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ABSTRACT A 64-channel scintillation fiber-based real-time monitoring system (SFRMS) was developed
and evaluated to verify the dwell position and dwell time of the radioactive source in high-dose-rate
brachytherapy. The measurement system consists of 64 sensors installed around a tandem applicator. The
distal end of the readout system was fiber-optically connected to the measurement system. The data readout
system consisted of a photomultiplier tube and a measurement and automation explorer. The SFRMS
accuracy was evaluated in terms of dwell position, output linearity, and dwell time using an afterloader
with a 192Ir source. Additionally, a Gafchromic EBT3 film was inserted into the applicator to compare fiber
measurements. Furthermore, a clinical treatment plan and silicon-based anthropomorphic phantom were
utilized to evaluate the accuracy of the dwell positions and dwell times of the source in a situation mimicking
a real treatment. The measured output signals from each sensor were fit with Gaussian and inverse-square
functions to determine the exact source dwell positions. The difference in dwell position between the plans
and the estimated data was −0.63 ± 0.25 mm for the Gaussian fitting and 0.72 ± 0.26 mm for the inverse-
square fitting. The difference in dwell time between the plans and the estimated data was within 0.1 sec.
For the measurements of the clinical plan on the silicon-based anthropomorphic phantom, the difference in
dwell position between the plans and the estimated data was less than 0.88 ± 0.29 mm for the Gaussian
fitting and less than 0.85± 0.36 mm for the inverse-square fitting. The SFRMS can accurately detect source
dwell positions and dwell times and provide real-time output.

INDEX TERMS Index terms dwell position, dwell time, high-dose-rate brachytherapy, real-timemonitoring,
scintillation fiber.

I. INTRODUCTION
High-dose-rate (HDR) brachytherapy (BT) is a radiotherapy
technique used to treat cancer that uses sealed radioactive
sources to deliver doses at a rate greater than 12 Gy/h [1], [2].
The radioactive source in HDR-BT travels through tubes or
applicators, providing a highly conformal dose escalation
to cancer areas. HDR-BT is used to treat cancers of the
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prostate, rectum, cervix, esophagus, and other organs [3], [4].
For cervical, prostate, or gynecologic cancers, HDR-BT
is more effective than external beam radiation therapy at
targeting cancerous tissues while protecting surrounding
normal tissues [4]–[7]. However, to utilize these advantages
effectively, it is necessary to ensure the accuracy of the dwell
positions and dwell times of the BT sources [8], [9].

In BT, quality assurance (QA) must be performed on
treatment equipment, treatment planning systems, and patient
treatment procedures. Specifically, the accuracy of loading
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and positioning the source and dummy should be checked
on a weekly or monthly basis. Furthermore, the accuracy
of the irradiation time should be checked quarterly or
whenever the source changes. Quality verification definitions
and specifications can be found in the IAEA Technical
Documents (IAEA-TECDOC) 1040 and the report of Task
Group 59 of the American Association of Physicists in
Medicine (AAPM) [10], [11].

Recently, various types of equipment have been introduced
to external beam radiation therapy (EBRT) for real-time
patient monitoring during treatment, including Dolphin (IBA
Dosimetry, Schwarzenbruck, Germany), IQM (iRT Systems
GmbH, Koblenz, Germany), and PerFraction (Sun Nuclear
Corporation, Melbourne, FL, USA) [12]–[14]. In contrast to
the EBRT, however, the lack of proper monitoring in BT
treatment has gained attention over the last decade.

BT dose evaluation has been investigated in several studies.
Smith et al. [15] evaluated EPID-based in vitro dosimetry for
BT and reported the effects of source-to-detector distances.
They reported that there is uncertainty due to the low
transmission doses caused by the lower energy of BT.

