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Abstract

Reducing the exposure dose of portable detectors with
SiPM: Controlling X-ray Dose by Calculating Optimal

Imaging Levels Implementation and evaluation

Byung Wuk Kang
Graduate Program of Biomedical Engineering

The Graduate School Yonsei University

Due to their miniaturization and lightweight design, portable X-ray detectors
have the advantage of being able to quickly approach a patient’s location and
acquire real-time images for rapid diagnosis, but this mobility poses a dose
control challenge. This paper aims to present and evaluate a method to minimize
patient radiation exposure by implementing optimal dose control using a compact

SiPM sensor that can be embedded in a portable X-ray detector.
This study presents an imaging evaluation based on IEC 62220-1, an

international standard for X-ray imaging devices, to determine the DQE of the

detector and the dose that can have optimal image quality, and to match the

output of the imaging ADU and SiPM sensor to control the optimal dose.

For the Skull AP, the experimental results showed a dose reduction of

- vii -



approximately 57% from the manufacturer’'s reference dose of 342.8 uGy to the
optimal controlled dose of 148.3 uGy. For the Chest AP, a dose reduction of 66%
was observed with an optimal controlled dose of 279 uGy compared to the
manufacturer’s reference dose of 81.9 uGy. These results demonstrate that optimal

dose control with SiPM sensors can significantly reduce patient radiation exposure.

X-ray dose management is a crucial topic in medical imaging. It is already
practiced in advanced countries such as the United States and Europe. Research
and interest in dose management for patients and medical staff are continuously
increasing in Korea. Against this background, the experiments in this paper
demonstrate that it is possible to control the dose for low patient exposure while
maintaining optimal image quality using SiPM, which is expected to make an
important contribution to radiation dose control and image quality improvement in

the medical imaging field.

Key Words : X-ray exposure, optimal dose control, image quality, SiPM, portable

detector
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Chapter 1

Introduction

X-rays are one of the most used diagnostic devices in modern medicine and are
rapidly growing in the medical field. X-rays are one of the essential tools for
doctors to non-destructively observe and diagnose the inside of a patient.
Traditionally used to identify ruptures, fractures, and deformities, high-resolution
X-ray imaging now allows for detailed visualization of the microscopic structure
of tissues. This contributes to increased diagnostic accuracy and faster treatment
options for patientsl.

Portable X-ray detectors are essential equipment in many situations where
mobility and rapid on-site inspection and diagnostics are necessary. They occupy
less space than stationary equipment and are especially useful in environments
that require non-invasive testing and quick decision-making are required(2].

Due to their miniaturization and lightweight design, portable X-ray detectors can
quickly access a patient’s location and acquire real-time images, enabling doctors
to quickly make a diagnosis. This is especially important in medical settings
where a quick diagnosis is needed in an emergency or in industrial settings where
structural inspections are required. Advances in wireless communication technology
also allow data to be transmitted and shared in real time, improving the speed of
decision—-making. This includes mobile emergency medical systems that can deliver
emergency medical diagnoses to the right place at the right time[3l.

Portable X-ray detectors are widely used in the medical field as well as in
industrial and security applications. In medicine, they are used for patient

diagnosis in emergency rooms, operating rooms, and during transportation, and in



industry, they are applied in non-destructive testing applications such as metal
flaw detection, quality control, and structural inspectionl4l. As such, portable X-ray
detectors play a significant role in modern healthcare and industry by providing
mobility and rapid medical imaging. However, with mobility comes the challenge
of dose control, so most portable detectors are now incorporating a small silicon
photomultiplier (SiPM) sensor to detect X-ray irradiation conditions, implementing
a feature called Automatic Exposure Detection(AED)BI, The SiPM is a silicon
photomultiplier tube that provides extremely high sensitivity and high energy
resolution, even detecting single photons, but detectors are using the SiPM to
simply determine the X-ray trigger.

Dose management is directly related to radiation exposure. While in the past it
has only investigated for patient exposure, recent years have seen active studies
on the exposure of radiation workers to medical radiation. Dose management has
an important impact on the safety management of patients and workers(6l. The
change in hardware equipment from the analog method of using a film-type
receptor to the digital radiography (DR) method has provided a convenient
environment for users to perform examinations and has the advantage of
increasing image quality. In particular, with the introduction of the DR System
method, it is possible to adjust the captured image to the appropriate range of
density through the process of digitally correcting the radiation dose exposed
during the examination. However, the convenience of adjusting images without
compromising quality can result in excessive doses to patients, and users have
been found to neglect dose and image quality management!”. This is due to the
fact that there is a transition from analog to digital imaging systems, but there
are no guidelines for this. To date, there is still no consensus on parameter
adjustments for X-ray irradiation conditions[8ll9. Research is therefore ongoing to

minimize the effective dose to the patient, as described by the as low as



reasonably practicable (ALARP) principle, while providing high—quality images that
allow for the best possible diagnosis0J11],

Therefore, as a way to control the dose for optimal image acquisition while
minimizing patient exposure, this paper aims to implement a method for measuring
the optimal dose by applying a small-sized SiPM sensor inside a portable detector

and evaluating its performance.



Chapter 2

Theoretical Background

2.1 X-ray

German physicist Wilhelm Conrad Roentgen discovered X-rays while testing a
gas discharge in a sealed Crookes vacuum tube to prevent light from escaping. He
noticed that fluorescent material outside the vacuum tube glowed, which he named
‘X-beams’, later known as X-rays. He later confirmed that X-rays could penetrate
objects, revolutionizing many applications in the medical and scientific fields[12].
X-rays are generated by breaking radiation (bremsstrahlung), which accelerates
electrons to high voltage and causes them to fall from a high energy state to a
low energy state as they strike a metal plate. As the accelerated -electron
approaches the nucleus of an atom, its speed is reduced by the nucleus’ coulomb’s
force. The decelerated electron deviates from its original orbit and releases the
kinetic energy it had while decelerating as electromagnetic waves. This

electromagnetic wave is called an X-ray(13l.



2.1.1 X-ray tube

X-ray tubes that produce radiation were developed by William David Coolidge
in 1913. His invention, the Coolidge Tube, uses a tungsten-catalyzed, high-speed
rotating anode that can produce a stable, continuous stream of X-rays. This
technology is still the most commonly used today.

Figure 1 shows the structure of an X-ray tube. To produce X-rays, an X-ray
tube consists of a heat source that emits thermal electrons, a high voltage that
accelerates the thermal electrons, a metal plate that collides with the accelerated
thermal electrons to produce X-rays, and a vacuum tube that facilitates the
production of X-rays. An X-ray tube consists of several components necessary to
produce X-rays. These components include a heat source that emits thermal
electrons, a high voltage that accelerates the thermal electrons, a metal plate
where the accelerated thermal electrons collide to produce X-rays, and a high
vacuum environment that facilitates the generation of X-rays. The X-ray tube

consists of a cathode and an anode, which are enclosed in a vacuum tube that

maintains a high vacuum of about 10°7 mmHg. This high-vacuum environment
minimizes electron scattering and energy loss, and prevents oxidation and electrical
arcing, improving the stability of the entire system. The cathode has a spiral
filament structure that generates heat, while the anode is made of a metal such as
tungsten. When the cathode is heated, electrons are released through heat
dissipation, and due to the high voltage difference with the anode, these electrons
are accelerated to the anode. As the accelerated electrons collide with the anode,
X-rays are emitted. The greater the number of electrons colliding with the anode,
the more x-rays are produced, so the intensity of the x-rays is proportional to the
tube current. Also, the higher the voltage, the faster the electrons are accelerated,

resulting in higher energy x-rays when they collide with the anodel14l.
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Figure 1. X-ray tube structure

