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ARTICLE INFO ABSTRACT
Keywords: When performing real-time dosimetry using an active-type dosimeter during clinical fluoroscopic procedures,
Wearable active-type dosimeter angular dependence of dosimeter response should be taken into account. Our research group addressed this issue

X-ray incident direction
Occupational dose
Interventional radiology

and proposed a triple-type dosimeter that can determine the incident angle of scattered X-rays. The triple-type
detector consists of three active dosimeters. The two side dosimeters have slope filters to enhance the angular
dependence and are intentionally tilted. The central dosimeter faces forward. The incident angle of X-rays (6i,) is
estimated using the signal differences between the central dosimeter and the left and/or right dosimeters. Then,
the absolute dose is determined by correcting the angular dependence of the central dosimeter based on the
estimated 6;,. In order to verify the concept of the triple-type dosimeter, we conducted a proof-of-concept
experiment using clinical X-ray fluoroscopic equipment. Scattered X-rays were generated by irradiating an
elliptical cylindrical water phantom. The response of the triple-type dosimeter was evaluated by rotating it to
vary the incident angle of scattered X-rays generated by the water phantom. The proposed dosimetry system
could estimate the 6;, over an angular range of +80° (with uncertainty of 1.35°), which is 30° wider than the
previous version, and successfully determined the absolute doses after correction for the angular dependence of
the dosimeter. Although the active-type dosimeter had a systematic uncertainty related to the angular depen-
dence of £15.2 %, our system succeeded in reducing the systematic uncertainty to +3.2 %.

1. Introduction results in large angular dependence [Dong et al., 2011; Silva et al., 2016;
Goto et al., 2020]. Passive dosimeters such as optically stimulated

When measuring radiation dose in clinical settings, it is very luminescence dosimeter (OSL) have a relatively simple structure
important to consider the angular dependence of the dosimeter [Asahara et al., 2018, 2020; Jursinic, 2007], so attempts have been
response. This is because the diagnostic X-rays used in medicine are made to manufacture bioequivalent elements that have little depen-
relatively lower energy, and the structural asymmetry of the detectors dence on angle and energy, and they have been applied to medical
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dosimetry [Goto et al., 2023, 2025; Hayashi et al., 2021, 2025, 2026;
Takegami et al., 2023; Maeda et al., 2026].

In contrast, active dosimeters are known to have relatively larger
energy dependence because their detectors are fabricated with higher
atomic-number materials. In addition, there are many restrictions on the
dosimeter design related to the placement of the readout circuit, etc.,
making it extremely difficult to realize a detector that is not subject to
angular dependence. Although basic data on the energy and angular
dependences have been obtained and reported with the aim of
furthering the clinical application of active dosimeters [Gangl et al.,
2022; Hattori et al., 2023], no clinical research has been conducted in
which proper corrections have been made based on these basic data. In
other words, simply measuring the energy and angle dependences is not
enough, and a more sophisticated detection systems need to be
developed.

Active dosimeters can obtain real-time dose information. If the in-
formation on X-ray incident angle could be analyzed from the real-time
data, this would not only enable analysis that eliminates angular
dependence, but also make it possible to apply the incident X-ray angle
data itself to dose reduction. Our research group previously developed a
wearable “triple-type dosimeter” consisting of three active detectors
[Asahara et al., 2023, 2024]. This dosimeter has two key functions: (1)
analyzing the incident angle of X-rays, and (2) determining the absolute
dose by correcting for angular dependence while simultaneously
obtaining incident angle data. The previous version of the triple-type
dosimeter had three active dosimeters arranged in a “line”. The two
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side dosimeters had titanium slope filters to enlarge the angle depen-
dence, and the X-ray incident angle was estimated from the signal dif-
ference between these two detectors. In the previous paper, a new
function for analyzing the X-ray incident direction was successfully
obtained, but the measurable angular view was limited to —50° to +50°,
which may not provide sufficient coverage for clinical use. When the
signal from one of the left and right dosimeters became very small with a
larger X-ray incident angle, the measurement uncertainty was increased.
Moreover, while the previous studies employed a complex algorithm to
analyze angles, the analyzed angles were in increments of 10°, leaving
room for improvement.