Jeang et al. [16] described an alternative method for
2-dimensional in vivo rectal dosimetry for HDR-BT for
cervical cancer using an endorectal balloon (ERB) with a
Gafchromic EBT3 film (Ashland ISP Advanced Materials,
NJ, USA). They showed that ERBs can be used for HDR-
BT to monitor the accuracy and consistency of cervical
and prostate cancer treatments, as well as to predict rectal
toxicity. EBT3 films are widely used for dose evaluation
because they can measure doses independently of HDR-
BT systems. However, when using these conventional film-
reading techniques, the dose effects can only be evaluated
after film exposure [17]. Furthermore, EBT3 films require
a waiting period of a few hours before the values can be
obtained; hence, real-time monitoring is limited.

In 2007, Qi et al. [18] presented a phantom verification
method for an HDR-BT plan based on the use of a MOSFET
detector. They reported the mean relative deviation between
the treatment plan and the measurement to be 2.2 ± 0.2%
for dose points 1 cm away from the source and 2.0 ± 0.1%
for dose points 2 cm away from the source. Point doses were
evaluated in the study, but the dwell time and dwell position
of the source were not considered.

Proulx et al. [19] evaluated the accuracy of a plastic
scintillation detector (PSD) system for in-phantom dosimetry
during 192Ir HDR-BT treatments. They reported that a PSD
can perform accurate dosimetry. The authors showed the
applicability of PSDs for in vivo dosimetry (IVD) for
HDR-BT. Recently, Debnath et al. [20] reported on the
performance of a real-time dose verification system for BT
developed using a point size inorganic scintillator detector.
They reported that the standard deviation (1σ ) of the signal
magnitudes provided by their system was 0.03%, and that the
stability was within 0.54%. Kertzscher et al. [21] reported
the measurement results for 20 treatments in 12 prostate
cases, demonstrating the potential of time-resolved IVD

using radioluminescence signals from Al2O3:C crystals.
Recently, his group reported the accuracy of an IVD-based
source-tracking method with a comparable system to
HDR-BT [20], [22]. They reported an accuracy range of
−0.01 ± 0.38 to 2.8 ± 0.38 mm. However, to achieve
precise dwell position monitoring with the PSD system in a
clinical setting, factors such as detector sensitivity, catheter
positioning accuracy for the PSD, and medium uniformity
should be considered.

Mason et al. [23] performed Monte Carlo simulations of
a single-fraction treatment to compare data measured with
a MOSFET inserted into a needle. The point dose was
evaluated in their investigation, but the source movement and
irradiation time were not.

Kertzscher et al. reported on IVD trends and prospects
for BT in 2014 [24], noting that multipoint dosimeters, such
as linear-array MOSFETs and plastic scintillator detectors,
would become novel dosimeter IVD detectors for BT.
In 2020, Verhaegen et al. suggested that IVD approaches
provide benefits only if the techniques are commercially
available, straightforward to implement in clinical practice,
require minimal and easy-to-perform QA procedures, and are
accurate enough to detect the relevant error [25]. Addition-
ally, in 2020, Fonseca et al. reported on the requirements and
future directions of IVD in BT [26]. They reviewed the results
of previous studies and noted that more than 10% of dose
errors could have severe clinical effects. They introduced
two recent IVD methods: time-integrated point/multipoint
dosimetry and time-resolved point/multipoint dosimetry.
They stated that time-resolved methods could avoid large
treatment errors, which are impossible with time-integrated
dosimetry.

In this study, we developed a scintillation fiber-based real-
timemonitoring system (SFRMS) for HDR-BT and evaluated
its performance by measuring dwell positions and dwell
times. Moreover, we implemented a real patient plan using an
in-house silicon phantom developed based on general human
anatomy, including the pelvis, bladder, vagina, rectum, and
anus. Then, the applicability of the SFRMS to the patient
treatment plan was evaluated.

