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a b s t r a c t

Dual-energy x-ray absorptiometry (DXA) is the noninvasive method to diagnose osteoporosis disease
characterized by low bone mass and deterioration of bone tissue. Many global companies and research
groups have developed the various DXA detectors using a direct photon-counting detector such as a
cadmium zinc telluride (CZT) sensor. However, this approach using CZT sensor has some drawback such
as the limitation of scalability by high cost and the loss of efficiency due to the requirement of a thin
detector.

In this study, a SiPM based DXA system was developed and its performance evaluated experimentally.
The DXA detector was composed of a SiPM sensor coupled with a single LYSO scintillation crystal
(3 � 3 � 2 mm3). The prototype DXA detector was mounted on the dedicated front-end circuit consisting
of a voltage-sensitive preamplifier, pulse shaping amplifier and constant fraction discriminator (CFD)
circuit. The SiPM based DXA detector showed the 34% (at 59 keV) energy resolution with good BMD
accuracy. The proposed SiPM based DXA detector showed the performance comparable to the conven-
tional DXA detector based on CZT.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bone mineral density (BMD) measurements are used to di-
agnose osteoporosis disease and to assess the deterioration of bone
tissue which increases the risk of fracture. It can also be used to
monitor the treatment progress and to assess skeletal changes over
age [1,3].

Dual-energy x-ray absorptiometry (DXA) is a non-invasive im-
aging technique useful for measuring BMD. The DXA has various
advantages of short scan times, easy setup of patients for scanning,
low radiation dose, and good measurement accuracy. Based on
some advantages, DXA equipment was selected as a worldwide
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reference device for BMD measurement by the World Health Or-
ganization (WHO) [1e3,22,23].

Early DXA detectorswere consist of photomultiplier tube (PMT)-
based counting detector systems. The trend in recent DXA in-
struments is to use CZT (CdZnTe) sensors that canmeasure accurate
BMD with low exposures [5,6]. CZT sensors are stable crystalline
compounds formed of cadmium, zinc, and tellurium, of which
spectral resolution outperforms commercially available scintilla-
tion crystals [7,8]. DXA detectors using CZT sensors do not require a
scintillator and are advantageous for energy resolution and spatial
resolution, however, they suffer from limitations such as scalability
due to high cost and efficiency losses due to thin detector re-
quirements [9,10]. In addition, the detector requires a large number
of read-out channels, the performance of which is affected by the
applied voltage.

Recently, Silicon photomultipliers (SiPMs) has made great
progress and success with the high performance such as high
detection efficiency, low dark count rate and high sensor gain
[11e15]. LYSO scintillation crystal also achieve high light output,
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short rise time, and short decay time [16]. The SiPM detector
coupled with LYSO has similar sensitivity to CZT, and is sufficient as
a detector for bone density measurement.

The purpose of this study is to develop a SiPM based DXA de-
tector and to experimentally evaluate its performance. The DXA
detector was designed by implementing a SiPM coupled with a
single LYSO crystal (3 � 3 � 2 mm3). The energy resolution was
measured using an isotope radiation source (Am-241 (59 keV)) to
compare the performance at the very low radiation energy of the X-
ray detector according to different detectors (SiPM and CZT). In
order to estimate the detection accuracy of x-ray filtered with a K-
edge filter, the energy spectra of two detectors (SiPM and CZT) were
measured using x-ray generator. In addition, extracted attenuation
maps were obtained to evaluate the detector count linearity
depending on the various density for different materials.

2. Materials and methods

2.1. Dual x-ray detector module configuration

2.1.1. Prototype SiPM based DXA detector
As shown in Fig. 1, the DXA detector consists of a single LYSO

scintillation crystal (Epic-Crystal, China) of 3 � 3 � 2 mm3 and a
single pixel SiPM (MPPC, S13360-3050 PE, Hamamatsu, Japan). All
polished crystal surfaces except surface coupling SiPM were
covered with 4 layers of Teflon tape. The SiPM consists of a matrix
of thousands microcells (50 mm � 50 mm) operated at a breakdown
voltage of about 56.0 V. The SiPM case dimension were
3.4 � 3.4 mm2 and active area was 3 � 3 mm2. The optical grease
(Saint-Gobain Crystals, Hiram, USA) was used between LYSO scin-
tillation crystal and SiPM to improve photon transfer effectiveness.