The purpose of this research is to improve the performance of a
triple-type dosimeter and develop the dosimeter that has a wider
analytical view. To achieve this, a detector configuration arranged along
a circular “arc” was devised. In addition, we modified the algorithm to
analyze the X-ray incident angle using the signal difference between the
central detector and a single side detector, rather than both side de-
tectors. This updated procedure allows analysis of the X-ray incident
direction based on measurement values with smaller uncertainties.

2. Materials and methods
2.1. A concept of a modified triple-type dosimeter system

In this section, the concept of the improved triple-type dosimeter is
explained. Fig. 1 shows a conceptual illustration of the triple-type
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Fig. 1. Concept of the modified triple-type dosimeter system. The dashed ellipses show the angular dependence of the active-type dosimeters. Dosimeters 1 and 2 are
arranged to have a titanium slope filter and lead shield to enlarge the angular dependence, and they are tilted +45° outwards. The central dosimeter is a commercial
dosimeter without modification. Based on the differences in measured responses R;, Ro, and R3, the incident angle of X-rays was derived.
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dosimeter developed in this study. This dosimetry system consists of
three active-type dosimeters. A major feature of our detection system is
that the three dosimeters have different angular dependences. The
dashed ellipses are the angular dependences of the dosimeters in polar
coordinate form, where the frontal direction is defined as 0°. The X-ray
incident angle was defined as 6j,.

Dosimeters 1 and 2 are RaySafe i2 dosimeters (Unfors RaySafe AB,
Bjorklundabacken, Sweden) [Cardoso et al., 2016; Mangiarotti et al.,
2016]. They are fixed at the left and right sides of a circular arc, and
their inclination angles are set at +45°. These dosimeters are shielded
with 2 mm-thick lead in order to restrict the measurable X-rays to only
those incident from the entrance window on the frontal surface. The
back side is also shielded to reduce contamination from backscattering
X-rays. To enlarge the angular dependence, the titanium slope filters are
symmetrically arranged in front of the open windows. Therefore, the
maximum thickness must be 2 mm to avoid protruding from the lead
shield, and it has a linear slope from 0 mm to 2 mm (5.7°). The filter
design has been determined by the previous study [Asahara et al., 2024],
and this titanium filter has suitable performance in triple-type dosim-
eter. Dosimeter 1 has an angular view of approximately —50° to +50°
[Asahara et al., 2023], and therefore, when tilted at —45°, it has a view
of —95° to +5°. Dosimeter 2 was tilted +45°, resulting in a view of —5°
to +95°. Dosimeter 3, the central dosimeter, is a RaySafe i3 (RaySafe i3;
Unfors RaySafe AB, Bjorklundabacken, Sweden) [Cewe et al., 2022;
Lundvall and Sandborg, 2022; Sanchez et al., 2021]; it has a reported
sensitivity range of approximately +90° and was used without modifi-
cation [Unfors RaySafe, 2020]. For the experimental setup, an addi-
tional lead plate was placed on the back side of dosimeter 3, as with the
other dosimeters, to reduce the influence of backscattering X-rays. Both
the RaySafe i2 and i3 consist of silicon semiconductor detectors as their
detection element.