II. MATERIALS AND METHODS
A. SYSTEM LAYOUT
1) SCINTILLATION AND OPTICAL FIBERS
We developed a tandem applicator measurement system
for HDR-BT (i.e., the SFRMS) that consists of 64-channel
plastic scintillation fibers. We used a BCF-12 scintillating
fiber for signal generation and a BCF-98 optical fiber for
signal transmission (Saint-Gobain S.A., France). The BCF-
12 and BCF-98 fibers were connected using optical grease
(Saint-Gobain’s BC-630 optical grease, Saint-Gobain S.A.,
France) [27]. Both the BCF-12 and BCF-98 fibers are
polystyrene-based plastic fibers with square cross-sections
(1 mm2), and both scintillation fibers have a cladding thick-
ness of 0.04 mm and a coating thickness of 0.010–0.015 mm;
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FIGURE 1. Diagram of scintillation fiber-based 64-channel applicator: A. Side view of applicator, B. Types of arrangement of
curved and straight parts of scintillation fibers and optical fibers, C. Cross sectional view of curved and straight parts of the
applicator. (All units are shown in mm).

the black EMA (Extra Mural Absorber) coating applied to
the outer fiber surface primarily eliminates fiber crosstalk.
The BCF-98 fiber transmits the blue scintillating light
generated by the BCF-12 fiber to a photomultiplier tube
(PMT, Hamamatsu PMTAssembly, H12428-203MOD). The
BCF-12 fiber has a scintillating light emission peak at 435 nm
and a decay time of 3.2 ns [28]. The BCF-98 fiber has a
transmission loss of 3.3 dB/m [29].

2) APPLICATOR FABRICATION
The homemade 64-channel tandem applicator consisted of a
scintillation fiber wrapped around the tube through which the
radioactive source moved, as shown in Figs. 1 and 2.

The scintillation fiber (BCF-12) and optical fiber (BCF-98)
were 1-mm thick and had square cross-sections. The scin-
tillation fibers (BCF-12) were cut into 2-mm segments and
connected to one end of a 1-m-long optical fiber (BCF-98)
using optical grease. The other end of the optical fiber
(BCF-98) was similarly connected to the PMT (Fig. 1 A).
The distance between the centers of two adjacent scintillation

fibers was 3 mm in the curved part and 2 mm in the linear
part (Fig. 1 B). The applicator consisted of three subparts.
The first (innermost) part was an inner tube with a diameter
of 2.5 mm through which the radiation source moved back
and forth. The second part (curve) is a cover that wraps
around the front half of the first part (inner tube), where the
sensors are inserted. The sensors are arranged in a cylindrical
pattern around the inner tube, 5 mm from the center. The third
part (linear) is a cover that wraps around the rear half of the
first part (inner tube), where the sensors are inserted. The
sensors are arranged in a cylindrical pattern around the inner
tube, 9 mm from the center. To evaluate the dwell position
independently of the scintillator fiber sensor, we created a
thin, long space in which the film could be inserted into the
applicator (Fig. 1 C). We also developed a rectum tube to
evaluate the dose at the rectum.

There were 64 channels in total, including 19 for the
curved part (one dummy source + 18 sensors), 42 for the
linear part (one dummy source + 41 sensors), and three for
the rectum tubes. The homemade scintillation fiber-based
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FIGURE 2. A. scintillation fiber-based 64-channel applicator, B. graphical user interface (GUI) of the real-time monitoring system : The GUI for the
real-time monitoring system consists of three display windows: (a) raw data in real-time, with the horizontal axis representing time, and the
vertical axis representing channel-specific output, (b) output for each channel in real-time, with the horizontal axis is the number of each
scintillation channel, and the vertical axis representing the output for each channel, and (c) is the real-time fitting results of the data.

64-channel tandem applicator is shown in Fig. 2 A. The
applicator consists of a curved part, a linear part, and a tube
for the rectum. The holder was designed specifically to secure
the applicator.