Source: www.matsusada.com/application/ps/x-ray_tube/

Inside the vacuum tube, the kinetic energy of the electrons is increased by the
high voltage applied to both ends of the X-ray tube when the thermal electrons
generated by the filament, which is the negative electrode of the X-ray tube,
change the voltage applied to both ends of the X-ray tube and the voltage of the
X-ray tube increases[5l. Figure 2 is an image of an X-ray braking radiation.
X-rays are generated by braking radiation (Bremsstrahlung), in which the Kkinetic
energy of the electrons traveling at high speed is converted into electromagnetic
waves by colliding with the metal plate, which is the anode electrode. The lost

energy is emitted as X-rays in an amount proportional to the hv.
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Figure 2. braking radiation

If all of the kinetic energy eV of a cathode ray electron is converted to the
energy £E of an X-ray photon by Duane-Hunt's Law, then it is equal to Equation
(1). h is Planck’s constant (6.626 x 10" *'Js), » is the frequency of the X-ray
photon, and ¢ is the speed of light, which is the product of the wavelength (A)

and the frequency wv.

E=hw=—=¢V (1)

e 1s the charge on the electron and V is the accelerating voltage. Since the
charge ¢ is constant, the energy £ is proportional to V and the wavelength

lambda is inversely proportional to V.



2.1.2 Tube Voltage and Tube Current

The tube voltage is measured in kV and the value is expressed as the peak
value of the alternating current. If the supply voltage is high, the speed of
electron movement increases, which increases the intensity of the generated
X-rays, which increases the transmittance. X-ray intensity (total energy of
X-rays per unit time) I is proportional to the square of the Tube voltage V.

The tube current is the current flowing in one direction from the anode to the
cathode of the X-ray tube. The higher the X-ray tube current, the more electrons
are emitted.

As the number increases, the X-ray dose increases. If the tube voltage and
exposure time are the same, the X-ray intensity I is proportional to the tube
current z.

The X-ray quality depends on the tube voltage, and the X-ray dose depends
on the tube voltage and tube current. The higher the tube voltage and tube
current, the higher the average energy of the X-ray photons. The X-ray dose @
in Equation (2) is proportional to the square of the supply voltage V, the supply
current ¢, and the irradiation time ¢. Where Z is the atomic number and % is the

proportionality constantl16],

Q= kiZV? (2)

Digital radiography represents an important development in the field of
radiology and is rapidly replacing the traditional analog film screen method. A key
advantage of this technology is the digitization of images, which allows for higher
image quality and more efficient data management. However, digital radiology

suffers from a relatively high radiation dose to the patientll7l. This is due to the



trade-off between image quality and radiation dose, so optimization to minimize
patient radiation exposure while maintaining image quality for accurate diagnosis
is essential. Radiation has a high energy state and can cause damage to the
human body, which we define as 'exposure’. The unit used to measure the effect
of radiation on the human body is the sievert (Sv), but this is generally too large
a unit, so smaller units such as the millisievert (mSv) or microsievert (uSv) are
commonly used. Naturally, humans are exposed to trace amounts of radiation from
the environment and even from potassium and carbon in the body. The majority
of ionizing radiation exposure to the general population is from natural sourcesl18l.
In pediatric radiology in particular, optimization is even more important due to the
higher risk of late radiation effects [19. This is due to the sensitive tissues of
young patients and the potential radiation effects over a longer life span.

Selecting the appropriate radiation quality is a key part of optimization[20l. The
low—energy portion of the X-ray spectrum increases the patient dose without
directly affecting image quality. Therefore, methods are utilized to reduce the
low-energy portion and increase the effective energy of the beam by increasing
the kVp (kilovolt peak) or by hardening the X-rays through additional filtration.
This can reduce the contrast of the image, but the image contrast can be restored

through the use of digital detectors and appropriate post—processingl2ll.



2.2 Flat Panel Detector

Flat panel detectors (FPDs) are used in many applications, including medical
and industrial, including portable detectors, and their typical internal structure is
shown in Figure 3. At the top of the FPD is the scintillator, which converts
X-rays into visible light. The scintillator accepts X-rays and converts them to
visible light, which is the first step in image formation. The efficiency and
conversion capabilities of the scintillator directly affect the quality of the image.
Immediately below the scintillator is the Thin Film Transistor (TFT) panel. The
TFT panel is responsible for converting the visible light from the scintillator into
electrical signals. This electrical signal is then converted into digital data. The
performance of the TFT panel has a significant impact on the resolution, contrast,
and signal-to—noise ratio of the image. The middle part of the FPD uses a plate
to hold the panel steady. This plate is typically made of a lightweight yet durable
material such as magnesium or aluminum. This choice of material is important to
improve the durability and mobility of the FPD. Especially for portable detectors,

lightweight contributes to user comfort and patient accessibility.

_’IO_
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Figure 3. Flat Panel Detector Structure

Source: wellmanxray.com/blog/everything-you-need-to-know-about-flat—-panel-detector/

The scintillator generates photons in proportion to the X-rays, and the
photodiode electrodes of the TFT array generate a corresponding charge on the
capacitor in proportion to the photons. A gate, ROIC control circuit scans the
stored charge of each pixel and converts it into a digital signal. Scintillators use
gadolinium oxide (Gd202S) or cesium iodide (CsI). Csl is a columnar phosphor
that has the advantage of better resolution and absorption efficiency than Gd202S,
which 1s an amorphous phosphor.

In Figure 4, a scintillator is a material that accepts X-rays and converts them
into photons (visible light). These photons are detected by the photodiode
electrodes of the TFT array, and in the process, charge is accumulated in a
capacitorl22l, This accumulated charge is then scanned at each pixel through a
gate and readout integrated circuit (ROIC) control circuit and converted into a

digital signall23. This process converts the X-ray image into digital data that is

_’I‘I_



then processed by a computer system.

The type of scintillator has a direct impact on image quality. The most
commonly used scintillator materials are gadolinium oxide (Gd202S) and cesium
iodide (CsI). While Gd202S is widely used as an amorphous phosphor, Csl is a
columnar phosphor that has excellent advantages in resolution and absorption
efficiency. Csl scintillators can convert X-rays into visible light more efficiently,
resulting in sharper images. However, Csl also has disadvantages such as high

cost, complexity of the deposition process, and physical fragility[24].

X-ray
Structured X-ray
phosphor (Csl)

Light

Source .
Gate ==
Drain

TFT Adjacent

Photodiode Storage capacitor
Figure 4. Method of X-ray Conversion to Digital in FPD
Source: A Novel Sub-Pixel-Shift-Based High-Resolution X-ray Flat Panel
Detector(2022)
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2.3 SiPM Sensor

A silicon photomultiplier (SiPM) is a highly sensitive photomultiplication sensor.
The key feature of this device is that the level of the output signal depends on
the bias voltage. Since a higher bias voltage can generate a larger output signal,
SiPM typically uses a high input voltagel25].

Figure 5 shows the structure of SiPM, which comprises an array of numerous
small photodiodes. FEach photodiode is responsible for detecting microscopic
photons. These microcells are connected in parallel, resulting in a high dynamic
range that can detect photons from a single photon to thousands of photons in a
device with a square millimeter area. This enables SiPMs to provide highly
sensitive and precise light detection[26].

