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Abstract: Interventional radiology (IVR) procedures are associated with increased radiation exposure
and injury risk. Furthermore, radiation eye injury (i.e., cataract) in IVR staff have also been reported.
It is crucial to protect the eyes of IVR physicians from X-ray radiation exposure. Many IVR physicians
use protective Pb eyeglasses to reduce occupational eye exposure. However, the shielding effects
of Pb eyeglasses are inadequate. We developed a novel shield for the face (including eyes) of IVR
physicians. The novel shield consists of a neck and face guard (0.25 mm Pb-equivalent rubber
sheet, nonlead protective sheet). The face shield is positioned on the left side of the IVR physician.
We assessed the shielding effects of the novel shield using a phantom in the IVR X-ray system;
a radiophotoluminescence dosimeter was used to measure the radiation exposure. In this phantom
study, the effectiveness of the novel device for protecting against radiation was greater than 80% in
almost all measurement situations, including in terms of eye lens exposure. A large amount of
scattered radiation reaches the left side of IVR physicians. The novel radiation shield effectively
protects the left side of the physician from this scattered radiation. Thus, the device can be used
to protect the face and eyes of IVR physicians from occupational radiation exposure. The novel
device will be useful for protecting the face (including eyes) of IVR physicians from radiation, and
thus could reduce the rate of radiation injury. Based on the positive results of this phantom study,
we plan to perform a clinical experiment to further test the utility of this novel radiation shield for
IVR physicians.

Keywords: radiation protection and safety; fluoroscopy; interventional radiology (IVR); fluoroscopically
guided interventional procedures; percutaneous coronary intervention (PCI); protective apron; face
shield; radiation dose; X-ray examination; disaster medicine

1. Introduction

Interventional radiology (IVR) procedures are increasingly being performed because
of the significant advantages for patients [1–6]. However, IVR procedures are associated
with increased radiation exposure and injury risk in both patients and IVR staff [7–10].
Many studies have evaluated the radiation dose to patients and IVR staff, and methods to
reduce exposure [11–18]. We also previously evaluated exposure of patients and staff to
radiation in our IVR laboratory [19–26].

In 2011, the International Commission on Radiological Protection significantly reduced
the limit of occupational exposure of the eyes to radiation, from 150 to 100 mSv/5 years (i.e.,
20 mSv/year) [27]. Furthermore, radiation eye injury (i.e., cataract) in IVR staff has also
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been reported [28,29]. It is crucial to protect the eyes of IVR physicians from X-ray radiation
exposure [30–35]. Therefore, evaluation of the exposure of the eyes of IVR physicians to
occupational radiation, and related protection, is important [36–40].

Lead (Pb) eyeglasses are useful for shielding the eyes against radiation [41–43]. Many
IVR physicians use protective Pb eyeglasses to reduce occupational eye exposure. Despite
the diversity in the thickness and shape of Pb eyeglasses, none offer complete protection
against radiation exposure to the eyes of IVR physicians [44–46]. Therefore, we developed
a unique face radiation shield that also protects the eyes. The device was designed to
protect the neck and the left side of the face, including the left eye, of IVR physicians.

The purpose of this phantom study was to evaluate the radiation-protective effects of
the novel shield in an IVR X-ray system.

2. Materials and Methods
2.1. Development of the Novel Radiation Shield

Figure 1 shows the novel radiation shield for IVR physicians. The device consists
of a neck guard and face shield designed using a 0.25 mm Pb-equivalent rubber sheet
(nonlead protective sheet, Figure 2). Pb-equivalent rubber sheeting is easy to handle and
often used in personal protective aprons. The device is lightweight (0.65 kg). The neck
guard and face shield are firmly connected and have adequate stability. The face shield was
designed to mainly protect the left side of IVR physicians from scattered radiation.

Figure 1. Photograph of the novel shield: (a) frontal view; (b) lateral view. The neck guard and face
shield are fastened together to create a single device, which cannot be disassembled. The face shield
is attached to the left side of the neck guard and protects the left side of the physicians’ neck and
face from radiation. The novel shield was designed so that it does not obstruct IVR physicians’ field
of vision.
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Figure 2. Schematic of the novel shield: (a) frontal view; (b) lateral view. The novel shield consists of
a neck guard and face shield, which together comprise a single unit to promote stability and prevent
misalignment. The shield is firmly attached behind the neck of the IVR physicians using Velcro to
protect them from scattered radiation from the left side. The device consists of a neck guard and face
shield designed using a 0.25 mm Pb-equivalent rubber sheet (nonlead protective sheet).

2.2. Phantom Study

We conducted a phantom study at Yamagata University Hospital, Japan. Figure 3
displays the experimental setup used to simulate the typical settings for IVR procedures.

Figure 3. Experimental setup used for our phantom study (e.g., LAO60): (a) without novel shielding
device; (b) with novel shielding device.

A digital cine angiography X-ray unit (an “under-tube” X-ray tube system) with
a 16-in mode flat-panel detector (FPD) was used. Digital cine acquisitions were performed
at 30 frames/s with a total duration of 150 s (30 s × 5). An automatic control system was
used to set the X-ray exposure settings (i.e., kilovoltage and milliamperage) (Table 1).
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Table 1. X-ray exposure setup used in our study.

Tube-Viewing Angles Tube Kilovoltage
(kV)

Tube
Milliamperage

(mA)

Additional Copper
Filter (mm)

60◦ left anterior oblique 74 320 0.3
30◦ right anterior oblique 83 320 0.3

Posteroanterior 74 320 0.3
60◦ left anterior oblique

+30◦ craniocaudal 74 400 0.3

30◦ right anterior oblique
+30◦ caudocranial 79 320 0.3

We set the focus-to-image receptor (i.e., FPD) distance to 120 cm, and the height of
the patient table to 92 cm. Five standard tube-viewing angles were used to simulate the
typical settings for percutaneous coronary intervention (PCI) and cardiac catheterization:
posteroanterior (PA), 60◦ left anterior oblique (LAO), 30◦ right anterior oblique (RAO),
30◦ RAO + 30◦ caudocranial (cranial), and 60◦ LAO + 30◦ craniocaudal (caudal).