The primary disadvantage of plastic scintillators is the
presence of optical noise, such as Cerenkov radiation
and fiber excited luminescence, fluorescence generated in
the light guide, which results in an undesirable stem
effect [30], [31]. The stem effect is generally referred to
as measurement optical noise generated in the optical fiber
material. Even when the radiation source approaches the
optical fiber rather than the scintillator fiber, the stem effect
generates noise. Furthermore, the noise from the stem effect
increases as the distance between the source and the optical
fiber decreases. In the SFRMS, scintillation fibers (BCF-12)
are positioned at 2- or 3-mm intervals at the distal end of the
64 optical fibers (BCF-98), which are arranged at the same
distance and are parallel to the source movement line. As the
source moves within the applicator, the vertical distance
between the source and the optical fibers remains constant.
Therefore, the stem effect is generated uniformly across the
entire optical fiber and can be separated by total background
subtraction. The SFRMS calculates the peak position in the
relative output distribution of each sensor. Therefore, the
spacing among the arranged sensors is a significant factor
in determining position measurement accuracy. In addition,
there are two optical fibers that are not connected to the
scintillator. The background light is measured and subtracted
simultaneously.

3) REAL-TIME DATA READOUT SYSTEM
The overall schematic of the system is shown in Fig. 3. The
applicator is connected to the PMT, the DAQ Board, and
the NI-DAQmx device in that order. The final signal data
are transferred and saved on a computer. To connect the
64 fibers to the PMT, we used a homemade optical connector.
As shown in the red box in Fig. 3, we drilled 64 holes in the
cube to precisely match each PMT channel.

The real-time measurement screen of the SFRMS is shown
in Fig. 2 B, where the signal movement is shown by the dwell
position displayed on the screen, alongside the Gaussian
fitting applied in real time.

The real-time data readout system was designed using
LabVIEW 2012 (National Instruments, Austin, TX, USA)
and configured to be controlled by NI-DAQmx software
(National Instruments, Austin, TX, USA) on a universal
serial-bus-connected laptop for the CompactDAQ system.
Fig. 2 B shows the graphical user interface of the real-
time data readout system. The user interface displays three
windows. In Fig. 2 B, the top window (a) shows the raw
data from the system; the middle window (b) shows the data
output (vertical) at each channel (horizontal, 64 channels);
and the bottom window (c) shows the real-time fitting result
for the data shown in the middle window. Raw voltage data
(V) were collected every 0.001 s and saved after sampling,
amplification, and background processing. The raw data were
also saved. The process is described by Eq. (1):

DATAc =
[
−
∫
DATAR
S

]
× A− DATAb, (1)

where DATAc is the converted data, DATAR is the raw data,
DATAb is the background data, A is the amplification rate,
and S is the sampling size when we obtain the sampled data
from the raw data. We used an S of 500 in this study.

B. ACCURACY VERIFICATION OF THE REAL-TIME
MONITORING SYSTEM
We evaluated the accuracy of the SFRMS by measuring
the dwell position of the radioactive source sent from
the afterloader (microSelectron V3, Elekta Brachytherapy
(Nucletron), Veenendaal, Netherland). The minimum source
moving step was 2.5 mm, and the total moving range from
the tip of the applicator was 4.1–104.1 mm.

In the SFRMS, we collected raw data every 0.001 s
(1000 Hz). The operating bias voltage of the PMT was
1300 V. The data were sampled every 0.5 s (500 times).
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FIGURE 3. Overall schematic of the system: The setup of the overall schematic of the system. Applicator is
connected to the PMT, the DAQ Board, and the NI-DAQmx device in turn and signal saved at the Computer. An
electrometer with a high voltage of 1300 V high voltage is connected to the PMT.

1) CHANNEL CALIBRATION COEFFICIENT
We obtained coefficients experimentally to correct for the
differences in output and sensitivity for each channel.
To determine the calibration coefficient for each channel, the
dwell position was set so that the source stopped at 2.5-mm
intervals every 10 s, and the response of the proximity sensor
at each dwell position was measured.

After the calibration run, the responses of the sensors
were normalized based on the inverse-square law for the
3-dimensional distance between the sensor and the source
position. The response of the sensor increased as the source
moved closer to the sensor and decreased as the source moved
further away. We obtained the calibration coefficient, which
was the output of each sensor that needed to be calibrated,
in order to provide the samemaximumpowerwhen the source
was closest to the sensor.