As shown in Fig. 1, the responses of dosimeters 1, 2, and 3 are
described as Ry, Ro, and R3, respectively. When X-rays are incident from
O, the information of 6;, can be included in the signal difference be-
tween Ry and Rg (or R; and Rg), and therefore 6;, can be analyzed.
Furthermore, by using this 6;, information with the angular dependence
data determined in advance, it is possible to calculate the absolute dose
by correcting the effect of 6;, on the measured dose as Rs. Rj, R, and R3
are measured as the dose rate within a 1-s measurement period, which is
personal dose equivalent at a 10 mm depth (H,(10)) in units of mSv/h or
uSv/s; this value is defined as the “response value” in this paper. These
responses can be read in real-time using wireless communication tech-
nology and/or after the experiment using a dedicated communication
device.
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2.2. Analytical algorithm

Fig. 2 shows an analytical algorithm for deriving the incident angle
6in and absolute dose using a triple-type dosimeter.

First, the 6y, is determined using the Ry, Ry, and R3. R3 derives from a
centrally placed dosimeter that, unlike the other two dosimeters, is not
subject to signal attenuation from an added Ti filter, so for most mea-
surement data Rg is larger than Ry or Ry. The ratio of R; and Ry to R3
were calculated in order to extract information on the relative differ-
ences between them, and used these values to calculate the 6;,. The
response ratios were calculated as:

R,
= 1-1
TRy b

R2
R 1-2
ra R, (1-2)

Because these response ratios have unique relationships with the 6j,,
reference conversion tables r%¢f(9) and riff(6), which are a function of 6,
could be determined in advance. That is, when the r; and r, values can
be measured experimentally, 6;, is determined as:

b= (1) (), @1

-1
On= (") (r2). 2-2)
For the actual analysis, since the data from the direction of the X-ray
incident side gives a larger r value, the larger values of r; and r, were
used to calculate 6;,. This analysis algorithm is shown in the red box in
Fig. 2 and summarized as:

Rl 7 R2 " RsSele_c:ionl\/[ax(rl 7 TQ)COD‘EfsmnHm. (3)
Next, the absolute dose Dy is calculated from Rz with the angular
dependence correction. The correction factor ky is defined as:
Rref ( 6)
ko(0) = —=—=, 4
o(0) =(0°) C)]
where Rgef(e) is the reference response of dosimeter 3 at the incident
angle 6, which should be determined in advance, and Rf(0°) is that at
the frontal incidence angle (9 = 0°). Using the correction factor kg
evaluated at the 6;, determined above, the absolute dose Dy is calcu-
lated from Rj3 as:

~
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Fig. 2. An algorithm to determine both the incident angle 6;, and absolute dose D, using the triple-type dosimeter. The 6;, is determined using the response ratios
R1/R3 and Ry/R3. By using a reference conversion table that was determined in advance, the 6;, can be estimated from the response ratios. The D, is analyzed by

correcting the angular dependence with the obtained 6j,.
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This analysis algorithm is shown in the blue box in Fig. 2. Note that this
correction does not aim to evaluate H,(10, 6). Rather, the purpose of
using kg is to correct for the angular dependence of the R3 so that the D,pg
represents the response at frontal incidence, i.e., an estimate equivalent
to Hp(10, 0°). In other words, Daps corresponds to the personal dose
equivalent at 0° incidence, regardless of the incident angle.

By using this algorithm, the triple-type dosimeter system can deter-
mine both the incident angle 6;, and the absolute dose D,p;.