A trunk phantom (PBU-60) was used to simulate the patient (Figure 3). A head
phantom (THRA1) was used to simulate the IVR physician (Figure 3); it was placed 70 cm
horizontally and 40 cm vertically from the central radiation beam on the patient table. This
position is similar to that used by physicians during PCI at our hospital. The height of the
head phantom was 165 cm; therefore, the eye of the phantom was approximately 150 cm
above the floor. We did not use a ceiling-protecting Pb plate.

2.3. Dosimetry

Scattered radiation from the trunk phantom representing the patient was measured
using radiophotoluminescence dosimeters (RPLDs; GD-302M), with and without the novel
radiation shield. Dose Ace FGD-1000 was used as the measurement/readout system.
RPLDs were placed on the surface of the head phantom representing the physician at
24 locations, including the left (No. 3©) and right (No.
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(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
㉑ 3563 393 89.0 6026 940 84.4 1905 568 70.2 6548 640 90.2 2493 400 84.0 
㉒ 1498 298 80.1 1693 631 62.7 1050 610 41.9 1827 439 76.0 1346 458 65.9 
㉓ 3183 369 88.4 4071 754 81.5 1782 605 66.0 4146 510 87.7 2155 434 79.8 
㉔ 4118 405 90.2 6742 935 86.1 2298 611 73.4 6144 616 90.0 2778 438 84.2 

1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
Dwith)/Dwithout × 100%. 

 
Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 

) eyes (Figure 4).

Figure 4. Cont.
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Figure 4. The 24 measurement points on the head of the phantom simulating the physician: (a) frontal
view; (b) left lateral view; (c) right lateral view. Twenty-four dosimeters were attached to the points
marked on the phantom’s surface (left eye: No. 3©, right eye: No.
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Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 

). The distance between the
measurement points was 3 cm.

The background radiation dose was subtracted from the measurements, and the
doses were calibrated. The average of three measurements was recorded for each X-ray
viewing angle. Based on the doses measured with (Dwith) and without (Dwithout) the novel
radiation shield, we calculated the effectiveness of the radiation protection of the shield as:
(Dwithout − Dwith)/Dwithout × 100%.

3. Results

Table 2 summarizes the results of our phantom study of the novel radiation shield.
The scattered radiation doses were highest and lowest for the LAO views (LAO 60◦ and
LAO 60◦ + CAU 30◦) and RAO views (RAO 30◦ and RAO 30◦ + CRA 30◦), respectively, for
all measurements acquired without the novel radiation shield.

The scattered radiation doses were higher for the left side (No. 1©–
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Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 

) of the face.
Figure 5 depicts the protective effect of the novel radiation shield. The radiation

protection effectiveness of the novel radiation shield was greater than 80% at almost all
measurement points, except RAO 30◦, at which the effectiveness was slightly lower. The
average radiation protection effectiveness of the novel device for the five viewing angles
were 87.5% and 83.6% for the left (No. 3©) and right (No.
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Table 2. Summary of the phantom study.

Posteroanterior 60◦ Left Anterior
Oblique

30◦ Right Anterior
Oblique

60◦ Left Anterior
Oblique

+30◦ Craniocaudal

30◦ Right Anterior
Oblique

+30◦ Caudocranial

1 MP

2 With-
out

3 With 4PE
2 With-

out
3 With 4PE

2 With-
out

3 With 4PE
2 With-

out
3 With 4PE

2 With-
out

3 With 4PE

(µGy) (µGy) (%) (µGy) (µGy) (%) (µGy) (µGy) (%) (µGy) (µGy) (%) (µGy) (µGy) (%)

1© 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8
2© 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2
3© 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7
4© 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5
5© 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1
6© 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9
7© 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9
8© 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4
9© 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 

(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
㉑ 3563 393 89.0 6026 940 84.4 1905 568 70.2 6548 640 90.2 2493 400 84.0 
㉒ 1498 298 80.1 1693 631 62.7 1050 610 41.9 1827 439 76.0 1346 458 65.9 
㉓ 3183 369 88.4 4071 754 81.5 1782 605 66.0 4146 510 87.7 2155 434 79.8 
㉔ 4118 405 90.2 6742 935 86.1 2298 611 73.4 6144 616 90.0 2778 438 84.2 

1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 

(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
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1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
Dwith)/Dwithout × 100%. 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 

(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
㉑ 3563 393 89.0 6026 940 84.4 1905 568 70.2 6548 640 90.2 2493 400 84.0 
㉒ 1498 298 80.1 1693 631 62.7 1050 610 41.9 1827 439 76.0 1346 458 65.9 
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1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
Dwith)/Dwithout × 100%. 

 
Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 

(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
㉑ 3563 393 89.0 6026 940 84.4 1905 568 70.2 6548 640 90.2 2493 400 84.0 
㉒ 1498 298 80.1 1693 631 62.7 1050 610 41.9 1827 439 76.0 1346 458 65.9 
㉓ 3183 369 88.4 4071 754 81.5 1782 605 66.0 4146 510 87.7 2155 434 79.8 
㉔ 4118 405 90.2 6742 935 86.1 2298 611 73.4 6144 616 90.0 2778 438 84.2 

1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
Dwith)/Dwithout × 100%. 