2) DWELL POSITION ACCURACY MEASUREMENT
To test the accuracy of the dwell position, the source was
moved in 2.5-, 5.0-, and 10-mm increments from the end of

the catheter to the tip. Each measurement was recorded three
times.

As shown in Fig. 4, the SFRMS found the dwell position to
calculate the peak position, y, using peak positions from the
output signals of each sensor. The SFRMS, which performed
output calibration on each sensor, found the dwell position
by calculating the peak position based on the output signal
distribution of each sensor (position).

After calibration, we fitted the data with Gaussian and
inverse-square functions to compare the calculated position
to the planned source position. We used LabVIEW (National
Instruments, Austin, Texas, USA) for Gaussian fitting and
Microsoft Excel for inverse-square fitting.

The source position was identified using the Gaussian
function by locating the peak position in a 2-dimensional
histogram, with the horizontal axis representing the sensor
position and the vertical axis representing the real-time output
value of the sensor. We compared the planned source position
to the fitted data and evaluated the error in terms of the
average and standard deviation of the position difference.
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FIGURE 4. Diagram of the inverse square function fitting method: A.
diagram of the correlation between the expected source position and the
output signals of the sensors, B. The layout of the array of sensors and a
source inside the applicator.

We also fitted the data based on the inverse-square law
usingMicrosoft Excel.We calculated the expected position of
the source using Eqs. (2) and (3).We fitted three output signal
data from the sensor with the maximum output signal and
two adjacent sensors to find the source position. We assumed
that the source was adjacent to the sensor with the maximum
output, as shown in Fig. 4. Moreover, we used the Euclidean
distance between the source and the sensor position to obtain
two quadratic equations (Eqs. (2) and (3)), which we utilized
to predict the location of the source. Then, we calculated the
Euclidean distance (r), which is the expected source position.
The values of a, b, and c are the signal outputs of each sensor,
and d is the vertical distance between the source and the
sensor axis.

b
a
=

(3− r)2 + d2

r2 + d2
(2)

b
c
=

(3+ r)2 + d2

r2 + d2
(3)

In the case where the dwell position was set so that the
source moved in 10-mm increments, thin and 5-mm-width
EBT3 film was inserted into the applicator of the SFRMS to
determine the distance between the source dwell position and
the sensors. We compared the distance between the planned
andmeasured dwell positions using the sensor outputs and the
EBT3 film. The output data used to analyze the peak position
were collected during the irradiation of the EBT3 film.

3) DWELL TIME ACCURACY MEASUREMENT
To evaluate the accuracy of dwell-time monitoring, measure-
ments were taken in a single position with the source dwell
time set to 1, 2, 3, 6, 10, 20, 30, 40, 50, or 60 s. Our SFRMS’s
data sampling frequency is 1000 Hz and the one signal is
counted every 0.001 sec and is accumulated as raw data.

FIGURE 5. Silicon based human phantom: A. Inside, B. outside, C. CT
images.

When the radiation source stops at the dwell position, the
highest signal is provided from the sensor near the dwell
position as shown in Fig. 2 B, and the sensors’ signal far from
the dwell position decreases as the shape of the step. Then
count the number of signals measured until the signal output
of the corresponding sensor decreases as the radiation source
begins to move again. The dwell time is the measured number
of signals multiplied by sampling time. For excluding the
optical noise such as Cerenkov radiation and the background
signal, we counted the signals at each measurement by using
a threshold of 15% of the maximum output.

We checked the time at which the signal data were
measured, based on the planned irradiation time and the data.
And we compared the expected irradiation time with the
identified time from the data to confirm the difference and
evaluated the linearity of the data over time.

4) PHANTOM STUDY
A phantom study was conducted for two reasons. The first
goal was to test the measurement accuracy of the SFRMS
when the source moved as same as the treatment plan for
an actual patient. And the second goal was to determine the
correlation between the applicator’s location and the DVH.
For the phantom study, we performed computed tomography
(CT) scanning of a silicon-based anthropomorphic phantom
with the applicator inserted. The phantom used inserts with
densities and geometries that mimicked the effects of human
anatomy (Fig. 5). The silicone phantom was designed around
the organs of the lower abdomen (e.g., pelvic bone, bladder,
vagina, rectum, and anus).