2.3. Experiment using the modified triple-type dosimeter

To verify the performance of the modified triple-type dosimeter, an
experiment using a clinical fluoroscopic system was performed. Fig. 3
shows photographs of the experimental arrangement. A clinical X-ray
fluoroscopic system (Ultimax-I, DREX-UI80; Canon Medical Systems,
Tochigi, Japan) was used, with the X-ray tube set in the under-table
configuration. The distance between the imaging detector and the X-
ray focal point was set to 120 cm. An elliptical cylinder water phantom
with outer dimensions of 30 cm x 45 cm x 20 cm' [Japan Industrial
Standard (JIS) Z4915, 1974] was placed on the table as a scatterer. The
height of the center point at the phantom was set to 100 cm from the
floor. The triple-type dosimeter was placed at the same height (100 cm
from the floor). The irradiation field was 20 cm x 30 cm, and the hor-
izontal distance between the dosimeter and the irradiation field was 50
cm. This arrangement simulated an operator with a dosimeter attached
to the lower abdomen region. Although the proposed system is wearable
dosimeter, they were mounted on a rotational actuator in this experi-
ment to precisely control the incident angle. Because the back side of
each dosimeter was shielded with lead, the measured scattered X-rays
correspond to those entering only from the front surface, which is
equivalent to the condition when worn on a human body. The irradia-
tion conditions were 80 kV, 20 mA, 15 frames per second, and a pulse
width of 10 ms. The automatic exposure control system was not used,
allowing the dosimeter to be exposed to a higher dose. The scattered
X-rays during the fluoroscopic procedure were measured. A rotational
actuator (RCP2-RTBSL; IAI, Shizuoka, Japan) was used to precisely
determine the rotation angle of the dosimeter from —120° to +120° at
10° intervals. The exposure time at each angle was 30 s.

Two measurements were performed. In both experiments, the
response values were read after each irradiation and analyzed by the

i

Height from the floor: 100 cm

/— Fluoroscopic system
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algorithm. The first irradiation was used to measure the response of the
dosimeters. These data were then used to calibrate the reference tables
(r*f(0) and rf(9)) and the correction factor (ko) for the angular
dependence. To reduce statistical fluctuation, the average response
values of 10-s measurements were used. The second irradiation was
conducted to verify the feasibility of the triple-type dosimeter. The
response values Rj, Ry, and R3 observed every 1-s were analyzed. The
incident angles analyzed using the algorithm were compared to the
predetermined angles. Finally, the absolute dose with angular depen-
dence correction, which is D,ps for 0° incidence, was determined using
the incidence angle information, and the systematic uncertainty caused
by the angular dependence was evaluated.

3. Results
3.1. Angular dependence

Fig. 4 shows the angular dependence of the triple-type dosimeter
displayed on polar coordinates. Panels (a), (b), and (c) correspond to the
responses from dosimeters 1, 2, and 3, respectively. The responses were
obtained by rotating the dosimeter relative to the incident direction of
the scattered X-rays, and these values are indicated as the integrated
dose rate over a 10-s period in the unit of Sv. The coordinate system used
in this experiment is shown in the inset; note that detectors 1 and 2 are
tilted at —45° and +45°, respectively. Due to the slope filter and outward
tilt arrangement, dosimeter 1 exhibited enhanced angular dependence,
with increased sensitivity to X-rays incident from the left side (i.e., the
negative angular direction). In turn, dosimeter 2, which was placed
symmetrically on the opposite side, exhibited an enhanced angular
dependence with increased sensitivity to X-rays incident from the pos-
itive angular direction. Strictly speaking, the distributions observed by
detectors 1 and 2 were not symmetrical because the commercial RaySafe
i2 detectors have asymmetric angular distributions [Cardoso et al.,
2016; Mangiarotti et al., 2016]. The central dosimeter, dosimeter 3,
which was not modified, showed very low angular dependence. How-
ever, the angular dependence was larger from directions exceeding
+45°, and therefore the effect of the angular dependence could not be
ignored. The observed angular dependence was consistent with the
manufacturer’s reports [Unfors RaySafe, 2020]. The measured angular
dependences indicate that the dosimeter’s concept shown in Fig. 1 is
feasible.

Fig. 5 (a) shows reference conversion tables ri*f(¢) and r5f(6), as a
function of predetermined angle. The red and blue plots correspond to ry

Dosimeter 3

(i3) —

Dpsimeter 2 i
(i24Pb+Ti filter)  DEsimeter 1
1 (i2£Pb+Ti filfer)
wi

Fig. 3. Photograph of the experimental arrangement for performance verification of the triple-type dosimeter. The scattered X-rays from the water phantom were
measured, and the dosimeter system was attached to the rotational actuator. The response values were observed when the angle was varied between —120° and