 
Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 

(μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) (μGy) (μGy) (%) ① 6918 671 90.3 12,600 1764 86.0 3058 786 74.3 15,512 1250 91.9 4147 673 83.8 ② 7673 716 90.7 13,451 1894 85.9 3207 809 74.8 16,460 1352 91.8 4289 591 86.2 ③ 8065 639 92.1 14,470 1861 87.1 3442 785 77.2 17,585 1319 92.5 4495 508 88.7 ④ 7821 706 91.0 13,510 1839 86.4 3304 770 76.7 15,799 1283 91.9 4491 653 85.5 ⑤ 8320 718 91.4 14,175 1867 86.8 3490 778 77.7 16,614 1284 92.3 4568 587 87.1 ⑥ 8473 640 92.4 15,145 1917 87.3 3645 760 79.2 17,821 1304 92.7 4786 484 89.9 ⑦ 8368 658 92.1 13,796 1640 88.1 3342 675 79.8 16,185 1215 92.5 4840 636 86.9 ⑧ 8686 620 92.9 14,510 1596 89.0 3637 657 81.9 17,103 1161 93.2 4865 516 89.4 ⑨ 9096 588 93.5 16,667 1789 89.3 4038 674 83.3 19,216 1281 93.3 5168 421 91.9 ⑩ 8074 592 92.7 13,757 1558 88.7 3167 566 82.1 15,833 1159 92.7 4621 574 87.6 ⑪ 8533 590 93.1 14,800 1569 89.4 3620 609 83.2 17,066 1088 93.6 4924 490 90.1 ⑫ 9534 573 94.0 16,966 1777 89.5 4080 699 82.9 19,278 1216 93.7 5319 449 91.6 ⑬ 7731 569 92.6 13,258 2080 84.3 2879 561 80.5 14,937 1819 87.8 4509 563 87.5 ⑭ 8406 581 93.1 14,764 2477 83.2 3274 620 81.1 15,837 1771 88.8 4664 547 88.3 ⑮ 8772 530 94.0 15,916 3059 80.8 3730 629 83.1 17,348 1869 89.2 4968 450 90.9 ⑯ 6353 627 90.1 11,267 1555 86.2 2714 847 68.8 13,699 1130 91.7 3735 680 81.8 ⑰ 6669 618 90.7 12,338 1634 86.8 2875 757 73.7 14,677 1153 92.1 3765 553 85.3 ⑱ 6283 607 90.3 12,998 1733 86.7 2822 769 72.8 15,090 1228 91.9 3891 504 87.0 ⑲ 5652 610 89.2 9515 1392 85.4 2470 968 60.8 12,094 1025 91.5 3380 726 78.5 ⑳ 5536 558 89.9 10,010 1385 86.2 2585 763 70.5 11,758 971 91.7 3387 556 83.6 
㉑ 3563 393 89.0 6026 940 84.4 1905 568 70.2 6548 640 90.2 2493 400 84.0 
㉒ 1498 298 80.1 1693 631 62.7 1050 610 41.9 1827 439 76.0 1346 458 65.9 
㉓ 3183 369 88.4 4071 754 81.5 1782 605 66.0 4146 510 87.7 2155 434 79.8 
㉔ 4118 405 90.2 6742 935 86.1 2298 611 73.4 6144 616 90.0 2778 438 84.2 

1 MP: Measurement point. 2 Without: Doses measured without the novel radiation shield (The av-
erage of three measurements was recorded). 3 With: Doses measured with the novel radiation 
shield (The average of three measurements was recorded). 4 PE: Protective effect, (Dwithout − 
Dwith)/Dwithout × 100%. 

 
Figure 5. Protective effect of the novel radiation shield in the phantom study. Measurement point: 
Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 
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Table 2. Summary of the phantom study. 

 Posteroanterior 60° Left Anterior 
Oblique 

30° Right Anterior 
Oblique 

60° Left Anterior Oblique 
+30° Craniocaudal 

30° Right Anterior 
Oblique  

+30° Caudocranial 

1 MP 
2 Without 3 With 4 PE 2 Without 3 With 4 PE 

2 With-
out 

3 With 4 PE 2 Without 3 With 4 PE 2 Without 3 With 4 PE 
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4. Discussion

It is crucial to evaluate exposure of patients and healthcare workers to radiation during
radiological examinations, especially IVR [47–52]. Despite the importance of protecting IVR
physicians from occupational radiation exposure, no ideal radiation shield exists [53–56].
Although many devices protecting against radiation are available, none offer complete
protection, especially for IVR physicians [54,57,58].

We developed a novel radiation shield to protect the face of IVR physicians
(Figures 1 and 2). This device is lightweight and comfortable to wear and has a unique
design that protects the face (including the eyes) of IVR physicians. To provide stability
and prevent misalignment, the face shield is firmly connected to the neck guard as
a single component (Figures 1 and 2). The device also allows IVR physicians to have
a full field of vision. The face shield is connected to the left side of the face because
most occupational radiation exposure to IVR physicians occurs from that side.

At almost all measurement points, the radiation protection of the shield was greater
than 80%, which confirms its usefulness for IVR physicians. However, slightly lower
effectiveness (<80%) was observed for the RAO view and No.
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. Thus, the protective
effects of the device were slightly reduced in the RAO view compared to the other views.
However, compared to the left side of the face, the doses of radiation delivered to the right
side are nonetheless small, such that the device would still be effective for protecting IVR
physicians from occupational radiation exposure. Similarly, the protection at No.
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Twenty-four dosimeters were attached to the points marked on the phantom’s surface (left eye: No. 

(right
eye) was relatively low (i.e., 70.5%) at RAO30; however, this is unlikely to be a problem
because the radiation doses delivered to this area are also small.

Radiation exposure to physicians is greater in the LAO compared to the RAO view
because of the higher levels of scattered radiation (from the patient to the physician) in
the former view. Occupational radiation protection of the eyes is crucial for IVR physi-
cians, and Pb eyeglasses are often used for this purpose. Lightweight and comfortable Pb
eyeglasses (0.07 mm Pb-equivalent) are often preferred by IVR physicians because of the
prolonged duration of IVR procedures. However, the radiation-shielding effect of 0.07 mm
Pb-equivalent eyeglasses is inadequate (45–60%). Although the radiation-shielding effect
of 0.75 mm Pb-equivalent eyeglasses (~80%) is superior to that of 0.07 mm Pb-equivalent
eyeglasses, the latter glasses are heavy and uncomfortable, which makes them unsuitable
for use by IVR physicians.