To test the accuracy of the dwell position and dwell time,
we evaluated the performance of the SFRMS using the
patient treatment plan. We used two patient treatment plans
to analyze the CT images and evaluated the differences in
dwell positions and dwell times of the source between the
plans and measurements. The Patient-1 plan included five
treatment points, each with a different source dwell time.
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FIGURE 6. Distribution of the overall results compared at dwell positions 2.5, 5.0, and 10 mm: The average difference of dwell position for 2.5,
5.0, 10 mm. The sensor is positioned every 3 mm in curved part and 2 mm in linear part.

The five treatment points in the Patient-1 plan were 4.1, 14.1,
24.1, 34.1, and 44.1 mm from the tip of the catheter, with
dwell times of 95.1, 65.6, 65.6, 65.6, and 17.2 s, respectively.
The Patient-2 plan included three treatment points with dwell
positions of 4.1, 9.1, and 34.1 mm from the tip of the catheter
and dwell times of 71.3, 118.8, and 59.4 s, respectively.

To determine the correlation between the applicator’s
location and the DVH, a dose comparison was performed.
After projecting the treatment plan onto the phantom and
acquiring the applicator CT image with CT-Simulation,
we determined how much the DVH differed from the
actual patient treatment plan if the SFRMS location in the
patient’s body was shifted by 2.5 mm or 5.0 mm. Two
important locations for HDR-BT were reported in 1953 [32]:
Manchester prescription points A and B. Point A is the major
critical point for brachytherapy dose specification and is
located 2 cm above the external uterus and 2 cm lateral to the
uterine tandem in the plane of the uterus. Point B represents
the pelvic sidewall/obturator nodes and is located 5 cm lateral
to the midline at the same level as point A. In these cases,
the two patients were treated with 5.8 Gy × 5 fx (fraction),
and the dose was normalized based on point A. The doses for
Patient-1 at point A were prescribed as 10.11 Gy (left) and
9.856 Gy (right), and the doses at point Bwere 2.332 Gy (left)
and 2.338 Gy (right).

III. RESULTS
A. DWELL POSITION ACCURACY
We compared the planned source position to the fitted data
when moving the dwell position; the averages and standard
deviations are shown in Table 1. The differences in the
average and standard deviation between the planned source
position and the position predictedwith theGaussian function
were within−0.63± 0.13 mm. Furthermore, for the position

TABLE 1. Dwell position accuracy check: Difference between the planned
source position and fitting position (average data).

predicted by the inverse-square function, all differences were
within 0.72 ± 0.26 mm. Fig. 6 shows the distribution of the
overall results at dwell positions of 2.5, 5.0, and 10 mm.Most
differences were within 1 mm. The error was relatively high
when the dwell position was adjacent to the non-sensor area.
The deviation from the planned source position was found to
be as large as 1.45 mm.

After moving the source position by 10 mm, we compared
the expected source position with the photosensitive position
on the EBT3 film. The errors are displayed in Table 2.
Independent measurements were performed using the fiber-
based real-time monitoring system and the EBT3 film. The
average difference between the dwell position and the film at
the curved part (dwell position 4.01–24.01 mm) was found
to be 0.29 ± 0.59 mm. The average difference between the
peak position based on the output and the film was found
to be 0.04 ± 0.15 mm. The output data used for analyzing
the peak position were acquired during the irradiation of the
EBT3 film, and it was found that the measured data and
the film results matched. Additionally, the difference between
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TABLE 2. Dwell position accuracy check: difference between the dwell
position and output with EBT3 film.

the dwell position and the output peak position was 0.25 ±
0.645 mm, which was similar to the results of the EBT3
error. The differences between the actual positions of the
source (dwell position) and the peak positions predicted by
the output were less than 1 mm (position 4.01 mm ¬:−0.661
mm; position 14.01 mm ­: 0.67 mm; and position 24.01 mm
®: 0.74 mm).

