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Abstract: Radiation dose management of medical staff has become increasingly important. Partic-
ularly, based on the statement by the International Commission on Radiological Protection (ICRP)
in 2011, a new lower equivalent dose limit for the eye lens is being established in each country. Al-
though many reports have discussed the occupational radiation dose in interventional radiology (IR),
few studies have examined the dose during computed tomography (CT) examinations. This study
investigated the radiation dose exposure to medical staff present in the CT room during irradiation,
with particular focus on the exposure to eye lens. The radiation dose exposure to those who assist
patients during head, chest and upper abdomen CT examination was measured in a phantom study.
The radiation dose exposure with scattered radiation was never negligible (i.e., high); Hp(3) was
the highest in head CT examination, at 0.44 mSv per examination. Furthermore, the shielding effect
of radiation protection glasses was large, and radiation protection glasses are useful tools for the
medical staff who are involved in CT examinations. The justification and optimisation should be
carefully considered in assistant actions.

Keywords: occupational exposure; eye lens; computed tomography; scattered X-ray;
patient assistance

1. Introduction

Computed tomography (CT) is an indispensable modality in modern diagnostic
imaging. The use of CT is increasing owing to the technical advances in this technique.
Medical staff members (e.g., physicians, nurses and radiological technologists) occasionally
remain in the CT examination room during irradiation to monitor the injection of the
contrast media, to restrain the patient, operate medical devices, etc. [1–6]. These actions
are performed for medical safety/procedures or maintaining image quality. In particular,
in Japan and United States, both, the frequency CT examination [7,8] and radiation dose
exposure of the patient undergoing CT examination is high [8]. In these situations, radiation
dose management for the medical staff is more meaningful. The importance of radiation
protection during irradiation in CT room is presented in a guideline for radiation safety of
medical staff [9].

The International Commission on Radiological Protection (ICRP) recommended the
new lower equivalent dose limit for the eye lens of 20 mSv/y that is averaged over a defined
period of 5 y, with no single year exceeding 50 mSv for occupational exposure [10,11].
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Many studies have investigated the occupational radiation dose in interventional ra-
diology (IR), wherein medical staff may be exposed to considerable scattered X-rays. How-
ever, few studies have discussed occupational radiation dose in CT examinations [1–6,12].
Our literature search did not reveal any report that directly investigated the radiation dose
of eye lens as Hp(3). Moreover, radiation protection glasses (Pb glasses) are useful for
reducing the radiation exposure to eye lens; the shielding effect of the light type of Pb
glasses (0.07 mmPb) in IR is about 60% [13–15]. Pb glasses may also need to be worn by
the medical assisting staff who are present in the room during CT examination. The tube
voltage used in CT examination is generally fixed at 120 kV [16] that is typically higher
than that in IR [17]. With an increase in the photon energy, the shielding effect of Pb glasses
decreases [18]. Therefore, the protective effect of Pb glasses in CT needs to be determined.

This phantom study aimed to measure Hp(3) to the eye with or without Pb glasses
and Hp(10) and Hp(0.07) to the trunk inside or outside the radiation protection apron for
the assisting staff during CT examination.

2. Materials and Methods

In this study, radiation dose exposure of the medical staff members who assist in head,
chest and upper abdomen CT scans was evaluated. The assistant actions included acts,
such as monitoring injection of the contrast media (e.g., initial supervision in bolus tracking
method), restraining the patient (e.g., fixation of head or arms) and operating the medical
device (e.g., operating of bag valve mask).

Medical staff phantom built up has been shown in Figure 1. Medical staff phantom
was constructed with anthropomorphic head phantoms (ALDERSON) and X-ray water
phantom for chest and abdomen (JIS Z 4915-1974, Miwa Electric Medical Co., Ltd., Aichi,
Japan). External layer of the water phantom was filled with water. The water phantom was
set on a desk, and the head phantom was set on the water phantom. The height of medical
staff phantom was 158 cm; it simulates the average body height of a Japanese woman. The
medical staff phantom was covered with radiation protection apron of lead equivalent of
0.35 mmPb (Dream Light, Maeda & Co., Ltd., Tokyo, Japan).
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DOSIRIS (Chiyoda Technol Corporation, Tokyo, Japan) for Hp(3) and glass badge
(Chiyoda Technol Corporation, Tokyo, Japan) for Hp(10) and Hp(0.07) [19] were used
as personal dosimeter. DOSIRIS is consist of thermoluminescent dosimeter, and glass
badge is composed of radiophotoluminescence glass dosimeter. These dosimeters are of
the passive type, and a radiation dose reading is performed by manufacturer. Radiation
monitoring system of the manufacturer complies with ISO/IEC 17025: 2017 and traceability
is ensured [20,21]. With glass badge, Hp(10) and Hp(0.07) can be measured simultaneously.
DOSIRIS and glass badge were set on medical staff phantom. DOSIRIS was set near the
left lateral canthus using a ready-made head set prepared by manufacturer. Glass badges
were set both, outside (neck–chest position) and inside (abdomen) the radiation protection
apron. It has reported that DOSIRIS and glass badge have a good angular response [19,22].