Small SiPM are typically 10 x 10 mm or less. SiPMs can be used in
combination with scintillators, which can further improve the photodetection
efficiency depending on the type of scintillator. In addition, SiPM has the property
of insensitivity to magnetic fields, so it can be used in strong magnetic field
environments such as magnetic resonance imaging(MRI)[27], In the medical
imaging field, these features have led to the use of SiPM in high-precision

imaging equipment such as positron emission tomography (PET) scanners.

_13_
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2.4 Dosimeter

Figure 6 shows different types of dosimeters. Film Badge, Thermo luminescent
Dosimeter (TLD), Ionization Chamber, etc. are commonly used for radiation dose
measurement and each has its advantages and disadvantages[281[29],

Film Badge: Film Badge is a method of detecting radiation exposure through
discoloration of the film. This method is cost-effective and has the advantage of
providing a visual analysis of the type and amount of radiation. However, Film
Badges are disposable and may have limited accuracy for long-term exposure. It
also has the disadvantage that results can be affected by environmental condition
§[30]

Thermo Luminescent Dosimeter (TLD): TLDs measure radiation exposure by
utilizing the property of emitting light when heat is applied. TLDs can be used
repeatedly and provide accurate measurements at various energy levels. They also
provide stable performance, but require specific equipment to read the measured
data and cannot provide immediate results. TLDs are particularly useful in the
medical field for precise monitoring of patient radiation exposurel31l,

Ionization Chamber: Ionization chambers determine radiation dose by measuring
the ions produced by radiation. This method is highly accurate, provides immediate
results, and can be used repeatedly. However, ionization chambers are relatively
large and heavy, and can be affected by the temperature and humidity of the
surrounding environmentl321[331,  Because of these characteristics, ionization
chambers are primarily suitable for radiation measurements in internal

environments, such as hospitals, or in fixed locations.

_15_



e
(b)

(a)
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2.5 Image quality valuation

Evaluating the image quality of an X-ray detector is primarily based on three
key factors: Noise, Resolution, and Contrast. The interaction of these three factors
determines the image characteristics, as shown in Figure 7. Measures such as
Signal-to-Noise Ratio (SNR), Noise Power Spectrum (NPS), and Modulation
Transfer Function (MTF) are used to evaluate the sharpness and noise level of an
imagel34. SNR is the signal-to-noise ratio, NPS is the frequency distribution of
the noise, and MTF is the resolution of the system. Collectively, these metrics are
analyzed to evaluate image quality through Detector Quantum Efficiency(DQE)[351.
In other words, DQE is a holistic indicator of x-ray image quality. DQE is an
indicator of how efficiently the detector converts x-rays into images, with higher

DQE values indicating better image quality.

Contrast

Resolution

Figure 7. Key elements of image quality
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2.5.1 Signal-to-noise ratio (SNR)

SNR is an important metric in medical imaging, representing the ratio of the
signal level to the noise level. The signal is the important part of the image that
provides useful diagnostic information, while noise is the random variation in the
image that is not part of the true image. Noise can come from a variety of
sources, including electronic noise in the detector, quantum noise in X-ray photon
detection, and artifacts in the imaging processt3]l. A high SNR means less noise
and a stronger signal, which improves image clarity and diagnostic accuracy.
Conversely, a low SNR reduces the usefulness of the image and can affect the
accuracy of the diagnosis. Therefore, SNR is used as an important indicator to
evaluate the image qualityl37l.

To distinguish between the two materials, you need a good contrast between
them. As Figure 8, given the same SNR, the higher the contrast value, the better
the two materials can be distinguished. Increasing contrast helps to improve image
quality[38]. In medical imaging, image contrast can be improved by increasing the
radiation dose, but this involves a tradeoff of increased radiation exposure to the
patient. In such situations, It is then important to reduce the radiation dose while

maintaining image quality.
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Figure 8. Signal impact as a function of contrast intensity

Source: imaging.rigaku.com/blog/how-improve-signal-noise-ration-xray-ct-images
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2.5.2 Noise power spectrum noise power spectrum

(NPS)

In video, noise is typically quantified using statistical measures such as variance
or standard deviation. These measures indicate the extent to which signal
variation in the input image has been modified by the system. In imaging systems
in particular, noise of the same magnitude has a greater impact when the object is
smaller, making it harder to distinguish visually. For this reason, noise should be
measured and evaluated through a metric that is combined with spatial resolution,
which is called NPS[39],

This metric, also called NPS, or Wiener Spectrum, is a way to interpret the
noise variation in an image as a function of frequencyl40l. It quantifies the
distribution of signal or image noise at different frequencies, which is important
for understanding the effect of noise on images at different spatial resolutions.
NPS helps evaluate the noise characteristics of an imaging system, playing a
crucial role in optimizing image quality and diagnostic accuracyl(41l,

NPS is a function of spatial frequency, which has the advantage of allowing
noise to be evaluated by subdividing it into spatial frequency regions. This
property is particularly useful when evaluating noise characteristics in digital
X-ray images. Therefore, NPS analysis is an essential tool for managing noise

and improving image quality in medical imaging.
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2.5.3 Modulation Transfer Function (MTF)

MTF is an important quantitative factor in X-ray imaging that describes the
difference in contrast with frequency of an incoming object. It represents the
output delivery characteristics of the system for an input frequency signal and is
used to determine the resolution and sharpness of the image in the frequency
domain. MTF indicates how well the contrast of the object being photographed is
transferred to the final image and is defined as the spatial frequency response of
the system. It is a curve that shows the contrast achieved at different spatial
frequencies, with higher frequencies representing finer detail. In general, MTF
tends to decrease at higher frequencies.

As shown in Figure 9, the MTF is a curve graphed in frequency space, which
is obtained by Fourier transforming the line spread function (LSF) or point spread
function (PSF). One of the MTF measurement methods is the Edge Method,
which uses a phantom made of tungsten or lead with high X-ray absorption to
obtain the LSF through the derivative of the image taken at an angle of about
1.5° to 3.0° to the pixel array, and then Fourier transforms it to obtain the MTF.
This method is currently specified in the International Electrotechnical Commission
(IEC) 62220-1 standard as the MTF measurement method for digital X-ray

imaging devices. [42143]
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Figure 9. Frequency space versus MTF graph
Source: https://slideplayer.com/slide/9698277
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2.5.4 Detective Quantum Efficiency (DQE)

The efficiency of an X-ray imaging system can be evaluated by its DQE. DQE
is a measure of how much information is converted into an image relative to the
input X-ray energy. A high DQE means that a high quality image can be
obtained with a low radiation dose. Figure 10 shows the correlation between MTF

and NPS for calculating DQE as described earlier.
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Figure. 10 Correlation between DQE, MTF, and NPS
Source: https://slideplayer.com/slide/9698277

The K, value in Equation (3) is a measurement of the dose (uGy) absorbed in

free air in the image plane using a solid-state detector dosimeter, obtained after

calibration to the dosimeter—detector. It is an important metric for evaluating the
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dose efficiency of an X-ray imaging system.