Our novel shield provides eye radiation protection of above 80% on average (left eye,
3©: 87.5%, right eye,
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: 83.6%), which is superior to that of Pb eyeglasses.
Generally, the distance between the left side of the IVR physician and the scattered

radiation source (i.e., the patient) is small, such that more scattered radiation is received by
the left than the right side of the physician [42,43,59]. Therefore, our novel radiation shield
was developed to protect the left side of the IVR physician’s head.

IVR physicians are also potentially at higher risk of radiation-induced brain tumors
compared to the general population [60–62]. Roguin et al. reported a higher rate of tumors
on the left compared to the right side of the brain in IVR physicians, which they attributed
to the higher radiation dose to the left side of the head (because it is nearer to the primary
X-ray beam and exposed to more scattered radiation) [63]. The novel shield was designed
to protect particularly the left side of the head of IVR physicians, and thus may reduce the
risk of radiation-induced brain tumors.

Currently, the novel shield is available only in a single size; small and large sizes
may also be needed. The novel shield protects only the face and neck of IVR physicians.
Therefore, other radiation shields (e.g., a protective apron) are also required.

Further studies comparing the eye-protective effect of our novel radiation shield with
that of protective Pb glasses (using the same radioactive source in the same environment)
may be needed. This study using phantoms introduces our novel shield for the face and
neck of IVR physicians, but further investigation is required in clinical settings to fully test
the shield.
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5. Conclusions

We performed a phantom study to investigate the protective effects against radiation
of a novel shield for the face and eyes of IVR physicians and found it to be highly effective
(>80% protection) under almost all measurement conditions. The novel shield can reduce
the radiation dose by more than 80% without the use of Pb eyeglasses and offers equivalent
or superior protection compared to Pb eyeglasses.

A large amount of scattered radiation reaches the left side of IVR physicians. The
novel radiation shield effectively protects the left side of the physician from this scattered
radiation. Thus, the device can be used to protect the face and eyes of IVR physicians
from occupational radiation exposure. The novel device will be useful for protecting
the face (including eyes) of IVR physicians from radiation, and thus could reduce the
rate of radiation injury. Based on the positive results of this phantom study, we plan to
perform a clinical experiment to further test the utility of this novel radiation shield for
IVR physicians.

Author Contributions: Conceptualization, Y.E., T.S. (Toshimitsu Sato) and T.S. (Toshikazu Saida);
methodology, Y.E., T.S. (Toshimitsu Sato) and K.C.; software, C.Y. and T.H.; validation, T.S.
(Toshimitsu Sato), C.Y., T.H. and K.C.; formal analysis, T.S. (Toshimitsu Sato), C.Y. and T.H.; investi-
gation, Y.E., T.S. (Toshimitsu Sato), T.S. (Toshikazu Saida) and K.C.; resources, T.S. (Toshimitsu Sato)
and K.C.; data curation, T.S. (Toshimitsu Sato), C.Y. and T.H.; writing—original draft prepara-
tion, K.C.; writing—review and editing, T.S. (Toshimitsu Sato), C.Y. and T.H.; visualization, T.S.
(Toshimitsu Sato), C.Y., T.H. and K.C.; supervision, Y.E., T.S. (Toshikazu Saida) and K.C.; project
administration, T.S. (Toshimitsu Sato) and K.C.; funding acquisition, K.C. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported in part by the Industrial Disease Clinical Research Grants
(200701-1), Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Yuuki Murabayashi, Tohoku university, Japan, and Akihiro Shinobu
of the Yamagata university Hospital, Japan for their invaluable assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Vano, E. Challenges for managing the cumulative effective dose for patients. Br. J. Radiol. 2020, 93, 20200814. [CrossRef]
2. Haga, Y.; Chida, K.; Sota, M.; Kaga, Y.; Abe, M.; Inaba, Y.; Suzuki, M.; Meguro, T.; Zuguchi, M. Hybrid operating room system for

the treatment of thoracic and abdominal aortic aneurysms: Evaluation of the radiation dose received by patients. Diagnostics
2020, 10, 846. [CrossRef]

3. Chida, K.; Saito, H.; Otani, H.; Kohzuki, M.; Takahashi, S.; Yamada, S.; Shirato, K.; Zuguchi, M. Relationship between fluoroscopic
time, dose—Area product, body weight, and maximum radiation skin dose in cardiac interventional procedures. Am. J. Roentgenol.
2006, 186, 774–778. [CrossRef] [PubMed]

4. Chida, K.; Kagaya, Y.; Saito, H.; Takai, Y.; Takahashi, S.; Yamada, S.; Kohzuki, M.; Zuguchi, M. Total entrance skin dose:
An effective indicator of maximum radiation dose to the skin during percutaneous coronary intervention. Am. J. Roentgenol. 2007,
189, W224–W227. [CrossRef] [PubMed]

5. Chida, K.; Ohno, T.; Kakizaki, S.; Takegawa, M.; Yuuki, H.; Nakada, M.; Takahashi, S.; Zuguchi, M. Radiation dose to the pediatric
cardiac catheterization and intervention patient. Am. J. Roentgenol. 2010, 195, 1175–1179. [CrossRef]

6. International Commission on Radiological Protection (ICRP). Radiological Protection (ICRP). Radiological Protection in Cardi-
ology. In Annals of the ICRP.; ICRP Publication 120; Elsevier: Amsterdam, The Netherlands, 2013; Volume 42. Available online
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_42_1 (accessed on 28 April 2022).

