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ABSTRACT

This study evaluated the shielding effect of a newly developed dose-reduction fiber (DRF) made from barium
sulfate, in terms of radiation doses delivered to patients’ radiosensitive organs and operator during C-arm fluoroscopy
and its impact on the quality of images. A C-arm fluoroscopy unit was placed beside a whole-body phantom.
Radiophotoluminescent glass dosimeters were attached to the back and front of the whole-body phantom at 20 cm
intervals. Radiation doses were measured without DRF and with it applied to the back (position 1), front (position
2) or both sides (position 3) of the phantom. To investigate the impact of DRF on the quality of fluoroscopic images,
step-wedge and modulation transfer function phantoms were used. The absorbed radiation doses to the back of the
phantom significantly decreased by 25.3-88.8% after applying DRF to positions 1 and 3. The absorbed radiation
doses to the front of the phantom significantly decreased by 55.3-93.6% after applying DRF to positions 2 and 3.
The contrast resolution values for each adjacent step area fell in the range 0.0119-0.0209, 0.0128-0.0271, 0.0135—
0.0339 and 0.0152-0.0339 without and with DRF applied to positions 1, 2 and 3, respectively. The investigated
DRE effectively reduces absorbed radiation doses to patients and operators without decreasing the quality of C-arm
fluoroscopic images. Therefore, routine clinical use of the DRF is recommended during the use of C-arm fluoroscopy.
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INTRODUCTION

Since X-rays were discovered in 1895 by Roentgen, radiographic
imaging modalities, including conventional radiography, computed
tomography (CT) and fluoroscopy, are widely used in the medical
field as diagnostic and treatment tools. Of these, C-arm fluoroscopy has
been widely used in operating rooms during various procedures, such
as orthopedic surgery, spine procedures and vascular interventions,
because it can provide real-time images of anatomical structures
[1-3].

With the use of C-arm fluoroscopy increasing, there have been
concerns about the amount of radiation exposure to operators [4-6].
Especially, radiation exposure should be minimized for radiosensitive
organs, including the gonads, lens of the eyes, thyroid, breast and thy-
mus [7, 8]. To reduce radiation exposure for operators, radio-protective

garments, including lead apron, thyroid shields, radiation reducing
gloves and goggles, are mostly used during C-arm fluoroscopy. Similar
to operators, patients on the operating table are also vulnerable to direct
and scattered radiation. A number of studies investigated the radiation
doses received by the operator and identified the factors that could
reduce radiation exposure [4, 8-13]. However, patient exposure during
C-arm fluoroscopy has been studied less extensively compared with
operator exposure.

Recently, a dose reduction fiber (DRF) shielding cloth (DRFQ,
RADTECH Korea, Gyeongju, Korea) was developed to reduce the
radiation dose to patients (Fig. 1). DRF was made from barium sulfate
(BaSO,) and its thickness was 2 mm, which corresponded to the lead
equivalent of 0.1 mm Pb. However, no study has investigated the pro-
tective effect of the newly developed DRF shielding cloth. Therefore,
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Fig. 1. Experimental setup for measurement of absorbed radiation doses.

we performed this study to evaluate the shielding effect of DRF in
terms of radiation doses delivered to patients’ radiosensitive organs
and the operator during the use of C-arm fluoroscopy. In addition, we
investigated the impact of DRF on the quality of C-arm fluoroscopic
images.

MATERIALS AND METHODS
This study was exempted from the approval of our institutional review
board because it did not involve human subjects.

A whole-body phantom (PBU-60; Kyoto Kagaku CO., LTD.,,
Kyoto, Japan) was placed on the operating table to simulate a
patient. The whole-body phantom was composed of a cadaver
bone surrounded by soft-tissue-equivalent acrylic material that had
approximately the same density as human soft tissue. A C-arm
fluoroscopy unit (OEC 9800; GE Healthcare, Milwaukee, W1, USA)
was placed beside the whole-body phantom at a 90° angle in the
standard posteroanterior (PA) position (with the X-ray tube placed
downward and the detector placed upward). The distance between
the whole-body phantom and the C-arm detector was 30 cm (Fig. 1).
The C-arm fluoroscopy unit was focused on the pelvis at the automatic
energy setting of 85 kvP and 3.5 mAs.

Radiophotoluminescent glass dosimeters (RPLD, GD-352 M;
AGC Techno Glass, Tokyo, Japan) were attached to the back and front
of the whole-body phantom at the position of the thyroid, thymus,
abdomen and gonads with an interval of 20 cm (Fig. 1).

First, radiation doses to the back of the phantom at the position of
the gonads, abdomen and thymus, and to the front of the phantom at
the position of gonads, abdomen, thymus and thyroid were measured

by RPLD without DRF as control. Thereafter, DRF was applied to the
back (position 1), front (position 2) or both sides (position 3) of the
whole-body phantom and radiation doses were measured again. When
DRF was applied to the back of the whole-body phantom, RPLD were
located between the DRF and the whole-body phantom. When DRF
was applied to the front of the phantom, RPLD were located above the
DREF (Fig. 2). The whole-body phantom was exposed to the radiation
source for 10 min, and the absorbed radiation doses were recorded by
the RPLD. For each scenario, the experiment was repeated 10 times,
and the average absorbed radiation dose per minute was calculated.