2 2
DOE = SNRo.m‘Z _ (G« MTF) - 3)
SNRin NPS « K, » SNRin

SNRin® values are based on standardized spectra according to the International
Electrotechnical Commission’s IEC 62220-1 standard in Table 1, which represents
the SNR of an imagel44l. NPS is the noise power spectrum measured at the same
air kerma. The G value is the gain of the detector at zero spatial frequency,
which indicates how efficiently the detector converts the X-ray signal into an
electrical signall%l. Air kerma is measured a certain distance away from the
detector surface to minimize X-ray scattering. The importance of this
measurement lies in the fact that the exposure at the detector surface is
determined by the inverse square law. These measurements are essential for
evaluating the performance and image quality of an X-ray detector, which allows
for an accurate assessment of the detector’s efficiency, image sharpness, and
overall imaging system performance. These evaluations play significant role in

improving the quality of medical imaging and increasing the accuracy of diagnosis.

Table 1. IEC 62220-1 RQA

Spectrum Added filtration A [#/(fnj\r;]%éw]
RQA3 10 40 21.76
RQAS 01 71 30.17
RQA7 30 9.1 32.36
RQA9 40 115 31.08
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2.6 Automatic exposure detection (AED)

AED was first developed by NMI, and most newer detectors have built-in AED
functionality. The AED is operated in the form shown in Figure 11. AED is a
feature that enables X-rays to be taken without the need for a separate
connection between the detector and the X-ray generator or system. Detectors
with an AED function can easily upgrade existing analog equipment to digital
because they do not require a separate connection6l. In particular, portable
detectors may not be able to connect to a generator system for triggering due to
the moving use environment. In addition, the faster the response time of the AED
or Trigger, the better, as a longer response time after X-ray irradiation can result
in a loss of dose received by the TEFT Panel. Therefore, the recent trend is to
embed the AED in the detector so that the detector can function similarly to the
existing wired trigger without a separate connection. The sensors used for AED
are primarily SiPM sensors. These sensors are known for their fast response time

and magnetic field insensitivity.

Standby status

Detecting Radiation from an X-ray Tube with an AED Sensor
Close the Gate IC to charge the TFT

Digital transformation with ROIC by opening gates sequentially

pal Sl

Figure 11. Operation Mechanism of AEC
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2.7 Automatic exposure control (AEC)

AEC was introduced by Russell H. Morgan in 1942, applying Heinrich Rranke’s
(1923) theory that 'the contrast of a critical region of an image is proportional to
the average contrast of the image as a whole’ 471, AEC is designed to improve
image consistency across the radiation field by allowing images to be recorded
using near-optimal exposures using different thicknesses, various parts of the
body, and different tube potentials. It is a radiation dose control system that
automatically terminates the exposure when the set incident dose is reached
according to the set Air-Kerma level at the imaging receptor[48ll49. AEC can be

divided into the indirect phototimer method and the direct ionizer method.
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The phototimer method is an exit-type device, where the detector is positioned
behind the image receptor so that radiation passes through the image receptor, as
shown in Figure 12. An X-ray phosphor interacts with the radiation to generate
visible light. When these photoelectrons accumulate in the condenser, they stop

producing X-rays.

[ LrAELTT ]

Image receptor

Light
paddles

L
Light paddles, together with photomultiplier
tubes, measure radiation exposure after

it passes through the cassette.

Figure 12. Phototimer Method AEC

Source: https://radiologykey.com/exposure-technique-selection/
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The ionization chamber method is considered an entrance-type device in which
the detector is located in front of the imaging receptor as shown in Figure 13, the
detector is located in front of the image receptor and is considered as an
entrance-type device, and the ionization current is controlled by detecting the
X-ray-induced ionization current. The ionization chamber type is less accurate
than the phototimer type, but it is less prone to failure. For this reason, most

AEC systems use the ionization chamber method. [501(51]

L J

L
lonization chamber
[ |

Image receptor

lonization chamber measures radiation
exposure before it reaches the image receptor.

Figure 13. Ionization Chamber Method AEC

Source: https://radiologykey.com/exposure-technique-selection/
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Chapter 3
Material and Methods

3.1 Experimental Environment

The common experimental environment used in this paper is shown in Figure
14. The X-ray system used in the test is the SU-3000 model, which uses
Toshiba's E7252X Tube. Dosimeters, oscilloscopes, and phantoms were applied to

each experimental item.

Figure 14. Experimental Environment
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The dosimeter is a Piranha 657 glass dosimeter from RTI Electronics, shown in
Figure 15. Piranha 657 is composed of an internal sensor with an error range of
5% and an external sensor with a small size to minimize the influence of the

image taken. The experiment was conducted using the internal sensor.

Figure 15. Piranha 657 Dosimeter

Source: Piranha_brochure
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3.1.1 X-ray Exposure Test

The voltage applied to the X-ray tube determines the energy generated and
affects the X-ray dose and the reduction of the patient’s dose. The tube voltage
measurement is designed to verify that the generator is producing exactly the kVp
set on the control panel. As shown in Figure 16 the dosimeter was placed in the
center of the irradiation area through the collimator with a Source to Image

Receptor Distance (SID) of 150 cm.

Figure 16. Exposure Test Using a Dosimeter
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3.1.2 Dosimeter Testing for Tube Current, Tube
Voltage

To measure the X-ray dose according to the change of tube current, the
conditions of tube voltage 75 kVp and exposure time 10 mS were fixed, and the
tube current was varied from 32 to 220 mA and measured with a dosimeter. The
tube voltage, exposure time, and exposure (?Gy) were measured and the difference
from the set tube voltage was checked.

As shown in Table. 2, we can see that the exposure value increases as the
tube current increases. However, as a result of measuring the tube voltage, it was
found that a difference of up to 3.2 kV remained from 1.7 to 3.2 kV compared to
the set 75 kVp. Although the error is about 3%, the X-ray system used in the
test can be adjusted in 1kV increments, so we conducted a confirmation test

according to the change in the supply voltage.
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Table. 2 Measuring Exposure as Tube Current Changes

Measurements KVp
mA Setting . Diffﬁrve)n ce
Tube voltage | Exposure time Exposure
(kV) (ms) (uGy)

32 73.3 10.0 4.7 1.7
50 72.1 10.0 7.2 2.9
71 2.7 10.1 10.4 2.3
90 72.2 9.5 13.3 2.8
110 71.8 9.5 16.1 3.2
140 72.6 9.5 20.7 24
160 72.4 9.5 23.1 2.6
180 72.5 9.5 26.4 2.5
200 72.5 9.5 28.9 25
220 72.2 9.5 32.0 3.0

To measure the X-ray dose according to the tube voltage change, the condition
of ImAs (100mA, 10mS) was fixed and the tube voltage was varied from
507150kV and measured with a dosimeter. Table. 3 shows the measured values of
tube voltage, exposure time, and exposure (uGy), and the difference from the set
tube voltage was checked. To further confirm the difference in tube voltage, a

graph chart was acquired and shown in Figure 17.
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Table. 3 Measuring Exposure as Tube Voltage Changes

Measurements | KVp
mA Setting le(fﬁrve)n ce
Tube voltage | Exposure time Exposure
(kV) (ms) (uGy)

50 48.4 95 51 1.6

60 57.8 95 85 2.2

70 67.5 10.1 124 2.5

80 76.9 95 16.7 3.1

90 86.7 10 21.8 3.3

100 95.8 10.1 26.8 4.2

110 106.5 95 33.3 35

120 117.2 10.0 39.7 2.8

130 127.0 10.0 476 3.0

140 137.0 10.0 55.9 3.0

150 147.4 10.0 64.2 2.6
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Figure 17. Dosimetry charts as a function of tube voltage

(a) 70 kVp (b) 140 kVp
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The tube voltage change measurements also showed a difference of 1.6 up to
4.2 kV. Upon reviewing the dosimeter graph chart, it was discovered that the tube
voltage was initially set 10 - 20 % lower than the intended voltage and gradually
increased during the irradiation process. Therefore, it is believed that an exposure
time of 10ms or more is required for accurate tube voltage measurement of the
X-ray tube. To confirm this, we conducted an additional test of changing the tube

voltage at 10ms (100mA, 100mS).