+120° at 10° intervals.
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Fig. 4. Angular dependence of the modified triple-type dosimeter. (a) The response of dosimeter 1 shows an enlarged angular dependence for the negative angle side
due to the tilted arrangement and slope filter. (b) The response of dosimeter 2 has the opposite sensitivity, which is enlarged for the positive direction. (¢) The
response of dosimeter 3 shows a relatively constant value within +45°. The inset illustrates the top view of the dosimeter system, in which the angle is defined with

respect to the central axis of the system.
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Fig. 5. Reference data used for the algorithm. Panel (a) shows the reference conversion tables of rif(#) and rif(6) for converting the response ratios as a function of
the incident angle. Using them, the X-ray incident angle can be derived. Panel (b) shows the correction factor ko, which was calculated from the angular dependence

of dosimeter 3. Using this data, the absolute dose can be calculated.

and ry, respectively. A unique relationship can be seen within the range
of —80° to +80°. The reference tables can be used to convert the
measured response ratio to the incident angle. Fig. 5 (b) shows the
correction factor kg, which is obtained from the measured response of
dosimeter 3. Because it was shown that the correction factor is not a flat
value, it must be corrected. Even when used within the narrow range of

+45°, a difference of approximately 10 % was observed. When the angle

exceeds +60°, the kg drops rapidly, down to approximately 0.5. Based
on the kg and analyzed 6y,, our algorithm can calculate the absolute dose
from the measured response.

3.2. Analysis of the incident angle and absolute dose

Fig. 6 shows the typical time-series measurement results of the
incident angle 0, and absolute dose D,,s analyzed by the modified
triple-type dosimeter. For this demonstration, the predetermined angles
were set to —70°, +60°, and 0°, and the dosimeter responses were
recorded at 1-s intervals. Fig. 6 (a) shows the measured responses of
each detector. Signals from detectors 1 and 3 were observed when the X-

rays were incident from —70°. Signals from detectors 2 and 3 were
observed when the X-rays were incident from +60°. When the X-rays
were incident from 0°, signals from dosimeters 1, 2, and 3 were
observed. Fig. 6 (b) shows the analyzed 6;, values. The mean angle and
the standard deviation under the corresponding settings were deter-
mined as —69.7 £+ 7.0°, 58.1 + 3.6°, and 0.2 + 3.3°, which matched well
with the predetermined 6, values. Fig. 6 (c) shows the comparison be-
tween the original dose rate (without correction) and the D, rate
calculated by our algorithm. D, values were constant regardless of 6;,
values.

Fig. 7 (a) shows the results of the incident angle analyzed by our
algorithm. They are the measurement results of 30-s average data taken
from the time-series data (see Fig. 6). The horizontal and vertical axes
are the predetermined and analyzed angles, respectively. Almost all data
were plotted on the Y = X line. The standard deviation (SD) of residual
uncertainty from the line was determined to be SD = 1.35°; this value
was evaluated as the systematic uncertainty regarding the 6;, determi-
nation. Fig. 7 (b) compares the original dose rates and absolute dose
rates obtained from dosimeter 3. By applying our correction procedure,
the D, could be determined while eliminating systematic uncertainty
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Fig. 6. Time-series measurement data to exemplify the availability of the modified triple-type dosimeter. Typical predetermined angles of —70°, +60°, and 0° are
presented. Panel (a) shows responses from the dosimeters recorded at 1-s intervals. Panel (b) indicates the incident angles analyzed by our algorithm. Panel (c) shows
a comparison between the original dose rate (without correction) and the absolute dose rate calculated using our algorithm with correction for the

angular dependence.

related to the angular dependence. As shown in the right graph,
although the mean original dose rate was 0.89 +/- 0.14 pSv/s (relative
uncertainty of 15.2 %), the absolute dose rate was determined to be 1.00
+/- 0.03 pSv/s (relative uncertainty of 3.2 %).