7. Chida, K.; Kato, M.; Kagaya, Y.; Zuguchi, M.; Saito, H.; Ishibashi, T.; Takahashi, S.; Yamada, S.; Takai, Y. Radiation dose and
radiation protection for patients and physicians during interventional procedure. J. Radiat. Res. 2010, 51, 97–105. [CrossRef]

8. International Commission on Radiological Protection (ICRP). Avoidance of Radiation Injuries from Medical Interventional Procedures;
ICRP Publication 85; Pergamon: Oxford, UK, 2000; Volume 30. Available online https://journals.sagepub.com/doi/pdf/10.1177/
ANIB_30_2 (accessed on 28 April 2022).

http://doi.org/10.1259/bjr.20200814
http://doi.org/10.3390/diagnostics10100846
http://doi.org/10.2214/AJR.04.1653
http://www.ncbi.nlm.nih.gov/pubmed/16498105
http://doi.org/10.2214/AJR.07.2422
http://www.ncbi.nlm.nih.gov/pubmed/17885036
http://doi.org/10.2214/AJR.10.4466
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_42_1
http://doi.org/10.1269/jrr.09112
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_30_2
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_30_2


Bioengineering 2022, 9, 354 9 of 11

9. Inaba, Y.; Nakamura, M.; Zuguchi, M.; Chida, K. Development of novel real-time radiation systems using 4-channel sensors.
Sensors 2020, 20, 2741. [CrossRef]

10. Kato, M.; Chida, K.; Nakamura, M.; Toyoshima, H.; Terata, K.; Abe, Y. New real-time patient radiation dosimeter for use in
radiofrequency catheter ablation. J. Radiat. Res. 2019, 60, 215–220. [CrossRef]

11. Chida, K.; Morishima, Y.; Masuyama, H.; Chiba, H.; Katahira, Y.; Inaba, Y.; Mori, I.; Maruoka, S.; Takahashi, S.; Kohzuki, M.; et al.
Effect of radiation monitoring method and formula differences on estimated physician dose during percutaneous coronary
intervention. Acta Radiol. 2009, 50, 170–173. [CrossRef]

12. Vano, E.; Sanchez, R.M.; Fernández, J.M. Strategies to optimise occupational radiation protection in interventional cardiology
using simultaneous registration of patient and staff doses. J. Radiol. Prot. 2018, 38, 1077–1088. [CrossRef]

13. Inaba, Y.; Chida, K.; Kobayashi, R.; Zuguchi, M. A cross-sectional study of the radiation dose and image quality of X-ray
equipment used in IVR. J. Appl. Clin. Med Phys. 2016, 17, 391–401. [CrossRef] [PubMed]

14. Chida, K.; Kato, M.; Saito, H.; Ishibashi, T.; Takahashi, S.; Kohzuki, M.; Zuguchi, M. Optimizing patient radiation dose in
intervention procedures. Acta Radiol. 2010, 51, 33–39. [CrossRef] [PubMed]

15. Kato, M.; Chida, K.; Sato, T.; Oosaka, H.; Tosa, T.; Munehisa, M.; Kadowaki, K. The necessity of follow-up for radiation skin injuries
in patients after percutaneous coronary interventions: Radiation skin injuries will often be overlooked clinically. Acta Radiol. 2012,
53, 1040–1044. [CrossRef] [PubMed]

16. Ishii, H.; Haga, Y.; Sota, M.; Inaba, Y.; Chida, K. Performance of the DOSIRIS™ eye lens dosimeter. J. Radiol. Prot. 2019,
39, N19–N26. [CrossRef] [PubMed]

17. Morishima, Y.; Chida, K.; Katahira, Y. The effectiveness of additional lead-shielding drape and low pulse rate fluoroscopy in
protecting staff from scatter radiation during cardiac resynchronization therapy (CRT). Jpn. J. Radiol. 2019, 37, 95–101. [CrossRef]
[PubMed]

18. Ishii, H.; Chida, K.; Satsurai, K.; Haga, Y.; Kaga, Y.; Abe, M.; Inaba, Y.; Zuguchi, M. Occupational eye dose correlation with neck
dose and patient-related quantities in interventional cardiology procedures. Radiol. Phys. Technol. 2021, 15, 54–62. [CrossRef]

19. Nemoto, M.; Chida, K. Reducing the breast cancer risk and radiation dose of radiography for scoliosis in children: A phantom
study. Diagnostics 2020, 10, 753. [CrossRef] [PubMed]

20. Chida, K.; Inaba, Y.; Masuyama, H.; Yanagawa, I.; Mori, I.; Saito, H.; Maruoka, S.; Zuguchi, M. Evaluating the performance of
a MOSFET dosimeter at diagnostic X-ray energies for interventional radiology. Radiol. Phys. Technol. 2009, 2, 58–61. [CrossRef]

21. Inaba, Y.; Chida, K.; Murabayashi, Y.; Endo, M.; Otomo, K.; Zuguchi, M. An initial investigation of a wireless patient radiation
dosimeter for use in interventional radiology. Radiol. Phys. Technol. 2020, 13, 321–326. [CrossRef] [PubMed]

22. Chida, K.; Kato, M.; Inaba, Y.; Kobayashi, R.; Nakamura, M.; Abe, Y.; Zuguchi, M. Real-time patient radiation dosimeter for use in
interventional radiology. Phys. Med. 2016, 32, 1475–1478. [CrossRef]

23. Chida, K.; Inaba, Y.; Morishima, Y.; Taura, M.; Ebata, A.; Yanagawa, I.; Takeda, K.; Zuguchi, M. Comparison of dose at an
interventional reference point between the displayed estimated value and measured value. Radiol. Phys. Technol. 2011, 4, 189–193.
[CrossRef] [PubMed]

24. Inaba, Y.; Nakamura, M.; Chida, K.; Zuguchi, M. Effectiveness of a novel real-time dosimeter in interventional radiology:
A comparison of new and old radiation sensors. Radiol. Phys. Technol. 2018, 11, 445–450. [CrossRef] [PubMed]