Table. 4 Exposure measurement for tube voltage change after 10 mAs fixation

Measurements o
mA Setting | ' Diffﬁ{ﬁﬁce
ube, voltage. | Bxposure time | Exposure

50 49.4 994 32.0 0.6
60 60.2 99.4 519 0.2
70 70.1 99.4 732 0.1
80 79.7 99.4 082 0.3
90 89.5 99.9 125.2 05
100 03.4 99.9 1556 16
110 108.3 99.8 189.4 17
120 118.4 99.9 225.3 16
130 130.0 99.9 266.2 0.0
140 140.1 94.4 289.1 0.1
150 150.0 99.9 351.7 0.0
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Figure 18. 10 mAs fixed, dosimetry plots as Tube voltage varies
(a) 70 kVp (b) 140 kVp

When we fixed the exposure time to 100 mS and gave a tube voltage of 0.2 to
1.7 kVp, we saw a good variation. We found that the exposure (uGy) increased
linearly with the increase of tube voltage and tube current. Checking the
dosimeter graph chart in Figure 18, we checked the dosimeter graph chart, we
found that the tube voltage changed by about 20ms after the start of the
irradiation, which means that it is important to secure the minimum exposure time
for stable exposure measurements. Figure 19. (a) measures the dose as the line
voltage changes, and Figure 19. (b) shows the change in dose as the line current

changes, showing a linear increase.
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3.1.3 Test the Linearity of the Generator System

Before the full-scale experiment, the accuracy and reproducibility of the X-ray
Generator System was checked with a dosimeter. To check the accuracy of the
tube voltage, 20 measurements were made with 70 kVp, and the results shown in
Figure 20. and the average of the measurements was 69.8 kVp, confirming that

the calculation result was 0.3% through Percent Average Error (PAE).

80.0

75.0

70.0 .—.-—.—.-M—H’.-.—.—.—.—.

65.0

Tube voltage (kVp)

60.0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Count

Figure 20. Tube voltage measurement reproducibility
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3.2 Evaluate SiPM Characterization

3.2.1 Evaluate SiPM Sensor Characteristics

A simple representation of the internal structure, including the SiPM, is shown
in Figure 21. The dose of the irradiated X-ray is attenuated as it passes through
the scintillator, panel, and middle block, which means that the material or shape of
the middle block also causes differences in the dose received by the SiPM Sensor.

Therefore, the test of Case 2 in Figure 21. (b) was also tested in parallel.

X-ray Shot X-ray Shot
Carbon Plate Carbon Plate
Scintillator (GdOS) Scintillator (GJOS)
TFT Panel TFT Pane
Middle Block Middle Block
Scintillator (GdOS) Scintillator (GdOS)
SiPM Sensor SiPM Sensor
Metal Case Metal Case

(a) (b)
Figure 21. SiPM Dose Detection test
(a) Case 1: With middle block. (b) Case 2 : Without Middle block.

Figure 22. (a) A bucky with a motor was used to perform magnetic field
testing because handheld detectors are highly vulnerable to magnetic fields
generated by external shocks or peripheral devices. Seven sensors from five
manufacturers were selected and tested. Figure 22. (b) A sensor EV board
provided by the manufacturer was used to compare response time and dose

detection characteristics.
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(a) (b)
Figure 22. SiPM Characterization Test Materials

(a) Bucky for Magnetic Field Test (B) SiPM Sensor EV Board

Table. 5 shows the characteristics of each sensor, and all sensors showed high
robustness to the surrounding environment by not responding to magnetic fields
and external shocks due to the characteristics of SiPM itself. In the sensitivity
measurement part, in Figure. 21 (a), all sensors did not respond due to attenuation
by the middle block. In the condition of Figure 21. (b), where the middle block on
the top of the SiPM was removed, 3 to 7 sensors responded, and the response
times were all measured below 10 ns. The response time is the reaction time of
the sensor after X-ray irradiation, and the longer the time is, the faster the better,
as the dose received by the TFT panel is lost. The photosensitizer directly affects

performance because it converts X-rays into visible light, so it was necessary to
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compare Sensors 1 through 5, which detect visible light, with Sensors 6 through
7, which are made exclusively for X-ray detection and have a built-in

photosensitizer.
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Table. 5. Analysis of SiPM Characteristics

1 2 3 4 5 6 7
Manufacturer A B D

Sensing Source Light Light Light Light Light X-ray X-ray
Operating Voltage 3.3VDC 3.3VDC 27VDC 27VDC 53VDC 60VDC 60VDC
Response Time >100 ms >100 ms <10 ns <10 ns <10 ns <10 ns <10 ns

Op Amp O O X X O X X

Sensitivity Casel X X X X X X X

Sensitivity Case2 X< X< O O O O O
(Peak Voltage) (40mV) (400mV) (150mV) (30mV) (30mV)

Mechanical Shock Resistor O O O @) @) @) @)

Magnetic Field Resistor O O O O O O O

_42_



As for the X-ray dose condition, in order to check the detection of
high-sensitivity dose, the system’s minimum irradiation condition and Source to
Detector Distance (SDD) were set to 150 cm, and an Al 21 mm filter was added
to check the detection and output peak voltage for the ultra-low dose environment
of 10 nGy dose. With the ultra-low dose of 10 nGy, the Gadolinium Oxide (GaOS)
sensors used in the experiment and the sensors in Sensors 6 and 7 are judged to
have similar performance. Figure 23. is a waveform confirming the low-dose
section for Sensor No. 4 in Table. 4. Approximately 410 mV at 10 nGy and 590
mV at 20 nGy were measured, confirming that it is possible to distinguish

through the voltage level.

(a) (b)
Figure 23. Extremely Low Dose Tests (a) 10 nGy (b) 20 nGy

Based on the results of these tests, it was determined that Sensor 4 of

Company C, with an output level for a dose of 10 nGy and a fast response time

of 10 ns or less, was the most suitable for the intended use.
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3.2.2 Characteristic test by Tube voltage, Tube current

As a test to check the change of SiPM Signal Voltage according to the X-ray
tube voltage, the X-ray tube current was fixed at bmAs (50mA, 100ms) and the
output was checked according to the change of X-ray tube voltage. The X-ray
tube voltage was investigated by setting 50 kVp = 180 kVp. Figure 24. (a) and
(b) show the output of the SiPM.
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2.5

Figure 24. SiPM Signal Voltage Variation with Tube Voltage (a) SiPM Output Comparison (b) Variation Chart
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As a test to check the change of SiPM Signal Voltage according to the X-ray
tube current, the X-ray tube voltage was fixed at 70kVp and the output was
checked according to the change of X-ray tube current. The X-ray tube current
was set from 4.0 mAs to 16.0 mAs. The irradiation time was fixed at 100ms to

check the change in current. Figure 25. (a) and (b) show the output of the SiPM.
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Figure 25. SiPM Signal Voltage Variation with tube Current

(a) SiPM Output Comparison (b) Variation Chart

To confirm the correlation of SiPM's output with X-ray dose, a confirmation
test was conducted by changing each factor of tube voltage and tube current. The
measured results are shown in Table. 6, and the chart is shown in Figure 26. The
test results confirmed the theoretical background that the higher the tube voltage
and tube current, the higher the average energy of the X-ray photon, and the
dose increases proportionally to the square of the tube voltage V, the tube current,
and the irradiation time t, and the signal of the SiPM has a similar signal.