4. Discussion
4.1. Improvement from the previous triple-type dosimeter

The concept of a triple-type dosimeter system (see Fig. 1), that can
analyze both the incident angle of X-rays and the absolute dose by
correcting for the angular dependence of active-type dosimeters, was
proposed. Table 1 summarizes the specifications of this earlier version.
Although previous studies have proposed the concept of a triple-type
dosimeter, in those proposals the three dosimeters were arranged in a
“straight line”, which resulted in a narrow angular view of —50° to +50°
[Asahara et al., 2023, 2024]. The present study aimed to expand the
analytical field of angular view. The biggest change to the detection
system was that the two dosimeters placed on the sides (dosimeter 1:
left; dosimeter 2: right) were tilted at —45° and +45° and situated on the
“arc” of a circle to accurately detect the angle of X-rays coming from the
negative and positive directions. As shown in Fig. 4, each detector
showed the expected angular dependence; dosimeter 1 achieved a
measurable field of view of 0° to —80°, and dosimeter 2 achieved a
measurable field of view of 0° to +80°. As a result, the improved
triple-type dosimeter successfully achieved a field of view of —80° to
+80°.

To account for the modified detector arrangement, the analysis al-
gorithm was also modified. Fig. 8 shows the changes in the analysis
algorithm from the previous studies. Fig. 8 (a) shows the incident angle
calculation algorithm used in our previous papers [Asahara et al., 2023,
2024]. In this earlier algorithm, the vector Rxy was calculated from the
signal difference between R; and Ry:

R b

R, R,
\/Rl2 +R,’ \/R12 +Ry?

(6)

This vector changes depending on 6;,. Reference data of Rxy were ob-
tained in advance for predetermined angles (¢ = —50°, ..., —10°, 0°,
+10°, ..., +50°). The experimentally determined Rxy was plotted by the
discrete “scatter plot” for comparison with the reference Rxy, and the X-
ray incident angle was determined by adopting the 6;, associated with
the closest reference Rxy. Although this algorithm required complex
calculations, the accuracy of the calculated 6, was very rough, as it was
determined at 10° intervals. There was considered to be clear room for
improvement in the algorithm used to calculate the incident direction of
X-rays.

Our present procedure of the system is shown in Fig. 8 (b) (see also
Fig. 2). Here, a simple algorithm is adopted that uses the signal differ-
ence between the detector located in the center and either the left or
right detector, whichever has the larger signal. Since the function for
calculating the X-ray incident angle is continuous, 6;, can be determined
with high accuracy. In fact, in the experimental evaluation shown in
Fig. 7, the incident angle was successfully calculated with an accuracy of

+1.35°. This is a significant technological advancement.

Improving the accuracy of 6;, can also improve the estimation ac-
curacy of the correction coefficient (equation (4)) when calculating Dyps.
As can be seen in Table 1, the uncertainty in the D, calculated using the
previous algorithm was +4.2 %, but that calculated using the revised
algorithm was +3.2 %, indicating an improvement in accuracy. As
shown in Fig. 7, without the correction of the angular dependence, the
systematic uncertainty increases to +15.2 %, which is the biggest
drawback of active-type dosimeters. Our present system could thus lift
the main constraint to the clinical application of active-type dosimeters.

4.2. Clinical applicability and limitations

The triple-type dosimeter system demonstrated in this study can
perform time-dependent analysis of both the incident angle and absolute
dose. This capability would be useful for evaluating occupational
exposure during IVR procedures. In recent years, the high dose level of
occupational radiation exposure of medical staff during IVR procedures
and orthopedic surgery [Yamashita et al., 2016, 2017; Nakajima et al.,
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(a) Incident angle: 6;,
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Fig. 7. Results of comparative experiments to verify the accuracy of the methodology for each X-ray incident angle. Panel (a) shows the results of the incident angle.
0in could be analyzed in the angular view of —80° to +-80° with an uncertainty of SD = +1.35°. Panel (b) shows the dose rates determined from dosimeter 3. Absolute
dose rates, which were corrected for angular dependence, did not include systematic uncertainty. The uncertainty of the dose rate was determined to be SD = +0.03

pSv/s.