To compare the impact of DRF on the quality of images, a step
wedge phantom (CIRS model 018) and modulation transfer function
(MTF) phantom (Type 52) were used. Each phantom was located
on the operating table and the phantom images from the C-arm flu-
oroscopy unit with the automatic energy setting of 60 kvP and 1.4 mAs
were obtained.

The step-wedge phantom images were used to calculate the con-
trast resolution (CR) that describes the difference between two target
regions of interest (ROIs) [14]. The step-wedge phantom contained
11 steps and every step was included in the field of view. The CR of
each step was calculated according to the following equation:

_SA_SB
TS, + Sy

where S, and S are the signal intensity defined as the sum of the pixel
values in the ROI of adjacent steps. The ROI was an area of 10 x 100
pixels that was boxed in each step area at the same position in the step
phantom image. The step phantom images with and without use of
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Fig. 2. Location of radiophotoluminescent glass dosimeters
(RPLD) and dose reduction fiber (DRF) at positions 1,2 and
and 3.

DRF were obtained under the same conditions as in the whole-body
phantom experiments.

The MTF phantom images were used to analyze the spatial res-
olution using the MTF. The MTF was defined as the contrast at a
given spatial frequency compared with the contrast at a low frequency

according to the following equation:

MTE = S 100 (%)

C(0)

where C(0) was the lowest frequency contrast, assumed to be the spa-
tial frequency of 0 LP/mm, while the contrast C(f) at spatial frequency
f was calculated as shown below:

Vmax - Vmin

Cf) = ————
(f) Vmax + Vmin

where V,.x and Vi, were the average values of the peak and the valley
in the pattern image of each spatial frequency.
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Statistical methods
The Kolmogorov—-Smirnov test was used to identify the normality of
continuous variables. The Kruskal-Wallis test was used to analyze the
differences in absorbed radiation doses according to the use of DRF.
Multiple comparison tests were performed using Bonferroni correc-
tion. All statistical analyses were performed using SPSS software for
Windows (version25.0; SPSS, Inc., Chicago, IL, USA). All statistics
were two-tailed, and P-values < 0.05 were considered statistically sig-
nificant.

RESULTS

For the back of the whole-body phantom without DREF, the absorbed
radiation doses at the location of the thymus (122.3 pSv/min) and
abdomen (378.6 pSv/min) were 0.7 and 2.3% of those absorbed at
the location of the gonads (16369.7 pSv/min). Radiation doses at the
location of the thymus, abdomen and gonads decreased significantly
after applying DRF to the back of the phantom (P < 0.001) and to
the both sides of the phantom (P < 0.001). Moreover, the absorbed
radiation doses to the back of the phantom decreased by 25.3-42.9%
as a result of DRF use at the back of the phantom and by 34.2-88.8%
as a result of DRF use at both sides of the phantom (Fig. 3).

For the front of the whole-body phantom without DRF, the
absorbed radiation doses at the location of the thyroid (70.3 uSv/min),
thymus (69.9 uSv/min) and abdomen (111.5 pSv/min) were 14.6,
14.5 and 23.2% of those absorbed at the location of the gonads
(480.6 pSv/min). When DRF was applied to the front of the phantom
and to both sides of the phantom, the absorbed radiation doses to
the front of the phantom significantly decreased by $5.3-93.6% (all
P < 0.001). When DRF was applied to the back of the phantom, the
absorbed radiation doses significantly decreased at the location of the
gonads by 35.3% and at the location of the abdomen by 4.7%, but
increased at the location of the thymus by 20.1% and at the location of
the thyroid by 5.9% (all P < 0.001) (Fig. 4).

The CR values for each adjacent step area fell in the range 0.0119—
0.0209, 0.0128-0.0271, 0.0135-0.0339 and 0.0152-0.0339 for the
experiment without DRF and with DREF applied to positions 1, 2 and
3, respectively (Fig. 5). The average values of the CR with DRF were
increased compared with the average value without DRF. The rates
of increase according to the position of the DRF were 18.8, 17.9 and
43.4%, respectively, for positions 1-3.

Figure 6 shows the MTF curves without DRF and with DRF
located at positions 1-3, and the trend of the MTF curve shape shows
little difference for all cases. Comparing MTF values of each LP/mm,
the performance was reduced by 8.4, 2.3 and 19.1% respectively,
according to the position of the DRF. The MTF performance in the
low frequency area was not significantly different, but in the high
frequency area between 1.4 and 2.0 LP/mm, the MTF performance
was decreased when DRF was used, especially at position 3.