However, it is judged that there are additional factors to consider, such as the
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dose attenuation caused by passing through the scintillator and panel, and the

reaction characteristics of the scintillator and SiPM.
2.50
2.00

=.1.50

SiPM signal
5
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0.00
140 160
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Tube Voltage [kVp]
—8—25 mAs —@®—5 mAs —&—10 mAs

Figure 26. Output chart of SiPM as a function of X-ray dose
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Table. 6 Signal level(Voltage) of SiPM based X-ray dose conditions

50 60 70 80 90 100 110 120 130 140 150
kVp kVp kVp kVp kVp kVp kVp kVp kVp kVp kVp
2.5 mAs 06 V 1.0V 1.3V 16 V 1.7V 18V 19V 19V 20V 20V 20V
5.0 mAs 09 V 1.3V 15V 1.7V 18V 19V 20V 20V 20V 21V 21V
100 mAs | 13V 16V 18V 20V 21V 21V 22V 22V 22V 22V 22V
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Chapter 4

Results and Analysis

4.1 Evaluate imaging quality

The image evaluation followed the test methods outlined in IEC 62220-1(Table
7) and was tested according to RQA 5 of RADIATION QUALITY IEC
61267:1994) to determine DETECTIVE QUANTUM EFFICACY and corresponding

parameters.

Table 7. IEC 62220-1 RQA chart

L. Approximate g0
Radiation i Harf-Value Additional
a ‘a X 6331’1: Tube Layer (HVL) Filtration
Quality No. oltage [mm Al] [mm Al]

[kV]

RQA3 50 4.0 10.0

RQA5 70 7.1 21.0

RQAT7 90 9.1 30.0

RQA9 120 115 40.0

For each X-ray system, it is the HALF-VALUE LAYER value of the 7.1 mm
Al that is important for RQA, not the kV condition, due to usage conditions, tube
aging, etc. Based on this, images were acquired and measured with a dosimeter in
the same environment as shown in Figure 16. Table 8 shows the data measured

by the dosimeter during image acquisition.
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Table. 8 Dosimetry measurements for image acquisition by dose

Tube

Exposure

voltage e Exposure HVL Total filtr.
(kV) (ms) (uGy) (mm Al) (mm Al)
73.0 3.0 0.1 75 32.0
75.5 7.0 0.2 6.8 20.3
729 12.6 0.4 7.1 25.2
75.1 19.5 0.6 6.7 194
71.7 26.1 0.8 1.2 28.2
72.5 33.1 1.1 7.1 26.1
73.7 49.2 1.6 1.3 271
75.8 49.2 2.0 7.1 22.5
74.0 49.2 2.1 1.2 25.7
74.5 49.2 2.6 7.0 22.8
73.9 49.2 3.2 1.2 25.5
73.4 49.2 3.2 1.2 26.0
2.7 49.7 4.1 12 21.3
74.5 49.2 4.1 1.2 24.8
72.5 49.2 5.2 7.3 28.5
4.2 49.2 6.5 7.1 24.1
74.4 49.2 9.2 12 24.6
73.7 49.2 11.9 7.1 24.7
74.2 70.2 19.0 7.1 24.6
74.3 98.9 21.2 1.2 24.6
74.3 139.0 38.5 7.1 24.4
74.5 159.6 44.3 7.1 24.2
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4.1.1 SNR Analysis

The SNR measurement is calculated by taking dose-specific air images and
calculating the ADU value of the acquired image. The image type of the detector
used in the test is 14 bit, and the ADU representation range is 0 to 13201. A
dosimeter is placed in the center of the detector to measure the irradiated X-ray
dose in uGy, and the ADU value is calculated by checking the ADU value for the
area near the dosimeter. Figure. 28 (a) The air image taken by placing the
dosimeter shows the ADU value for the measurement area, and (b) is the output
graph chart of the dosimeter. With the RQA5 X-ray beam quality fixed and mAs
varied, the dose measured by the dosimeter and the image ADU are substituted
into Equation (4) to calculate the SNRI2l. Figure 27 (a) shows the Signal Power
and MNoise Power of the formula, while the average (ave) and deviation (dev)

values are displayed in Fig.

( Signal Power

SNR = 20log Noise Power

(4)

| — |oe—)
Tk walkage Expasire rade
i pi
x) .
~
§~&15—_§
E =0+
~ ©
R =4
E 35 404
E =
Baos |5
0084

g =20
fhl

g e T T T T T

o] 10 20 a0 4D &0 &0
Time (ms)

(a) (b)
Figure 27. SNR analysis (a) ADU value of the acquired image and measurement

area (b) Dosimeter chart
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The SNR measured as a function of dose is shown in Figure 28. The higher
the SNR, the less signal-to—noise, and it increases with the absorbed dose but

remains the same above a certain level.

45.0
—0- —— =0
40.0
35.0
d
T e
~ 300 |}
P
wv
250 ¢
200 ¢
¢
15.0
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

absorbed dose [uGy]

Figure 28. SNR measurement chart
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4.1.2 NPS Analysis

Figure 29 shows an NPS measurement chart. The NPS can be calculated using
a two dimensional fast Fourier transform of flat field images (corrected for gain
offset) of a 500 x 500 area used for SNR calculation. In 2D images, noise of the
same magnitude has a greater impact when the object is small and becomes
difficult to distinguish visually. Therefore, noise should also be measured and
evaluated through a metric that is combined with spatial resolution[®3154l, You can

see the noise distribution for each frequency.

100

90 —(0.09uGy

80 —O.ZuGy
g 70 -0.39uGy
= 0.84uGy
o 60
& ——2.07uGy
o 50
$ ——3.19uGy
&
w 40 ——6.5uGy
2
é) 30 —11.86pGy

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Spatial Frequency [lp/mm]

Figure 29. NPS measurement chart
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4.1.3 MTF Analysis

MTF is a factor that can be used to simultaneously represent contrast and
spatial resolution using edge phantoms. MTF measurements were performed using
the "tilted edge” technique, which analyzes the edge portion of the image
generated by placing an edge phantom in the detector imaging area and acquiring
an imagel®l. Figure 30, (a) is the raw image of the edge phantom, which shows
the ADU value of the edge part, and (b) is the MTF measurement chart. The
measurement shows a 62% MTF with an error range of * 2%, which is within
typical detector performance deviations. Typical detector resolution specifications

are shown based on 1 Ip/mm.
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ave 4624  dev 566.0

mn 86 max 2205

va

180

13 140 202 374 844 2205
108 136 192 353 803 2133
110 131 193 340 774 2038
"1 133 190 326 730 1914
115 134 186 320 689 1815
10 128 180 297 644 1727
106 132 179 286 620 1622
15 132 167 282 597 1540
M2 129 171 283 551 1456
108 135 170 270 546 1376
105 128 164 260 523 1327

— (0.20uGy

1.16uGy

2.07uGy

6.50uGy
3.0 3.5 4.0

Sparial Frequency [lp/mm]

(b)

Figure 30. MTF measurement (a) raw image (b) MTF chart
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4.1.4 DQE Analysis

For doses above 2.07 uGy, the detector image quality metric, DQE performance,
reaches a maximum of 68% in Figure 31 shows that the DQE performance
reaches a maximum of 68%. For doses higher than 2.07 uGy, from 3.19 to 11.86
uGy, the DQE is equivalent and does not improve. Therefore, in actual clinical
imaging, if the dose penetrating the human body and entering the detector is

around 2.07 uGy, the image quality can be considered the best image the detector

can produce.