Table 1

A comparison of detector constructions between the previous studies and the present study.

Previous study

Present study

References

Dosimeter construction
Dosimeters used

Concept

Algorithm to derive the X-ray incident angle
Applicable angular range

Applicable photon energy

Systematic uncertainty of measured dose

Asahara et al. (2023)

Asahara et al. (2024)

Three linearly arranged detectors
RaySafe i2 (side x 2, center x 1)

(1) Incident angle determination

(2) Absolute dose determination
Differences between side dosimeters
Angles: —50° to +50° at 10° intervals
Scattered X-rays for 80 kV

+4.2 %

Three detectors arranged on a circular arc®
RaySafe i2 x 2 (side x 2)

RaySafe i3 x 1 (center x 1)

(1) Incident angle determination

(2) Absolute dose determination

Differences between center and side dosimeters”
Angles: —80° to +-80°° (SD = +1.35°)

Scattered X-rays for 80 kV

SD = +3.2 %"

# The dosimeter design was reconsidered in this study.

b These contents were updated.
¢ See results in Fig. 7.

2025] has become a problem, and numerous studies on radiation pro-
tection have been conducted [Apostolou et al., 2025; Crowhurst et al.,
2023; Hayashi et al., 2024]. It has been reported that the use of a
shielding device can reduce radiation dose [Apostolou et al., 2025;
Crowhurst et al., 2023], but it is difficult to confirm that the shielding
device was functioning properly in these studies, since the incident di-
rection of X-rays was not analyzed. By analyzing both the dose data and
X-ray incident angle second-by-second, it becomes possible to more
accurately assess the effectiveness of radiation protection and to

investigate optimal radiation shielding procedures.

In clinical IVR procedure, the main cause of occupational exposure is
scattered X-rays generated by the patient, and it is important to evaluate
them. The proposed dosimeter was designed to estimate the incident
angle in the horizontal (left-right) direction only. This is because the
vertical location of the patient rarely changes during clinical IVR pro-
cedure. However, differences in the vertical scattered radiation distri-
bution may occur depending on the height of the surgeon. If it becomes
necessary in the future to determine the vertical incident angle, by
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Fig. 8. Comparison of the detector construction and the analysis algorithm between the previous and present studies. In the previous method shown in (a), i, was
calculated from the signal difference between the left and right detectors. 6;, could be calculated within the angular view of —50° to +50° at 10° intervals. In the
detector shown in (b), the signal difference between the center detector and the left and/or right detectors is made based on a function of . Continuous analysis of 6,

can be performed within the view of —80° to +80° with an uncertainty of +1.35°.

Table 2
Estimation of the lower deteion limit of our dosimeter.

Angle Lower detection limit of dose rate [pSv/s]

[degree] Dosimeter 1° Dosimeter 2° Dosimeter 3" Estimated
(RaySafe i2, (RaySafe i2, (RaySafe i3, value for our
left) right) center) system®

—80 0.035 - 0.013 0.035

-70 0.034 - 0.010 0.034

—-60 0.034 - 0.010 0.034

-50 0.037 - 0.009 0.037

—40 0.042 - 0.009 0.042

-30 0.050 - 0.009 0.050

—20 0.070 - 0.008 0.070

-10 0.151 - 0.008 0.151

0 - - 0.008 0.008

+10 - 0.087 0.008 0.087

+20 - 0.061 0.008 0.061

+30 - 0.048 0.009 0.048

+40 - 0.041 0.009 0.041

+50 - 0.037 0.009 0.037

+60 - 0.034 0.009 0.034

+70 - 0.034 0.011 0.034

+80 - 0.042 0.016 0.042

2 The lower detectable limit of dosimeters 1 and 2 was reported to be 0.011
uSv/s, which is the minimum measurable dose rate for the RaySafe i2 dosimeter.
These columns show the minimum detectable dose taking into account the
attenuation of X-rays by the Ti slope filter.

b The lower detectable limit of dosimeter 3 was reported to be 0.008 uSv/s,
which is the minimum measurable dose rate for the RaySafe i3. In this column,
angular dependence was taken into consideraon.