2.1.2. Analog signal processing and front-end electronics
Fig. 2 shows a readout structure that includes a front-end

electronics consisting of a preamplifier, pulse shaping amplifier,
peak-sensing trigger circuit, and data acquisition (DAQ). The output
signal from the DXA detector is amplified by a preamplifier
(AD8039ART, Analog Devices, USA). The preamplifier is a low noise
(8 nV/Hz) and 350MHz bandwidth single amplifier with adjustable
gain from 0 to 10 times in a single range. The amplified signals are
shaped by the shaping amplifier to alleviate the pile-up problem. To
generate the trigger for the peak-sensing on the shaped signal, the
peak-sensing trigger circuit employs a constant fraction discrimi-
nator (CFD) circuit with a delay of 500 ns after the shaping
amplifier. The CFD circuit generates the bipolar signal by multi-
plying the delayed signal and inverted signal. The zero-crossing
point in the bipolar signal is the pickoff time point and the bipo-
lar signal is fed to the comparator. The delay component (DS1100Z-
Fig. 1. A 3 � 3 � 2 mm3 of LYSO scintillation crystal (Epic-Crystal, China) a
500þ, Maxim Integrated, USA) delays the comparator output signal
by the rising time of the shaped signal to use the start trigger of the
peak sensing analog-to-digital converter (ADC).

2.1.3. Back-end data acquisition (DAQ)
The NI-DAQ was used to acquire the detector readout data. The

front-end electronics are connected to a PXI-1033 controller (Na-
tional Instruments, Austin, TX, USA). The shaped signal and the
peak-sensing trigger of the front-end electronics are fed to NI-DAQ
(8-channel, 16-bit ADCs, maximum sampling rate of 250 kS/s)
[18e20]. The energy information was measured from the height of
an analog pulses at the peaks and converted into digital outputs.
The digital output is a proportional representation of the analog
pulse height in the shaped input signal [21]. The PXI controller
handles the command transfer to the computer interface modules
along with the desktop running LABVIEW. The PXI controller was
installed on one data acquisition card, NI PXI-6143, (National In-
struments, Austin, TX, USA) to simultaneously record input signals.
Fig. 3 shows the components of the DXA detector module, including
front-end electronics and DAQ.

2.2. Experimental setup

2.2.1. DXA generator setup
Fig. 4 represents the experimental setup of an x-ray tube and

DXA detectors for performance evaluation. An x-ray tube with a
pencil beam collimator was used. The intensity of the x-ray photon
flux was determined by the current at the x-ray tube anode. In this
experiment, the tube anode current and the tube voltage were set
to 1 mA and 83 kVp, respectively. The distance between the de-
tector and the x-ray tubewas 75 cm, and the x-ray passed through a
1mm thick samarium filter with K-edge absorption at 46.8 keV. The
experiment was performed at room temperature of 20�. Dual x-ray
photons generated using the samarium K-edge filter were distin-
guished into low and high energy regions. The theoretical average
energies in the low and high energy regions are 38 keV and 65 keV,
respectively.

2.2.2. Measurement of energy spectrum
The SiPM detector was used to measure the spectrum of x-rays

that passed through the samarium filter. For comparison, a CZT
detector used in a commercial DXA equipment (DEXXUM-T,
Osteosys) was used under the same conditions. To evaluate the
energy resolution of the detectors, the gamma-ray spectra of the
two detectors were measured using an Am-241 source that emits
59 keV gamma rays. The energy resolution was estimated by the
Gaussian fitting and the full width at half maximum (FWHM) of the
59 keV photo-peak.
nd single pixel of SiPM (MPPC, S13360-3050 PE, Hamamatsu, Japan).



Fig. 2. Schematic diagram of front-end electronics and the peak-sensing ADC. The front-end electronics includes preamplifiers, shaping amplifiers, and trigger circuits. The output
of the front-end electronics is fed to the peak-sensing ADC in NI-DAQ to measure energy values.