B. DWELL-TIME ACCURACY
We confirmed the linearity of the time difference and time
counts. Table 3 shows that the difference between the dwell
times set in the treatment planning system and the identified
times based on data from the SFRMS were within 0.1 s.
The signal counts (1028, 2054, 3055, 5026, 9999, 20035,
30045, 40000, 50034, 60072) generated by the scintillation
fibers increased linearly with the increase of the set dwell
times (1, 2, 3, 5, 10, 20, 30, 40, 50, and 60 s). We confirmed
that the measured dwell times increased linearly as the set
dwell time increased through a single polynomial fitting for
the measured dwell times. For the 1-dimensional polynomial
fitting, the p value was 0.9999 and the chi-square value was
0.003550.

TABLE 3. Dwell time accuracy.

C. PHANTOM STUDY
We used silicon phantoms to validate the treatment plan for
two patients receiving HDR-BT. The signal according to
the patient treatment plan was confirmed via the real-time
channel signal output from a LabVIEW-based monitoring

system. The source dwell position was estimated using the
Gaussian and inverse-square functions. The dwell position
differences between the first and second treatment plans are
shown in Table 4. The dwell time error was 0.76 ± 1.3 s for
Patient-1 and 0.44 ± 0.40 s for Patient-2.

TABLE 4. Phantom study: dwell position accuracy.

FIGURE 7. Change in dose volume histogram (DVH) when the radioactive
source shifted 2.5 and 5.0 mm: DVH changes in the bladder, rectum, and
target of Patient-1.

In this study, we evaluated the change in dose volume
histogram (DVH) from the original Patient-1 plan (i.e.,
rectum, bladder, and planning target volume (PTV)) when the
radioactive source shifted 2.5 and 5.0 mm in one direction
(toward the back) (Fig. 7). D2cc was the minimum dose to
the most irradiated 2 cc area of the rectum and bladder [33],
with differences in D2cc caused by these shifts being less than
1%. However, in the case of the rectum, when compared to
the original plan, the volume that received 60% of the dose
increased by 14.95% for the 2.5-mm shift and by 29.22% for
the 5.0-mm shift. In the case of the bladder, the volume that
received 50% of the dose increased by 7.84% for the 2.5-mm
shift and by 14.96% for the 5.0-mm shift. Fig. 5 shows that
the DVH increased in the organs at risk and decreased in the
PTV as the dwell position shifted from the original plan.

When the dwell position was shifted from the original
plan, the doses at BT prescription points A and B were also
reduced. When the source position was moved 2.5 mm in a
uniform manner, the doses at point A decreased by 3.93%
(left) and 3.25% (right), and those at point B decreased by
1.53% (left) and 1.111% (right) compared with those in the
original plan. When the source position was moved 5.0-
mm, the doses at point A decreased by 9.42% (left) and
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7.842% (right), and those at point B decreased by 3.38% (left)
and 2.53% (right).

IV. DISCUSSION
We evaluated the feasibility of the homemade real-time
monitoring system for HDR-BT. Specifically, we evaluated
the accuracy of the dwell position and the dwell time
measured by the SFRMS.

Compared with the 1-mm dwell position accuracy and
0.1 s dwell time accuracy of the TG-56, TG-59, and
IAEA recommendations [10], [11], [34]–[37], our SFRMS
dwell position and dwell time accuracy were found to
be within 0.72 mm and 0.055 s. However, because of
structural constraints, this study was limited by including
the source movement uncertainty (±0.5 mm) related to the
proximity of the radiotherapy device in themeasurement [38].
The uncertainty in the measurement can be divided into
two categories. The first part is the uncertainty of the
dwell position and dwell time due to the HDR. The HDR
afterloader used in this experiment is the microSelectron
Digital afterloader of Nucletron and 192Ir. The uncertainty
of the dwell position and dwell time of this equipment
was ± 0.5 mm and 0.1 s, respectively. The second part is
related to the SFRMS, including systematic uncertainty of
the geometrical limits of the SFRMS and the measurement
itself. Geometrical uncertainty is expected to cause an error
(100 µm) when fabricating an applicator with a milling
machine, and can also cause measurement errors (1.5 mm at
most) from the sensor array with a length of 2 mm located at
intervals of 2 and 3 mm.

