustrated in Fig. 5F.

Table 2 The shielding effect ratio, Reg, from the TLD-measure data Hp (0.07) for slices a-e and each respective position according to

Fig. 2
Head protector Extended thyroid protector

Position/Slice b c d e a b c d e

1 0.0° 0.0° 0.0° 0.9 1.0 0.9 038 0.2 0.0
2 0.0° 0.0° 0.0° 09 1.0 09 0.7 0.2 0.1
3 0.0° 0.0° 0.0° 0.9 0.9 0.9 0.5 0.1 0.2
4 0.0 0.0° 0.1 09 09 09 0.5 0.1 0.1
5 0.0 0.0° 0.0 0.1 0.6 0.8 0.6 03 0.6
6 0.0° 0.1 0.0 02 1.0 1.0 0.8 0.2 0.2
7 0.0° 0.0 0.0° 0.2 0.9 0.9 0.8 0.2 0.2
8 0.0° 0.0° 0.0° 04 0.8 1.0 0.8 0.1 0.2
9 0.0° 0.0° 0.0 0.5 038 09 0.7 0.2 0.2
10 0.1 0.0 0.0 0.2 0.6 0.8 0.7 0.5 0.2
1 0.0° 0.0° 0.2 0.1 0.6 08 0.7 0.4 0.3
12 0.0° 0.0° 0.0° 04 0.2 0.9 0.8 0.5 04
13 0.0° 0.0° 0.0° 0.0 0.9 0.9 038 0.5 0.2
14 0.0° 0.0 0.0° 0.1 0.0 0.9 09 0.5 04

@Rge<Oissetto0
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Fig. 5 Schematic illustration of the shielding effect, RSE, where green indicates RSE > 0.5; yellow RSE > 0.2-0.5; orange RSE >0.1-0.2; and red

RSE <0.1. The following set-ups were used A no head-protection; B the head protector; C the prototype standard thyroid collar; D the extended
thyroid protector; E ceiling mounted lead glass shield; and F a predicted result from a combination of the head protector and the extended thyroid
protector. The shielding-effect ratio for the unshielded set-up A the ratio is: RSE=1-[Hp(0.07)unshielded/Hp(0.07)unshielded)]. To see the RSE

at depth look at respective slice a-e with the coloured measure-positions in each figure A-E

Clinical study

Using the head protector during radiologically guided
interventions, the TLD-signal varied according to the
nature of the procedures and the position of the opera-
tor relative to the irradiated area. All participants, except
five operators performing cardiac electrophysiological
interventions, had higher TLD signals on the left side of
the head, compared to the right side. The mean shield-
ing effect from the forehead (measuring points 1-2),
the left side (measuring points 3-10) and the right side
(measuring points 12-15) are presented in Fig. 6. The
mean shielding effect for the head protector was 0.4 (SD
0.3; range -0.4 to 0.9). The negative data indicate that
the inside TLD-signal was higher than the outside of the
head protector. One Hybrid OR operator experienced a
reduction from 1100 pSv to 190 uSv, whereas one Percu-
taneous Coronary Intervention (PCI) operator experi-
enced a reduction from 100 pSv to 33 uSv for the same
measuring points, 7 and 8 (left side).

Discussion

There are several ways to protect medical practitioners
during x-ray guided procedures including shields and
maximizing distance between the interventionist and the
patient. As indicated in this study, the ceiling mounted

lead glass shield was the most effective shielding, Rg;>0.6
in all 224 measure-points, reducing exposure of the inter-
ventionist’s head with a mean shielding effect of 97%, all
data not shown. This is consistent with Meader et al. who
found a reduction in eye lens dose by a factor of 19 when
using a lead shield, and Batlivala et al. concluded that a
lead glass shield mounted on the ceiling provided maxi-
mum protection [14, 15]. Effective protection requires
that the operator remains behind the shield for the dura-
tion of the x-ray guided procedure [16].

The capability of a radiation shield to provide com-
plete protection of a physician’s radiation sensitive body
parts may vary according to the clinical situation. The
design and position of ceiling mounted lead shields and
the knowledge of the direction of the scattered radia-
tion is necessary to ensure optimal protection [12]. Mad-
der et al. for example showed a two-thirds reduction in
radiation exposure, for nurses and technicians, when
ceiling mounted lead shields were used in the clinic [16].
It has also been shown that the radiation dose reduction
factor differs according to the design of lead eyeglasses,
depending on the extent of eye coverage and their abil-
ity to attenuate the direction of the scattered radiation,
which is critical for the dose that reaches the lens of the
eye 3,4, 17-19].
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Fig. 6 The mean shielding effect, RSE, for the forehead, left and right side of the head in various clinical environments

In environments such as hybrid OR, where the levels
of scattered radiation can be high, and where a com-
plete protection of a physician is difficult to achieve, the
application of a radiation shield with at least 50% dose
reduction might provide a substantial reduction in expo-
sure. Similar to the practical use of a DRF of 2 proposed
for protective eyewear, this study presents the shielding
effect ratio (Rqp) as green i.e. when Ry >0.5. This does not
necessarily indicate that a 50% reduction is good enough.
The radiation protection must always be optimized indi-
vidually in the clinical situation.

Depending on the position of the operator’s head with
respect to the radiation source, the head protector can
protect against radiation that encounters its outer sur-
face, in a similar manner to a conventional radiation pro-
tective apron, by attenuating radiation and preventing it
from entering. However, during x-ray guided interven-
tion the radiation hits the operator’s head at an oblique
angle from below, entering through the neck, chin, and
face. The extended thyroid protector has been designed
to protect against this scattered radiation coming from
below. A ceiling mounted radiation protection is, if prop-
erly used and positioned, an effective protector of scat-
tered radiation. In situations where a ceiling mounted
shield cannot or is not maneuvered into a blocking
position, the combination of the head protector and the
extended thyroid protector might be a way to reduce
brain and head exposure.