25. Matsunaga, Y.; Chida, K.; Kondo, Y.; Kobayashi, K.; Kobayashi, M.; Minami, K.; Suzuki, S.; Asada, Y. Diagnostic reference levels
and achievable doses for common computed tomography examinations: Results from the Japanese nationwide dose survey.
Br. J. Radiol. 2019, 92, 20180290. [CrossRef] [PubMed]

26. Ota, J.; Yokota, H.; Kawasaki, T.; Taoka, J.; Kato, H.; Chida, K.; Masuda, Y.; Uno, T. Evaluation of Radiation Protection Methods
for Assistant Staff during CT Imaging in High-energy Trauma: Lens Dosimetry with a Phantom Study. Health Phys. 2021,
120, 635–640. [CrossRef]

27. International Commission on Radiological Protection (ICRP). ICRP Statement on Tissue Reactions/Early and Late Effects of Radiation
in Normal Tissues and Organs—Threshold Doses for Tissue Reactions in a Radiation Protection Context; ICRP Publication 118; Elsevier:
Amsterdam, The Netherlands, 2012; Volume 41. Available online https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
(accessed on 28 April 2022).

28. Vañó, E.; González, L.; Beneytez, F.; Moreno, F. Lens injuries induced by occupational exposure in non-optimized interventional
radiology laboratories. Br. J. Radiol. 1998, 71, 728–733. [CrossRef]

29. Vigneux, G.; Pirkkanen, J.; Laframboise, T.; Prescott, H.; Tharmalingam, S.; Thome, C. Radiation-Induced Alterations in
Proliferation, Migration, and Adhesion in Lens Epithelial Cells and Implications for Cataract Development. Bioengineering 2022,
9, 29. [CrossRef] [PubMed]

30. Chida, K.; Kaga, Y.; Haga, Y.; Kataoka, N.; Kumasaka, E.; Meguro, T.; Zuguchi, M. Occupational dose in interventional radiology
procedures. Am. J. Roentgenol. 2013, 200, 138–141. [CrossRef] [PubMed]

31. Martin, C.J.; Magee, J.S. Assessment of eye and body dose for interventional radiologists, cardiologists, and other interventional
staff. J. Radiol. Prot. 2013, 33, 445–460. [CrossRef]

32. Koenig, A.; Maas, J.; Viniol, S.; Etzel, R.; Fiebich, M.; Thomas, R.; Mahnken, A. Scatter radiation reduction with a radiation-
absorbing pad in interventional radiology examinations. Eur. J. Radiol. 2020, 132, 109245. [CrossRef] [PubMed]

33. Chida, K.; Takahashi, T.; Ito, D.; Shimura, H.; Takeda, K.; Zuguchi, M. Clarifying and visualizing sources of staff-received scattered
radiation in interventional procedures. Am. J. Roentgenol. 2011, 197, W900–W903. [CrossRef] [PubMed]

http://doi.org/10.3390/s20092741
http://doi.org/10.1093/jrr/rry110
http://doi.org/10.1080/02841850802616745
http://doi.org/10.1088/1361-6498/aad429
http://doi.org/10.1120/jacmp.v17i4.6231
http://www.ncbi.nlm.nih.gov/pubmed/27455503
http://doi.org/10.3109/02841850903229141
http://www.ncbi.nlm.nih.gov/pubmed/19961398
http://doi.org/10.1258/ar.2012.120192
http://www.ncbi.nlm.nih.gov/pubmed/23024180
http://doi.org/10.1088/1361-6498/ab2729
http://www.ncbi.nlm.nih.gov/pubmed/31167175
http://doi.org/10.1007/s11604-018-0783-7
http://www.ncbi.nlm.nih.gov/pubmed/30324249
http://doi.org/10.1007/s12194-022-00650-w
http://doi.org/10.3390/diagnostics10100753
http://www.ncbi.nlm.nih.gov/pubmed/32993028
http://doi.org/10.1007/s12194-008-0044-z
http://doi.org/10.1007/s12194-020-00575-2
http://www.ncbi.nlm.nih.gov/pubmed/32715378
http://doi.org/10.1016/j.ejmp.2016.10.013
http://doi.org/10.1007/s12194-011-0121-6
http://www.ncbi.nlm.nih.gov/pubmed/21643656
http://doi.org/10.1007/s12194-018-0484-z
http://www.ncbi.nlm.nih.gov/pubmed/30306465
http://doi.org/10.1259/bjr.20180290
http://www.ncbi.nlm.nih.gov/pubmed/30306794
http://doi.org/10.1097/HP.0000000000001391
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_41_1-2
http://doi.org/10.1259/bjr.71.847.9771383
http://doi.org/10.3390/bioengineering9010029
http://www.ncbi.nlm.nih.gov/pubmed/35049738
http://doi.org/10.2214/AJR.11.8455
http://www.ncbi.nlm.nih.gov/pubmed/23255753
http://doi.org/10.1088/0952-4746/33/2/445
http://doi.org/10.1016/j.ejrad.2020.109245
http://www.ncbi.nlm.nih.gov/pubmed/33011604
http://doi.org/10.2214/AJR.10.6396
http://www.ncbi.nlm.nih.gov/pubmed/22021539


Bioengineering 2022, 9, 354 10 of 11

34. Chida, K.; Morishima, Y.; Inaba, Y.; Taura, M.; Ebata, A.; Takeda, K.; Shimura, H.; Zuguchi, M. Physician-received scatter radiation
with angiography systems used for interventional radiology: Comparison among many X-ray systems. Radiat. Prot. Dosim. 2011,
149, 410–416. [CrossRef] [PubMed]

35. Inaba, Y.; Hitachi, S.; Watanuki, M.; Chida, K. Radiation Eye Dose for Physicians in CT Fluoroscopy-Guided Biopsy. Tomography
2022, 8, 438–446. [CrossRef] [PubMed]