¢ The detection limit for the entire system was estimated as the largest of the
values in the first to third columns.

adding two detectors in the vertical position (up and down) in addition
to the horizontal (left and right) detectors arrangement will achieve
three-dimensional angle identification.

The lower detection limit (LDL) for our system was estimated as
follows. The user manuals for the RaySafe i2 and RaySafe i3 dosimeters
give lower detection limits of 0.011 pSv/s (=40 puSv/h) [Unfors RaySafe,
2014] and 0.008 pSv/s (=30 uSv/h) [Unfors RaySafe, 2020] for these
devices, respectively. Because detectors 1 and 2 were fitted with Ti fil-
ters, the modified detection limits were calculated taking into account
the attenuation in the filters, as shown in Table 2. On the other hand, for
detector 3, only the angular dependence was accounted for when
calculating the detection limit (see Fig. 4). The last column of Table 2
lists the larger value of the detection limits mentioned above, which is
the detection limit for our system. Although the detection limit varies
depending on the X-ray incident angle, it was shown that our dosimeter
functioned correctly for doses above 0.151 pSv/s (=0.54 mSv/h). This
detection limit is sufficient for clinical application. In previous studies,
dose rates during IVR procedures have ranged from 0.054 to 16.4 mSv/h
[Sanchez et al., 2010], 2-3 mSv/h [Vano et al., 2011], and 0.215-0.345
pSv/s under low-dose protocols [Zhang et al., 2021]. All of these re-
ported values are above the LDL of our dosimeter, making the triple-type
dosimeter applicable in a wide range of clinical IVR situations.

There are some limitations to this study. First, the purpose of this
study was to demonstrate the feasibility of the proposed concept, and the
experiments were performed at one specific measurement position. The
reference tables and the correction factor used in the analysis algorithm
were applied based on the calibration data acquired at this position.
When performing actual measurements, the dosimeter may be worn at
different heights or positions depending on the operator’s physique. In
such cases, the reference data calibrated at the corresponding



T. Asahara et al.

measurement position needs to be applied for the analysis. Therefore,
further studies are needed to verify the accuracy of angle and dose
analysis when the dosimeter is worn under different positional condi-
tions. Second, the experiment was conducted using a simplified phan-
tom and only 80 kV X-rays. Since the ri*f(6), rif(6), and ke, which are
used as reference data for the algorithm, depend on the experimental
conditions such as phantom size and tube voltage, the necessity of re-
calibration for each condition and/or further validation are required
for application in actual clinical settings. Finally, while this study
demonstrated the proof-of-concept, redesign is necessary for developing
a compact product for this application.

5. Conclusion

A triple-type dosimeter system consisting of three active-type do-
simeters was developed, enabling determination of both the incident
angle and the absolute dose of X-rays. The two side detectors have slope
filters in front of the window, and are placed on a circular arc. Experi-
mental verification using a clinical fluoroscopy system was performed.

The incident angle was determined based on the signal difference
between the side detector and a central detector. Based on experimental
evaluation, it was found that our dosimeter system could determine the
incident angle within an angular view of —80° to +80° with an uncer-
tainty of £1.35°. The absolute dose was determined by eliminating the
angular dependence using the determined incident angle. The system-
atic uncertainty in absolute dose rate was evaluated to be 3.2 %, versus
15.2 % when not applying angular dependence correction.

Our system is not only capable of calculating angle-corrected abso-
lute dose values with high accuracy, but is also expected to enable
research into further radiation exposure reduction using the information
on the X-ray incident angle.
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