A clinical study by Béarenfanger et al. evaluating the
head protector used in this study found a superficial
mean dose reduction of 75% and 90% for general radi-
ology and neuro radiology procedures respectively [20].
Meanwhile, the clinical evaluation in the present study

showed that the head protector reduced the radiation
dose to the dosimeters placed on the inside of the pro-
tector by about 40%. The differences in the mean dose
reduction are probably due to the fact that the current
study had more measure-points on both sides of the head
protector, lowering the mean dose reduction. However,
the present phantom study showed that for the head pro-
tector the shielding effect further into the head, towards
the center of the skull/brain was minor. The scattered
radiation from the patient usually comes obliquely from
below and the head protector cannot provide effective
protection inside the brain. The phantom study showed
that the head protector has the most protective effect
superficially close to where it covers the head. In stud-
ies evaluating head protection devices similar to the head
protector, Fetterly et al. show that head protection at the
level of the forehead provides minimal shielding of the
head [21, 22]. Kirkwood et al. also found a reduction in
superficial dose but a minor dose reduction of the dose
to the brain using a head cap [23]. However, head protec-
tion devices could be used as a complement when opti-
mal ceiling lead protection positioning is not possible in
certain operative situations. In these environments, lead
glasses are also recommended [3].

The phantom study showed that the extended thyroid
protector prototype (0.5 mm Pb) reduced the radiation
dose by up to 90% in the middle sections (slice c) of the
head, which is partly due to the novel design. In addition,
the extended thyroid protector lowered the radiation
dose in the upper section (slice d and e) of the head with
a mean shielding effect of 20—-30% for the scatter radia-
tion direction in this study. However, the present evalu-
ation of the standard thyroid collar showed no shielding
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effect in the upper section of the head. In contrast to the
standard thyroid collar the extended thyroid protector is
not only designed to shield the neck but also the head. In
accordance with the present data, Marshall et al. showed
the effect of shielding against obliquely arising scattered
radiation from below using a lead acrylic face mask that
provided an 80% reduction in brain dose, while also pro-
tecting eye and thyroid [24]. Although the present study
did not include a clinical study with the extended thyroid
protector, this was tested clinically by Bérenféinger et al.
demonstrating an attenuation effect of the extended thy-
roid protector resulting in a dose reduction by up to 97%
after the barrier [20]. This is consistent with the results
in the present phantom study with the extended thyroid
protector prototype, reducing the radiation dose by up to
90% in the middle sections of the head. It is important to
further evaluate its shielding effect on the thyroid gland
itself for different scatter radiation directions to ensure
that the thyroid protection is not inferior to that provided
by a standard thyroid collar.

The Hp(0.07) calibration of the TLDs for estimation of
radiation dose at various depth positions in the phantom
introduces an error. However, the calibration for personal
dose equivalent Hp(0.07) is of less importance as ratios
were used in all results, ie. Rgp=1-[Hp(0.07) ,shicided’
Hp(0.07) shielded)]> @0d the errors cancel out.

In the head protector and ceiling mounted lead shield
studies, all TLD position were used while, due to prac-
tical reasons, TLDs were placed more sparsely for the
extended thyroid protector. Additional TLDs are not
expected to change the schematic illustration of the
shielding effect of the thyroid protectors in Fig. 5C and D.

Limitations

The phantom study has several limitations as neither the
angulation of the x-ray tube nor the operator’s position
varied throughout the experiment. Changing the angu-
lation of incident radiation with respect to the operator
changes the radiation exposure situation, affecting the
dose distribution inside the operator’s head. In the pre-
sent study the radiation comes from obliquely below,
however, if the radiation entered the operator’s head from
more directly, the shielding effect would be a somewhat
less for the extended thyroid protector but somewhat
higher for the head protector but almost the same for the
ceiling mounted shield and the non-shielded set-up, due
to the geometry.

The commercially available MindPeace™ with attenu-
ating material of 0.35 mm Pb provides up to 3% less
shielding effect in the energy interval 60-110 kV when
compared to the extended thyroid protector with atten-
uating material of 0.5 mm Pb evaluated in this study
(unpublished data, Texray AB). It is also important to
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note that body worn radiation shields may differ in pro-
tection effect depending on operator’s anatomy in rela-
tion to product size and fit.

Conclusions

For optimal radiation protection of the head, radiation
protection devices that protect the entire intervention-
ist’s head against scattered radiation should be used, such
as ceiling mounted lead glass shields. However, in clinical
practice, optimal positioning of a ceiling mounted lead
shield may not always be possible. Operators, particularly
during complex cases when radiation protection may be
most relevant, cannot always ensure optimal shield place-
ment. Added protection using these novel guards may
compliment the effect of the lead shield.

The head protector alone does not provide sufficient
protection in clinical situations. A combination of the
head protector, the extended thyroid protector and a
lead glass shield seem to provide comprehensive radia-
tion protection for the head and neck. As is the case
for ceiling mounted lead glass shields, the investigated
radiation protection devices will offer most benefit in
cases of heavier radiation exposure, such as x-ray guided
interventions.

Abbreviations
DAP Dose Area Product

DRF Dose Reduction Factor

ICRP International Commission on Radiological Protection
pCl Percutaneous Coronary Intervention

PMMA  Polymethyl methacrylate
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