Fig. 3. Components of the DXA detector module including front-end electronics and NI-DAQ.
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2.2.3. Evaluation of the accuracy of bone mass measurement
The factor that quantitatively assesses bone mass is bone min-

eral density (BMD), estimated by calculating the area density (g/
cm2). To evaluate the accuracy of the area density (g/cm2),
aluminum plates (Al plate) and water phantom were used. The
attenuation coefficients of Al plate, water, bone tissue and soft
tissue at 50 keV are 0.3681 cm2/g, 0.2269 cm2/g, 0.3506 cm2/g, and
0.2264 cm2/g, respectively [22].

The thickness corresponding to the theoretical area density of
the Al plates used in the experiments were 2 mm (0.54 g/cm2),
4 mm (1.08 g/cm2) and 6 mm (1.62 g/cm2), indicating osteoporosis,
normal, and BMD excess, respectively. The area density measure-
ment was performed by placing Al plates in a 150 mm deep water
phantom considering the thickness of the human upper body, as
shown in Fig. 5 [17]. The area density was measured at 9 different
locations at 3 mm intervals: the first three with air, the second
three with water representing soft tissue, and the last three with
water þ Al plate representing the soft and bone tissue.

The area density (g/cm2) of the Al plate was calculated by
analyzing the number of detected photons and the attenuation



Fig. 4. Experimental Setup of an X-ray tube and DXA detectors for performance evaluation.

Fig. 5. Experiment setup of measuring the area density for evaluating BMD measurement accuracy.
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coefficient of aluminum used as a bone equivalent material [23,24].
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IL0 and IL are the number of detected photons in the low-energy
window, with or without the target material, respectively. IH0 and
IH are the number of detected photons in the high energy window,
with or without the target material, respectively. mLAl and mHAl are the
attenuation coefficient of aluminum at the average energy of the
low and high energy window, respectively.
2.2.4. Evaluation of contrast-to-noise-ratio
To assess the material decomposition capability, an attenuation

map of the phantom was generated and contrast-to-Noise Ratio
(CNR) was analyzed in two different energy windows. The atten-

uation maps in each energy window (Low:ln

 
IL

IL0

!
and Highln

 
IH

IH0

!
)

were obtained using the detected x-ray photons, classified into low
and high energy according to the measured energy. To acquire the
attenuation map of Al plate only, the decomposed attenuation map
(DEC) was obtained using the difference between the low energy
attenuation map and the corrected high energy attenuation map

using equation (2). The high energy attenuation map (K�ln
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was corrected by weighting factor (K), the ratio of the Low and the
High attenuation map measured with water only [23e25].
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Region-of-interests (ROIs) were set for each Al plate thickness
and the CNR was calculated as follows:

CNR¼ðROImeanðaÞ �ROImeanðbÞÞ
.
sbackground (3)

ROImean(a) and ROImean(b) are the average values of each ROI, and
sbackground is a standard deviation measured in the background
[26,27].



Fig. 7. Energy resolution of CZT and SiPM detector.
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3. Results

3.1. Measurement of energy spectrum

The energy spectra of the CZT and SiPM detector were shown in
Fig. 6. The two energy peaks were well distinguished in both de-
tectors. However, the energy spectrum of the CZT detector was
slightly narrower than that of the SiPM detector at energy peaks.
The 50 keV valley, the boundary between high and low energy due
to the samarium filter, was deeper in CZT than SiPM detector. The
energy resolution of the CZT and SiPM detector using Am-241
source were shown in Fig. 7. The energy resolutions of the SiPM
and CZT detector were 34% and 18% at 59 keV, respectively.

3.2. Evaluation of the accuracy of bone mass measurement

The area density (g/cm2) was calculated as a function of Al plate
thickness ranging from 2 mm to 6 mm, as shown in Fig. 8. The area
density values increased linearly with the Al plate thickness. The
area density at CZT detector was calculated as 0.5563 g/cm2,
1.1149 g/cm2, and 1.6712 g/cm2, with an Al plate thickness 2, 4, and
6mm, respectively. Comparedwith the theoretical area density, the
differences were 3.0%, 3.2% and 3.1% for each thickness. In case of
SiPM detector, the area density in DEC attenuation map was
calculated as 0.5215 g/cm2, 1.0605 g/cm2, and 1.5367 g/cm2 with a
Al plate thickness 2, 4, and 6 mm, respectively. Compared with the
theoretical area density, the differences were 3.7%,1.8% and 4.9% for
each thickness. The calculated area densities were slightly over-
estimated in the CZT detector and underestimated in the SiPM
detector than the theoretical values.