36. Ishii, H.; Chida, K.; Satsurai, K.; Haga, Y.; Kaga, Y.; Abe, M.; Inaba, Y.; Zuguchi, M. A phantom study to determine the optimal
placement of eye dosemeters on interventional cardiology staff. Radiat. Prot. Dosim. 2019, 185, 409–413. [CrossRef] [PubMed]

37. Inaba, Y.; Chida, K.; Kobayashi, R.; Kaga, Y.; Zuguchi, M. Fundamental study of a real-time occupational dosimetry system for
interventional radiology staff. J. Radiol. Prot. 2014, 34, N65–N71. [CrossRef] [PubMed]

38. Kuon, E.; Schmitt, M.; Dahm, J.B. Significant reduction of radiation exposure to operator and staff during cardiac interventions by
analysis of radiation leakage and improved lead shielding. Am. J. Cardiol. 2002, 89, 44–49. [CrossRef]

39. Inaba, Y.; Hitachi, S.; Watanuki, M.; Chida, K. Occupational radiation dose to eye lenses in CT-guided interventions using
MDCT-fluoroscopy. Diagnostics 2021, 11, 646. [CrossRef]

40. Morishima, Y.; Chida, K.; Meguro, T. Effectiveness of additional lead shielding to protect staff from scattering radiation during
endoscopic retrograde cholangiopancreatography procedures. J. Radiat. Res. 2018, 59, 225–232. [CrossRef] [PubMed]

41. Haga, Y.; Chida, K.; Kaga, Y.; Sota, M.; Zuguchi, M. Occupational eye dose in interventional cardiology procedures. Sci. Rep. 2017,
7, 569. [CrossRef] [PubMed]

42. Kato, M.; Chida, K.; Ishida, T.; Toyoshima, H.; Yoshida, Y.; Yoshioka, S.; Moroi, J.; Kinoshita, T. Occupational radiation ex-posure
of the eye in neurovascular interventional physician. Radiat. Prot. Dosim. 2019, 185, 151–156. [CrossRef]

43. Kato, M.; Chida, K.; Ishida, T.; Sasaki, F.; Toyoshima, H.; Oosaka, H.; Terata, K.; Abe, Y.; Kinoshita, T. Occupational radiation
exposure dose of the eye in department of cardiac arrhythmia physician. Radiat. Prot. Dosim. 2019, 187, 361–368. [CrossRef]

44. Haga, Y.; Chida, K.; Kimura, Y.; Yamanda, S.; Sota, M.; Abe, M.; Kaga, Y.; Meguro, T.; Zuguchi, M. Radiation eye dose to medical
staff during respiratory endoscopy under X-ray fluoroscopy. J. Radiat. Res. 2020, 61, 691–696. [CrossRef]

45. Endo, M.; Haga, Y.; Sota, M.; Tanaka, A.; Otomo, K.; Murabayashi, Y.; Abe, M.; Kaga, Y.; Inaba, Y.; Suzuki, M.; et al. Evaluation of
novel X-ray protective eyewear in reducing the eye dose to interventional radiology physicians. J. Radiat. Res. 2021, 62, 414–419.
[CrossRef]

46. Schueler, B.A.; Fetterly, K.A. Eye protection in interventional procedures. Br. J. Radiol. 2021, 94, 20210436. [CrossRef] [PubMed]
47. Bennardo, L.; Passante, M.; Cameli, N.; Cristaudo, A.; Patruno, C.; Nisticò, S.; Silvestri, M. Skin Manifestations after Ionizing

Radiation Exposure: A Systematic Review. Bioengineering 2021, 8, 153. [CrossRef] [PubMed]
48. Chida, K.; Inaba, Y.; Saito, H.; Ishibashi, T.; Takahashi, S.; Kohzuki, M.; Zuguchi, M. Radiation dose of interventional radiology

system using a flat-panel detector. Am. J. Roentgenol. 2009, 193, 1680–1685. [CrossRef]
49. International Commission on Radiological Protection (ICRP). Diagnostic Reference Levels in Medical Imaging; ICRP Publication 135;

Sage: Thousand Oaks, CA, USA, 2017; Volume 46. Available online https://journals.sagepub.com/doi/pdf/10.1177/ANIB_46_1
(accessed on 28 April 2022).

50. Cornelis, F.H.; Razakamanantsoa, L.; Ammar, M.B.; Lehrer, R.; Haffaf, I.; El-Mouhadi, S.; Gardavaud, F.; Najdawi, M.; Barral, M.
Ergonomics in interventional radiology: Awareness is mandatory. Medicina 2021, 57, 500. [CrossRef]

51. Ito, H.; Hosoya, T.; Eguchi, Y.; Adachi, M.; Watanabe, Y.; Yamaguchi, K. Analysis of radiation scatter during angiographic
procedures: Evaluation of a phantom model and a modified radiation protection system. J. Vasc. Interv. Radiol. 1999, 10, 1343–1350.
[CrossRef]

52. Fujibuchi, T. Radiation protection education using virtual reality for the visualisation of scattered distributions during radiological
examinations. J. Radiol. Prot. 2021, 41, S317–S328. [CrossRef]

53. Zuguchi, M.; Chida, K.; Taura, M.; Inaba, Y.; Ebata, A.; Yamada, S. Usefulness of non-lead aprons in radiation protection for
physicians performing interventional procedures. Radiat. Prot. Dosim. 2008, 131, 531–534. [CrossRef] [PubMed]

54. Chida, K. What are useful methods to reduce occupational radiation exposure among radiological medical workers, especially for
interventional radiology personnel? Radiol. Phys. Technol. 2022, 15, 101–115. [CrossRef]

55. Kato, M.; Chida, K.; Munehisa, M.; Sato, T.; Inaba, Y.; Suzuki, M.; Zuguchi, M. Non-Lead Protective Aprons for the Protection of
Interventional Radiology Physicians from Radiation Exposure in Clinical Settings: An Initial Study. Diagnostics 2021, 11, 1613.
[CrossRef] [PubMed]