Light type of Pb glasses (Panorama Shield, Toray Medical Co. Ltd., Tokyo, Japan)
whose lead equivalent was 0.07 mmPb was used. With or without Pb glasses, individual
dose measurement was performed. Dose reduction effect of Pb glasses was calculated
as follows:

Dose reduction effect (%) = {1 − (Hp(3) with Pb glasses)/(Hp(3) without Pb glasses)}×100. (1)

An 8-channel multi-detector row CT scanner (LightSpeed Ultra, GE Healthcare Japan
Corporation, Tokyo, Japan) was used for measuring the dose after performing the daily
calibration. Anthropomorphic phantom (PBU-50, Kyoto Kagaku Co., Ltd., Kyoto, Japan)
was laid down on the bed of the CT scanner as patient phantom. In head scan, the hands
of patient phantom were set on the abdomen. In chest and upper abdomen scans, the arms
of the patient phantom were raised and fixed. Scanning was performed using CT-auto
exposure control. Detail scan parameters and dose information (CT dose index: CTDIvol,
dose length product: DLP) indicated on CT scanner console are shown in Table 1. These
values (CTDIvol or DLP) are reasonable setting compared to national diagnostic reference
levels in Japan (Japan DRLs 2020) [23].

Table 1. Scan parameter and dose information obtained from the CT scanner console.

Head Chest Upper Abdomen

Tube voltage (kV) 120 120 120
Noise index 2.8 9.0 9.9

Set max. tube current (mA) 300 440 440
Scan mode Axial Helical Helical

Rotation time (sec/rot) 2.0 0.6 0.6
Beam pitch - 0.875 1.35

Beam collimation (mm) 8 × 1.25 8 × 2.5 8 × 2.5
CTDIvol (mGy) 1 83.03 6.15 10.63
DLP (mGy cm) 2 1245.48 220.56 270.52

1, 2 CTDIvol and DLP are representative values. They vary slightly as per the scan position in patient phantom.
The scan range is fixed.

Medical staff phantom was made to stand straight, facing the iso-centre of the CT
scanner. The distance between the iso-centre and the nasal root was 75, 85 and 95 cm in the
head, chest and upper abdomen scans, respectively. The layout in dose measurement is
shown in Figure 2. Scanning was performed 10 times in the head scan, 20 times in the chest
and upper abdomen scans. The scattered X-ray (mainly derived from patient phantom)
was measured with a personal dosimeter (i.e., DOSIRIS and glass badge). Each personal
dose equivalent per examination was calculated by dividing the accumulated dose by the
number of scan times. Furthermore, effective dose of medical staff related to nonuniform
exposure was also calculated using the following equation:

Effective dose (mSv) = 0.11 Ha + 0.89 Hb (2)



Appl. Sci. 2021, 11, 4448 4 of 9

where Ha and Hb are Hp(10) outside and inside apron, respectively. This formula is gener-
ally used to evaluate an individual effective dose in radiation management in Japan [24–27].
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Hp(3) of the medical staff per DLP in each scan was also determined. The value of
Hp(3) in each scan was normalised to that in the 75 cm position based on the inverse square
law. The normalised Hp(3) was divided by DLP.

In this study, uncertainty was evaluated only for the measured value of the personal
dose equivalent using a personal dosimeter. The expanded uncertainty was evaluated with
a coverage factor of k = 2, which indicates approximately 95% confidence level. The accu-
racy of the personal dosimeter has not been reported; therefore, we assumed an accuracy
of 10%. The measurement result was denoted as measured value ± expanded uncertainty.

3. Results

The radiation dose exposure of the medical staff in head scans is shown in Figure 3a.
Hp(3) without Pb glasses, Hp(10) and Hp(0.07) outside apron in head scans were 0.44 ± 0.05,
0.51 ± 0.06 and 0.53 ± 0.06 mSv per examination, respectively. Hp(3) with the Pb glasses,
Hp(10) and Hp(0.07) inside the apron per examination were 0.14 ± 0.02, 0.035 ± 0.004 and
0.035 ± 0.004 mSv.