80%

70%

60%

50%

40%

DQE (%]

30%

20%

10%

0%

0.0

0.5 1.0 15 2.0 25 3.0 3.5

Sparial Frequency [Ip/mm]

—0.09uGy —0.020uGy ——0.035uGy 0.084uGy

—2.07uGy ——3.19uGy 6.5uGy ——11.86uGy

Figure 31. DQE Chart
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4.2 SiPM Dose Calculation

Since the optimal dose was identified through the DQE analysis of the detector,
the signal of the image ADU and SiPM at each dose was measured (Table 9.),
yielding the values shown in Equation (5). Where v and s are v and ms of SiPM.
We verified that the error of this formula is £4%. Figure 32 is a comparison chart

of the ADU calculated from the image and the formula.

Table 9. Image ADU and SiPM Signal by Dose

Dosimeters Image SiPM Ca{fc;ljl;ed

Dose [uGy] [ADU] vl [ms] [ADU]
0.09 215 0.49 3 25.4
0.20 61.8 0.65 7 63.3
0.59 230.6 0.81 19 248.8
1.13 420.1 0.81 35 435.9
1.16 550.7 0.81 49 599.6
2.07 675.1 0.84 49 667.0
2.55 344.7 0.93 49 899.8
5.15 1694.3 1.17 49 1776.8
11.86 3796.6 1.52 49 3878.0
27.18 8624.5 1.57 99 8528.8
38.50 12021.7 1.56 139 11708.0
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ADU

SiPMADU= (1 x (s+1)x2)x 11+ 15

14000
12000
—|mage
10000 .
= SiPM
8000
6000
4000
2000
0
0 5 10 15 20
Dose [uGy]

Figure 32. Comparing Image ADU readings with SiPM output
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4.3 Implement optimal dose

4.3.1 Configure Hardware

The hardware for optimal dose implementation is shown in Figure 33. It
consists of an MCU as a controller, a detection unit, and external connections as
shown in Figure. The detection part consists of a SiPM Sensor, an amplifier, a
comparator, a Set/Reset Flip-Flop for the Automatic Exposure Detection (AED)
function, and an ADC part for the Automatic Exposure Control (AEC) function. It
is configured to be controlled by a Photo Diode configuration for connection to an
external X-ray System. The Set/Reset Flip—Flop prevents the momentary loss of

the trigger signal at low doses and reduces the load on the MCU for detection.

SiPM OP Amp Comeparator TrIiE;;eerrnglin
Set/Reset FF
(OP Amp)
Reset Control Col:w/‘tch)JIIer

ADC

Figure 33. Hardware block diagram
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4.3.2 Configure the connection

The connection between the SiPM Controller and the X-ray System for optimal
dose control is shown in Figure 34. The X-ray system is equipped with the AEC
mode function, but in order to exclude the variables of the system, the SiPM
Controller is connected to the Hand Switch Connector in manual mode to control

the X-ray irradiation without interference from the system.

X-ray System X-ray Tube
Control
Panel
Detect
(CMP 200) et PC
Hand Switch SiPM
Connector Controller

Figure 34. Connection Block Diagram
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4.4 Evaluating Optimal Dose Acquisition

The X-ray System was set to manual mode and the darkest part of the nose in
the Skull AP and the spine in the Chest AP were placed in the SiPM position for
minimum ADU detection. The value calculated through SiPM was controlled
through the Controller to stop the generator irradiation at the ADU threshold of
650.

For the Skull AP, the detector manufacturer’s standard for dosimetry at 75 kVp
20 mA averages 342.8 uGy as a condition of use. Images of the standard dose and
the dose controlled with the optimal dose were acquired to determine the
difference. The optimal dose controlled through the SiPM was 75 kVp 887 mAs,
which was confirmed by dosimetry to be 148.3 uGy.

Figure 35 (a) Post-processed image of the image taken with the manufacturer’s
standard, and (b) post-processed image taken with the optimal dose through the
SiPM controller.

Figure 36, Raw images showing the ADU in the SiPM region, (a) taken with
the manufacturer’s standard, (b) taken with the optimal dose through the SiPM
controller.

Figure 37 shows a magnified image of the orbital rim and sphenoidal bone. The
radiologist’'s evaluation of the image was that ‘imaging conditions are important
for diagnosing orbital fractures or sphenoidal fractures in clinical practice, but both
images show the orbital rim and sphenoidal bone well, and there seems to be no
significant difference between the reference and control images that would lead to
a misreading error in fracture diagnosis’. This evaluation report is attached to

Figure 41 through Figure 45.
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(a) (b)

Figure 35. Skull AP post-processed image (a) manufacturer’s standard : 342.8 uGy (b) SiPM dose Control : 148.3 uGy
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101x101 (10201 pix)
ave 16253

dev 64.5

max 1721

min 1353

val 1470

(a)

101x101 (10201 pix)
ave 640.7

dev 29.3

max 738

min 562
val 631

(b)
Figure 36. Skull AP raw image showing the ADU in the SiPM area (a)
manufacturer’s standard @ 342.8 uGy (b) SiPM dose Control : 148.3 uGy
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(a) (b)

Figure 37. Skull AP orbital rim and sphenoidal bone (a) manufacturer’'s standard

0 342.8 uGy (b) SiPM dose Control : 148.3 uGy
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Figure 38, Comparison images for the Chest AP, (a) post-processed image taken
at the manufacturer's reference, and (b) post-processed image taken with dose
control via the SiPM Controller.

Figure 39, Raw image showing the ADU in the SiPM area, (a) taken at the
manufacturer's suggested criteria, (b) taken with optimal dose through the SiPM
Controller. It is found that the detector manufacturer’s reference is 81.9 uGy when
dosimetrically measured with 120 kVp 2 mAs, and the controlled optimal dose is
279 uGy when dosimetrically measured with 120 kVp 0.67 mAs.