3.3. Contrast-to-noise ratio measurement

Fig. 9 shows three attenuation maps (High, Low and DEC)
measured at various experimental conditions with Al plate thick-
nesses (2 mm, 4 mm, and 6 mm) to assess the accuracy of BMD.

Fig. 10 represents the calculated CNR for the attenuation maps
using theAl plates (2mm,4mm, and6mm). Fig.10(A) and (B) shows
the calculated CNR values of the attenuation maps using CZT and
SiPM detectors, respectively. The CNR values with the DEC attenu-
ation map showed the better results than those with low or high
energymaps, and itmeans that the Al plate iswell decomposed. The
CNR values increased linearly with the Al plate thickness.

4. Discussion

The feasibility of a DXA detector based on SiPM coupled with
LYSO scintillation crystal was demonstrated by the experiments in
Fig. 6. X-ray spectra (a): CZT d
this study. The energy spectrum, accuracy of BMD calculation and
CNR were measured to compare the performance of DXA detectors
with different sensors (SiPM and CZT).

The SiPM based DXA detector showed the 34% (at 59 keV) energy
resolution with good BMD accuracy (z3% error rate). The energy
resolution of CZT detector is superior to SiPM detector. Conversion
efficiency of CZT detectors is superior to SiPM-based detectors
because CZT detectors converts radiation directly into electrons [7].
This results in a difference in energy resolution between the CZT and
SiPM-based detector. CZT detectors have narrower energy peaks and
deeper valleys than SiPM-based detectors. However, the valley of
energy resolution of SiPM between two energy peaks was clearly
identified. It allows us to separate two different energy regions for
BMD calculation, demonstrating the feasibility of SiPM detector for
DXA detector. The development of dedicated readout electronics
using commercially available low-noise amplifiers that provide
wide-band amplification with extremely low noise has enabled to
achieve useable energy resolution.

The accuracy in BMD measurement was affected by inhomo-
geneous distribution of both bonemarrow and soft tissue in human
body. Therefore, it was necessary to evaluate the BMD accuracy of
DXA detector. The area density representing BMD was measured
and compared with the theoretically calculated values. The
measured and theoretical values matched well within 5% error. The
BMD accuracy of this study (~5%) are lower than commercial DXA
detector (~1%). However, BMD can bemeasured with BMD accuracy
within 10% according to WHO regulations [28]. The accuracy error
in BMD increases with the Al thickness due to the increased
etector, (b): SiPM detector.



Fig. 8. The theoretically calculated and measured area density as a function of Al thickness.

Fig. 9. Attenuation maps of air, water, water þ Al plate conditions using CZT and SiPM detector.

Fig. 10. Calculated CNR values from each attenuation map for Al plate with different thickness.
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attenuation and scattering in the path of the X-ray beam. The ex-
periments were performed without considering the beam hard-
ening effect [29]. In further study, studies on improving BMD
accuracy by the beam hardening correction will be conducted.

The CNR is a measure used to determine image quality. The CNR
of SiPM detector agreed well with the CZT detector under various
experimental conditions and it proves that SiPM detector can
provide the observer with acceptable image quality. The CNR value
increases with the Al thickness because the Al plate acts as the filter
to attenuate X-rays.

In this study, the proposed SiPM-based DXA detector showed
BMD and CNR performance comparable to CZT based commercial
DXA detector. The low cost of SiPM makes it easy to adapt SiPM
detectors to wide fan beam scanning DXA system reducing patient
dose and scan time to 1 min or less [30,31]. In further study,
additional studies will be conducted on the effect of BMD mea-
surements on long time (over 10 min) measurements.

5. Conclusion

This study is a feasibility research of SiPM based scintillation
detector for BMD measurements. The SiPM based scintillation de-
tector provides good performance for measuring area density.
These results showed that the proposed detector can be used for
measuring the BMD.
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