DISCUSSION
Previous studies demonstrated the effect of barium sulfate composite
thyroid collars and apron on radiation protection for operators during
the use of fluoroscopy and X-ray [15, 16]. However, there has been
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Fig. 3. Comparison of absorbed radiation doses to the front of the whole-body phantom at the location of the thyroid, thymus,
abdomen and gonads without DRF and with it applied to the back (position 1), and both sides (position 3) of the phantom.
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Fig. 4. Comparison of absorbed radiation doses to the back of the whole-body phantom at the location of the thymus, abdomen
and gonads without DRF and with it applied to the back (position 1), and both sides (position 3) of the phantom.

no study investigating the effect of patient organ shield during C-
arm fluoroscopic examination. The current study demonstrated that
the newly developed DRF shielding cloth could reduce the absorbed
radiation doses to patients and operators. In addition, the quality of C-
arm fluoroscopic images was not affected by DRF application.

There are limitations to this study. First, the radiation doses of
the front of the whole-body phantom did not accurately indicate the
radiation dose to the operator because of the distance between the
patient and the operator, and scattering. Further study using the oper-
ator phantom is required to measure the scattered radiation doses to
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Fig. 5. Images and contrast resolution of the step-wedge phantom from the C-arm fluoroscopy obtained without DRF and with it
applied to the back (position 1), front (position 2) and both sides (position 3) of the phantom.
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Fig. 6. Images and modulation transfer function (MTF) curves of the MTF phantom from the C-arm fluoroscopy obtained
without DRF and with it applied to the back (position 1), front (position 2) and both sides (position 3) of the phantom.

the operator more accurately. Second, this study may overestimate the ~ Third, we did not evaluate the effect of the operating table on the
absorbed radiation doses to patients’ radiosensitive organs because the  radiation dose. The materials and thickness of the operating table may
RPLDs were attached to the outer surface of the whole-body phantom.  be important factors that could affect the radiation dose. However,
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we used the operating table that was used in actual clinical practice;
thus, our study’s results are clinically meaningful. Fourth, the energy
setting of C-arm fluoroscopy could affect the image quality. Further
study regarding image quality according to the energy setting of C-arm
fluoroscopy is required.

When RPLD were attached to the back of the phantom, the
absorbed radiation dose to ROI of C-arm fluoroscopy was 43 and 134
times higher than that in regions at 20 and 40 cm distance from RO],
respectively. When RPLD was applied on the front of the phantom,
the absorbed radiation dose to ROI of C-arm fluoroscopy was 4, 7
and 7 times higher than that in regions at 20, 40 and 60 cm distance
from the RO, respectively. Therefore, we think that patients should
be protected using this dose-reduction shield, especially at the ROI of
C-arm fluoroscopy.

In terms of absorbed radiation doses to the operator from C-arm
fluoroscopy, our experiment found that the application of DRF to both
front and back sides of the patient can reduce the radiation doses most
effectively. In terms of absorbed radiation doses to the patient, the DRF
attached to both sides of patients also decreased the radiation dose
most effectively, except for the ROI of C-arm fluoroscopy. Therefore,
the application of DRF to both front and back sides of patients can be
recommended to reduce the absorbed radiation doses to both patients
and operators during the use of C-arm fluoroscopy.

As the number of CT examinations performed continues to
increase, radiation doses for patients have also increased [17, 18]. The
radiation doses delivered by CT are 100-500 times higher than those of
conventional radiography and are associated with increased cancer risk
[19]. Furthermore, children are more sensitive to radiation-induced
carcinogenesis compared with adults [19, 20]. Therefore, radiation
exposure should be minimized for patients’ radiosensitive organs,
such as the lenses of the eyes, thyroid, breast and gonads during CT
scanning. Several studies evaluated the effect of the bismuth shield
on radiation-dose reduction for radiosensitive organs in patients who
underwent CT [21-23]. They reported radiation dose reductions of
1.2-60%, depending on the organs and CT protocol. A meta-analysis
demonstrated that the bismuth shield was effective in decreasing the
patients’ surface radiation dose by decreasing the low-energy photons
delivered at its surface during CT scanning [24]. In our experiments,
25.3-88.8% radiation-dose reduction was observed in patients during
C-arm fluoroscopy. We think that our newly developed DRF from
barium sulfate can also be used during CT scanning. To confirm the
shielding effect of the DRF during CT scanning, further experiments
using DREF are required.

For the dose-reduction shield to be commercially available, the
quality of radiographic images should be maintained. Bismuth shields
are easy to use and have been known to reduce radiation doses without
creating artifacts, while general lead shields can cause streak and beam-
hardening artifacts. Several studies demonstrated the shielding effect of
bismuth or barium sulfate shields without any substantial deterioration
of image quality [21, 25]. In our experiments, the quality of the C-arm
fluoroscopic images did not decrease after applying the DRF to the
front or back of the phantom. However, the image quality decreased
when the DRF was applied to both sides of the phantom. Therefore,
we recommend the use of DRF to the back side of patients in ROI, and
both front and back sides of the patients in other regions, to maximize

the radiation dose-reduction effect in both the patient and the operator,
and to preserve image quality during C-arm fluoroscopy.

In conclusion, this study showed that the newly developed DRF
shielding cloth made from barium sulfate is effective in reducing the
absorbed radiation doses to both patients and operators. In addition,
the shielding effect of DRF can be obtained without decreasing the
quality of C-arm fluoroscopic images. Therefore, routine clinical use
of this DRF can be recommended during C-arm fluoroscopy.
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