56. Matsuzaki, S.; Moritake, T.; Morota, K.; Nagamoto, K.; Nakagami, K.; Kuriyama, T.; Kunugita, N. Development and assessment
of an educational application for the proper use of ceiling-suspended radiation shielding screens in angiography rooms using
augmented reality technology. Eur. J. Radiol. 2021, 143, 109925. [CrossRef] [PubMed]

57. Matsubara, K. Assessment of Radiation Dose in Medical Imaging and Interventional Radiology Procedures for Patient and Staff
Safety. Diagnostics 2021, 11, 1116. [CrossRef]

58. Nakagami, K.; Moritake, T.; Nagamoto, K.; Morota, K.; Matsuzaki, S.; Kuriyama, T.; Kunugita, N. Strategy to Reduce the Collective
Equivalent Dose for the Lens of the Physician’s Eye Using Short Radiation Protection Curtains to Prevent Cataracts. Diagnostics
2021, 11, 1415. [CrossRef]

59. Hirata, Y.; Fujibuchi, T.; Fujita, K.; Igarashi, T.; Nishimaru, E.; Horita, S.; Sakurai, R.; Ono, K. Angular dependence of shielding
effect of radiation protective eyewear for radiation protection of crystalline lens. Radiol. Phys. Technol. 2019, 12, 401–408.
[CrossRef] [PubMed]

http://doi.org/10.1093/rpd/ncr312
http://www.ncbi.nlm.nih.gov/pubmed/22117021
http://doi.org/10.3390/tomography8010036
http://www.ncbi.nlm.nih.gov/pubmed/35202201
http://doi.org/10.1093/rpd/ncz027
http://www.ncbi.nlm.nih.gov/pubmed/30864671
http://doi.org/10.1088/0952-4746/34/3/N65
http://www.ncbi.nlm.nih.gov/pubmed/25119299
http://doi.org/10.1016/S0002-9149(01)02161-0
http://doi.org/10.3390/diagnostics11040646
http://doi.org/10.1093/jrr/rrx039
http://www.ncbi.nlm.nih.gov/pubmed/29409055
http://doi.org/10.1038/s41598-017-00556-3
http://www.ncbi.nlm.nih.gov/pubmed/28373715
http://doi.org/10.1093/rpd/ncy285
http://doi.org/10.1093/rpd/ncz175
http://doi.org/10.1093/jrr/rraa034
http://doi.org/10.1093/jrr/rrab014
http://doi.org/10.1259/bjr.20210436
http://www.ncbi.nlm.nih.gov/pubmed/34545762
http://doi.org/10.3390/bioengineering8110153
http://www.ncbi.nlm.nih.gov/pubmed/34821719
http://doi.org/10.2214/AJR.09.2747
https://journals.sagepub.com/doi/pdf/10.1177/ANIB_46_1
http://doi.org/10.3390/medicina57050500
http://doi.org/10.1016/S1051-0443(99)70241-1
http://doi.org/10.1088/1361-6498/ac16b1
http://doi.org/10.1093/rpd/ncn244
http://www.ncbi.nlm.nih.gov/pubmed/18801753
http://doi.org/10.1007/s12194-022-00660-8
http://doi.org/10.3390/diagnostics11091613
http://www.ncbi.nlm.nih.gov/pubmed/34573955
http://doi.org/10.1016/j.ejrad.2021.109925
http://www.ncbi.nlm.nih.gov/pubmed/34482175
http://doi.org/10.3390/diagnostics11061116
http://doi.org/10.3390/diagnostics11081415
http://doi.org/10.1007/s12194-019-00538-2
http://www.ncbi.nlm.nih.gov/pubmed/31617146


Bioengineering 2022, 9, 354 11 of 11

60. Kirkwood, M.L.; Arbique, G.M.; Guild, J.B.; Zeng, K.; Xi, Y.; Rectenwald, J.; Anderson, J.A.; Timaran, C. Radiation brain dose to
vascular surgeons during fluoroscopically guided interventions is not effectively reduced by wearing lead equivalent surgical
caps. J. Vasc. Surg. 2018, 68, 567–571. [CrossRef]

61. Reeves, R.R.; Ang, L.; Bahadorani, J.; Naghi, J.; Dominguez, A.; Palakodeti, V.; Tsimikas, S.; Patel, M.P.; Mahmud, E. Invasive
Cardiologists Are Exposed to Greater Left Sided Cranial Radiation: The BRAIN Study (Brain Radiation Exposure and Attenuation
During Invasive Cardiology Procedures). JACC Cardiovasc. Interv. 2015, 8, 1197–1206. [CrossRef]

62. Alazzoni, A.; Gordon, C.L.; Syed, J.; Natarajan, M.K.; Rokoss, M.; Schwalm, J.-D.; Mehta, S.R.; Sheth, T.; Valettas, N.; Velianou,
J.; et al. Randomized Controlled Trial of Radiation Protection With a Patient Lead Shield and a Novel, Nonlead Surgical Cap for
Operators Performing Coronary Angiography or Intervention. Circ. Cardiovasc. Interv. 2015, 8, e002384. [CrossRef] [PubMed]

63. Roguin, A.; Goldstein, J.; Bar, O.; Goldstein, J.A. Brain and neck tumors among physicians performing interventional procedures.
Am. J. Cardiol. 2013, 111, 1368–1372. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jvs.2017.12.054
http://doi.org/10.1016/j.jcin.2015.03.027
http://doi.org/10.1161/CIRCINTERVENTIONS.115.002384
http://www.ncbi.nlm.nih.gov/pubmed/26253734
http://doi.org/10.1016/j.amjcard.2012.12.060
http://www.ncbi.nlm.nih.gov/pubmed/23419190

	Introduction 
	Materials and Methods 
	Development of the Novel Radiation Shield 
	Phantom Study 
	Dosimetry 

	Results 
	Discussion 
	Conclusions 
	References