Figure 40 shows an enlarged image of the left lung. The radiologist’s
evaluation of the image was that ‘both images have adequate bronchial
representation in the hilum, and there does not appear to be a significant
difference between the two images, with good visualization of the mediastinal
pulmonary vessels and the spine in the projection of the mediastinum, so there is
no problem with tumor shading’. This evaluation report is attached to Figure 41

through Figure 45.
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(a) (b)
Figure 38. Chest AP post-processed image (a) manufacturer’s standard : 81.9 uGy (b) SiPM dose Control : 27.9 uGy
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(a)

1012101 (10201 pin)
ave 6656

dev 194

max 26

min 599

val 0663

(b)

Figure 39. Chest AP raw image showing the ADU in the SiPM area
(a) manufacturer’s standard : 81.9 uGy (b) SiPM dose Control : 27.9 uGy
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(a) (b)

Figure 40. The hilum and mediastinum for the left lung

(a) manufacturer’s standard : 81.9 uGy (b) SiPM dose Control : 27.9 uGy
- 68 -



X-ray Image List

1. Skull AP View

Manufacturer dose conditions

SiPM dose Control

Image
Study Skull AP Skull AP
Center X-ray Nasal aperture Nasal aperture
Date DEC-05-2023 DEC-05-2023
Patient's inform Skull Phantom Skull Phantom
Magnification 10.0IN X 12.0IN 10.0IN X 12.0IN

Rate

(Magnification Rate : 1.0)

(Magnification Rate : 1.0)

Point of view

No abnormal findings are noted in bony
calvarium, orbits, craniofacial, and paranasal

sinuses visualization

Neo abnormal findings are noted in bany
calvarium, orbits, craniofacial, and paranasal

sinuses visualization

Conclusion Unremarkable findings Unremarkable Findings
Findings No difference in anatomical structure between dose control and manufacturer images
Image - 3
Dicom3.0 Dicom3.0
Acquisition
Tube Voltage: 75kV Tube Voltage: 70kV

Exposure

Tube Current: 200mA Tube Current: 200mA
Conditions Tube Current Time: 20mAs Tube Current Time: 8.87mAs

Figure 41. Image Scorecard Page 1 of 5
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The imaging evaluated(skull AP View) (Check Grade S,AB,C)

Grade
Contents Evaluate Contents
Manufacturer SiPM
Frontal Bone inspection Visible Clearly 3 3
Maxillary Bone Inspection Visible Clearly 4 4
T SRSt Mandible Bane Inspection Visible Clearly 4 4
the permeable Sphenoid Bone Inspection Visible Clearly 4 4
Contrast and Nasal cavity Inspection Visible Clearly 3 3
Regslution Frontal sinus Inspection Visible Clearly 4 4
Maxillary sinus Inspection Visible Clearly 4 4
Pyramid inspection Visible Clearly 4 =
Average 3.75 3.75

( Grade S : Perfect=4 , A : excellent=3 , B : average=2 C:poor=1)

Figure 42. Image Scorecard Page 2 of 5
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2. Chest P-A View

Manufacturer dose conditions

SiPM dose Control

Image
Study Chest P-A Chest P-A
Center X-ray T-10 Spine T-10 Spine
Date DEC05-2023 DEC-05-2023
Patient’s inform Chest Phantom Chest Phantom
Magnification 17IN X 17IN 17IN X 171N

Rate

(Magnification Rate : 1.0)

(Magnification Rate : 1.0)

Point of view

No abnormal active lesions are noted in
the bones of spine and chest including
breastbone, ribs and collarbone. Both lungs,

CP angle, and apex. Heart are unremarkable.

No abnormal active lesions are noted in
the bones of spine and chest including
breastbone, ribs and collarbone. Both lungs,

CP angle, and apex. Heart are unremarkable

Conclusion Unremarkable single view chest x-ray Unremarkable single view chest x-ray
Good edge definition and grayscale of the lungs, retrocardiac & subdiaphragmatic
Findings pulmonary vessel markings, thoracic spines, and other bony chest walls. Well visualization

of trachea and bronchi in mediastinum and both hila

Image Acquisition

Dicom3.0

Dicom3.0

Exposure

Conditions

Tube Voltage: 125kV
Tube Current: 200mA
Tube Current Time: 2.0mAs

Tube Voltage: 125kV
Tube Current:: 200mA
Tube Current Time: 0.67mAs

Figure 43. Image Scorecard Page 3 of 5
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The imaging evaluated(Chest P-A View)

(Check Grade S,AB,C)

Point
Contents Evaluate Contents Manufactur .
SiPM
er
UpP DN uUp DN
Vessels are visible clearly on the 1/3 area
of superior lung field
The inspection for Lung 4 4 4 4
vessel on whole of the
Vessels are visible on 2/3 area from 1/3
lung field 4 4 4 4
area of the lung field
Visible 1/3 of vessel only on the center of 5 g " 4
lung field
The status of | The inspection for Lung
the permeable, | vessel and Descending Visible Clearly 3 3 3 3
Contrast and aorta in rear of heart
Resolution Inferior diaphragm .
’ Visible Clearly 4 4
vessel Inspection
Rib Inspection R .
. superior rib are visible clearly 4 4
(A costa of superior rib)
Diaphragm Inspection Both of side are visible clearly 4 4
intervertebral disc of Whole of intervertebral disc of space are i 5
space Inspection visible clearly
. Trachea, Trachea bifurcation, Principal
Bronchus Inspection . . 4 4
bronchi  are visible clearly
Human work shadow
Human work . .
and undefined human Invisible 4 4
shadow
work shadow
Average 3.71 3.64

{ Grade S : Perfect=4 , A : excellent=3 , B : average=2 C :poor=1)

Figure 44. Image Scorecard Page 4 of 5
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General Review

Average value of each annotation
No Contents Manufactuer S1PM
1 Skull P-A view 3.75 3.75
2 Chest P-A view 3.71 3.69
Total Average 3.73 3.72

( Grade S : Perfect=4 , A : excellent=3 , B : average=2 C:poor=1)

Conclusion

Upon review of typical radiographs taken at the manufacturer's dose and the SiPM control
showed that the SiPM in the Phantom acquisition was of similar quality for the same anatomical
location at a lower dose. This can provide radiographs that are suitable for diagnostic purposes.

Figure 45. Image Scorecard Page 5 of 5
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Chapter 5

Conclusion

In this paper, we present a method to realize optimal image quality and low
dose control using a SiPM sensor that can be embedded in a portable X-ray
detector, and verify the effectiveness through actual experiments. By evaluating
the image according to the criteria of IEC62220-1, an international standard for
X-ray imaging devices, we calculated the ADU value that shows optimal image
performance, and implemented dose control at that ADU wvalue through the SiPM
SENsor.

Evaluated by radiologists using an image scorecard, they found no clinically
significant difference between cranial AP and thoracic AP images acquired with
the manufacturer’s reference dose and SiPM optimal dose control in identifying
anatomical structures.

In the experimental results, the Skull AP was irradiated from the
manufacturer’s reference dose of 342.8 uGy to the optimal controlled dose of 148.3
uGy, resulting in a dose reduction of approximately 57%, and the Chest AP was
irradiated from the manufacturer’s reference dose of 81.9 uGy to the optimal
controlled dose of 279 uGy, resulting in a dose reduction of 66%. These results
suggest that optimal dose control with SiPM sensors can significantly reduce
patient radiation exposure. However, the location of the dose detection zones is
important for optimal image acquisition at the lowest dose. Typical AEC products
use three to five zones, but they use large ion chamber sensors to cover a large
area. SiPM, on the other hand, can be embedded in portable detectors due to its
small size, but because it detects a small area, it is necessary to increase the

number of sensors to detect a variety of points to overcome the limitation of the
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detection area.

X-ray dose control is a very important topic in the field of medical imaging,
and starting from the ALARA (As Low As Reasonably Achievable) principle
introduced in the 1977 ICRP recommendation (ICRP 26), the new recommendation
of ICRP publication 103 in 2008 recommends the application of the recommended
dose to patients in medical radiological examinations, dose control is being carried
out in advanced countries such as the United States and Europe, and the interest
in dose control for patients and medical workers continues to increase in Korea
[56157], Against this background, the experiments in this paper demonstrate that
dose control for low patient exposure while maintaining optimal image quality is
possible using SiPM, which is expected to make an important contribution to
radiation dose management and image quality improvement in the medical imaging

field.
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