Figure 3b shows the results in chest scan. Hp(3) without Pb glasses and Hp(10) and
Hp(0.07) outside apron per examination were 0.13 ± 0.01, 0.12 ± 0.01 and 0.12 ± 0.01 mSv,
respectively. Hp(3) with Pb glasses and Hp(10) and Hp(0.07) inside apron per examination
were 0.047 ± 0.005, 0.015 ± 0.002 and 0.015 ± 0.002 mSv, respectively.

Figure 3c depicts the personal dose equivalent in upper abdominal scan, Hp(3) without
Pb glasses and Hp(10) and Hp(0.07) outside apron per examination were 0.12 ± 0.01,
0.095 ± 0.011 and 0.095 ± 0.011 mSv, respectively. Hp(3) with Pb glasses and Hp(10)
and Hp(0.07) inside the apron per examination were 0.041 ± 0.005, 0.0050 ± 0.0006 and
0.0050 ± 0.0006 mSv, respectively.

Dose reduction effect of Pb glasses was 63–69%. Determined effective doses of medical
staff per examination are shown in Table 2, and determined Hp(3) (without Pb glasses) of
medical staff per DLP in each scan in the normalised position of 75 cm is shown in Table 3.
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Table 2. Estimated effective dose exposure of the medical staff in each scan.

Body Site of Scan Effective Dose of Medical Staff (mSv/exam)

Head 0.087
Chest 0.026

Upper abdomen 0.015

Table 3. Hp(3) of the medical staff per DLP in normalised position of 75 cm (without Pb glasses).

Body Site of Scan Hp(3) (mSv/DLP) 1

Head 3.6 × 10−4

Chest 7.4 ×10−4

Upper abdomen 7.3 × 10−4

1 The value of Hp(3) in chest and upper abdomen scan were normalised to that assuming the medical staff was
positioned at 75 cm distance from the iso-centre.

4. Discussion

Research has shown that the radiation dose in patients who underwent CT was the
highest in diagnostic radiography [28]. Therefore, scattered X-ray from patient in CT also
seemed to be high due to the considerable radiation dose used in CT. It is imperative to
identify the radiation dose exposure of the medical staff members who are present in the
CT room during examination, particularly the radiation exposure dose of eye lens, whose
equivalent dose limit is being reduced is important.

The highest personal dose equivalent of the medical staff was observed in head scan.
This is firstly owing to the small distance between the iso-centre and eye. Second, it
assumed to be attributed to the higher radiation dose in the scan protocol (i.e., high DLP).
Hp(3) without Pb glasses in head scan was 0.44 ± 0.05 mSv per examination. If a medical
staff member engages in assistant action of head CT scan 46 times without Pb glasses,
the radiation dose of the eye lens reaches a new dose limit of 20 mSv/y. A medical staff
member frequently assists patient during radiation exposure from necessity; therefore, it
is important for the staff member to wear Pb glasses. In the meantime, in the first place,
it should be considered whether the assistant action is necessary in the clinical situation
based on the concept of ‘justification of practices’. The assistant action should be kept to
the minimum.

In this study, Hp(3) in the chest and upper abdomen scan were relatively low. Further-
more, when an injection of contrast media is monitored as assistant action at only an early
timing (e.g., in bolus tracking method), radiation dose exposure of medical staff would
be smaller due to the short time of assistant action and less amount of X-ray used in the
method. However, it is never negligible; if examination is repeated in dynamic scan, etc.
in the case of holding patient body, the radiation dose is simply added. Furthermore, if
an examination is performed with higher radiation dose (i.e., high DLP), the amount of
scattered X-ray radiation increases.

Additionally, as described above, since the radiation dose exposure of medical staff
with scattered X-ray in CT examination is high, the use of mobile radiation shielding
screen should be also considered depending on the situation in the case of observa-
tion/supervision of patient, to reduce radiation dose of the whole body.

The use of a dosimeter for eye lens is not widespread; therefore, it is challenging
to evaluate Hp(3) in the current clinical situation. Personal dose equivalent (i.e., Hp(3),
Hp(10) and Hp(0.07)) per air-absorbed dose depends on the photon energy [29]. Within this
study, there was no distinguished difference between the measured value of Hp(3) without
Pb glasses and Hp(10), Hp(0.07) outside a protective apron in assistant action during CT
examination that is generally performed with a tube voltage of 120 kV; the difference was
within 25%. Therefore, it may be possible to estimate the radiation dose of eye lens of
medical staff using popular personal dosimeter for Hp(10) or Hp(0.07) measurement in CT
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examination, when the medical staff does not wear Pb glasses owing to the small amount
of scattered X-ray or infrequent assistance.