In 2013,Wootton andBeddar [39] reported the temperature
dependence of a BCF-12 scintillation fiber. They reported
that the total intensity of the light generated by the BCF-12
decreased by 0.13% per Celsius degree (◦C) increase. The
SFRMS was not significantly affected by the temperature
because this system does not rely on absolute dose measure-
ments like the PSD mentioned above [19], [20]. The SFRMS
measures relative outputs from multiple sensors spaced 2
or 3 mm apart. The PSD system predicts the dwell position
based on the output measured by the PSD. However, the
SFRMS calculates the peak position in the relative output
distribution of each sensor. The spacing between the arranged
sensors is a significant factor in determining the accuracy of
the position measurement. Even if the temperature changes,
the difference in the relative output is not expected to be
significant because all the sensors in the system change
similarly. In a worst-case scenario, even if the temperature
difference between each sensor was greater than 10 ◦C, the
difference in the signal would be approximately 1.3%, which
is unlikely to have a significant impact on the SFRMS, which
finds the dwell position using the relative signal difference.

Our SFRMS was limited because it could not measure
the source position between the curved and linear parts of
the non-sensor zone. The errors were high in the dwell
position in front and behind the curved part and the dwell
position in front and behind the linear part. Errors occurred

TABLE 5. Data reanalysis (2.5 and 5.0 mm).

at those specific locations as a result of a lack of data needed
for analysis because of the lack of sensors. Fig. 6 shows
the differences between the planned and measured dwell
positions as a function of the dwell position and sensor
position. This figure shows that the difference between the
planned and measured dwell positions increases when the
dwell position is near the non-sensor zone. When the data
points of the sensors in the non-sensor area or adjacent to
the non-sensor region were excluded from the reanalysis,
the standard deviation of the dwell position difference was
reduced (Table 5). Because the data exclusion left only one
data point for the linear parts in the case of the 10-mm dwell
position, only the 2.5- and 5.0-mm dwell positions, as well
as a 10-mm segment of the curved part, were reanalyzed.
The absolute average differences between the planned and
measured dwell positions were 0.23 and 0.62 mm for the
sensor and non-sensor adjacent regions, respectively. Finally,
the deviations in the dwell position between the plans and
estimated data were 0.25 mm for the Gaussian fitting and
0.39 mm for the inverse-square fitting. Additionally, the
effect of the source shape was not considered; only the output
value of each sensor for the distance between the center of the
source and the sensor was considered in this study. Therefore,
the results include additional uncertainties as a result of not
considering the geometry of the source itself.

Incorrect movements of the radiation source can result in
the target receiving a dose is considerably different from the
planned dose. This may lead to an unintentional overdose to
normal organs, such as the bladder and rectum. Our proposed
monitoring system can verify the correctness of the treatment
through real-time verification of the dwell position.

V. CONCLUSION
Our study demonstrated the feasibility of a homemade scin-
tillation fiber-based real-time monitoring system for High-
dose-rate brachytherapy. We confirmed that the proposed
SFRMS met the accuracy criteria of international guidelines;
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Dwell position accuracy 0.72 mm, Dwell time accuracy
0.055 sec. Our system is valuable for use as a quality
assurance device for pre-treatment patient specific plan
verification or routine machine check. However, the current
system has difficulty determining the in vivo dosimetry
exactly because the system does not provide the exact dose
measurement and the applicator is thick (∼2 cm diameter),
thereby making it difficult to insert the applicator into the
patient’s body in clinical settings. The current version has a
non-sensor zone between the curved and linear parts. In future
work, we will develop thinner scintillation fibers (0.25 mm)
to minimize interference with dose delivery.
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