Although X-ray energy used in CT examination is relatively high, the dose reduction
effect of Pb glasses was 63–69%, similar to that in IR reported previously [13–15]. Air dose
distribution and energy distribution of scattered X-ray in CT examination is expected to be
very complicated owing to the rotation of the X-ray tube. Thus, it was believed that the
dose reduction effect was not lower than that in IR.

The effective doses per examination of the medical staff member associated with
assistance actions in CT with protective apron were 0.087, 0.026 and 0.015 mSv in the
head, chest and upper abdomen, respectively. Hp(10) inside the protective apron was
about 1/10th of Hp(10) outside the protective apron. The trunk of the body was adequately
protected by the apron. Therefore, the effective dose was much smaller than Hp(10) without
the apron. Thus, the use of a radiation protective apron is essential while performing
assistive actions during X-ray irradiation.

Hp(3) of the medical staff per DLP was determined as 3.6 × 10−4, 7.4 × 10−4 and
7.3 × 10−4 mSv/DLP in head, chest and upper abdomen scans, respectively. In spite of the
largest Hp(3) of 0.44 mSv/exam in the head scan, Hp(3) per DLP was the smallest among
the 3 kinds of scans. This may be owing to the size difference of CTDI phantom used in
CTDI measurement. DLP indicated on the console of the CT scanner is the product of
CTDIvol and scan range (cm). This CTDIvol was a value measured by the manufacturer
in advance. In the measurement of CTDIvol, small size phantom (diameter of 16 cm) for
head and large size phantom (diameter of 32 cm) for trunk of the body are used. If the
output of X-ray from X-ray tube is same, CTDIvol obtained by small size CTDI phantom
is larger than that obtained with large CTDI phantom. Therefore, output of X-ray from
X-ray tube per CTDIvol in head scan is smaller than that in chest and upper abdomen scans.
Consequently, scattered X-ray per CTDIvol in head scan is also smaller than that in chest
and upper abdomen scan. Moreover, the amount of scattered X-ray depends on the size
of the scanning subject; therefore, the scattered X-ray from the anthropomorphic head
phantom was smaller than that from the chest or abdomen phantom. Thus, it was thought
that Hp(3) per DLP in head scan was the smallest. We believe that Hp(3) per DLP shown
in Table 3 can be universally used as a crude indicator (i.e., conversion factor) to estimate
the Hp(3) of the medical staff in any CT examination, multiplying the value of Hp(3)/DLP
and DLP indicated on the console, unless there are significant differences in the patient
physique or scan range. In this case, it needs to be distinguished from the head and trunk
of the body as the body site of the scan (i.e., it needs to be distinguished whether the DLP
indicated on the console obtained from 16 cm or 32 cm CTDI phantom). Furthermore, the
estimated radiation dose needs to be corrected by distance based on the inverse square
law. This indicator may need to be additionally reviewed for use in several situations.
For example, the difference in the filter used for the X-ray tube may need consideration
because it influences the effective energy of X-ray that affects the amount of scattered
X-ray radiation.

This study has certain limitations. First, only female medical staff members with
standard height of 158 cm were enrolled. This height is not representative of all medical
staff members because the average height of male medical staff members would be more.
This would affect the results because the eye lens of shorter subjects is located in a position
that is closer to the iso-centre than those of taller staff members. Therefore, we believe
that the radiation dose was conservatively estimated in this study. Taller medical staff
members would be exposed to less radiation. Second, the CT scanner used in this study
was not the most advanced model. However, the amount of scattered X-ray radiation
depends on DLP; therefore, we believe that the result of this study can be applied to the
current clinical situation used by advanced CT scanner. Next, although the typical tube
voltage of 120 kV was used in this study, CT examination with low tube voltage (i.e., 80 or
100 kV) is sometimes performed [16]. Since the amount of scattered X-ray depends on tube
voltage [30], the radiation dose of medical staff would be evaluated on the safe side in this
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study. Finally, the personal dosimeter was set not on the eye position but on the side of the
eye. The radiation dose of the eye lens may be slightly different in the present results.

5. Conclusions

This study evaluated the radiation dose exposure of medical staff who occasionally
stay in CT room during irradiation focusing on the eye lens. Hp(3) of the medical staff
in head CT examination was the highest, at 0.44 mSv per procedure. The new lower
limit of exposure for eye lens (20 mSv/y) may be exceeded without the use of Pb glasses,
depending on the assistance situation. Pb glasses are important protection tools in CT
examination as well. The justification of practice and optimisation of protection should be
carefully considered for medical staff members providing assistance in CT examinations.
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