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1. INTRODUCTION 

Breast cancer is the most common cancer among women in 
Japan, America, and Europe [1]-[3], and mammography is used 
for population-based breast cancer screening. Microcalcifications 
and masses are the most important mammographic lesions. The 
microcalcifications are small pale lesions with a diameter of 50 
µm. Masses overlap with normal tissue and mammary glands and 
are difficult to delineate on mammography. Therefore, these 
lesions may not be detected by physician interpolation, and high-
quality mammographic images are required. Furthermore, the 
breast is an organ with a high tissue weighting factor that requires 
minimal exposure to radiation [4], [5]. 

Photon-counting imaging has attracted attention as an ideal 
solution for such applications owing to its low noise, high 
resolution, high (theoretically unlimited) dynamic range and its 
ability to detect energy of each single X-ray photons. [6]-[8] 
Several next-generation technologies, such as spectral computed 

tomography (CT) [9], [10] and photon-counting mammography 
[11], [12], have been reported. 

However, these CT and mammography are conventional 
energy-integrated images using photon counting, not intrinsic 
photon-counting with photons measured separately. The photon 
counting method used in CT and mammography integrates the 
energy of incident photons per unit area and per unit time. The 
energy band is then limited, allowing for improved noise 
characteristics, but also has problems such as the (over) 
saturation limit of the scintillator. In other words, these devices 
cannot count individual X-ray photons. This is a limitation that 
depends on the sensitivity and noise characteristics of the image 
sensor, and photon-counting images cannot be easily obtained. 
For this reason, exact experimental comparisons between 
photon-counting images and conventional energy-integrated 
images in general have not yet been made because each imaging 
method requires different X-ray detecting devices with very 
different features, such as pixel size and quantum efficiency. 
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There are three advantages of photon-counting images, which 
count individual X-ray photons. 

(1) It has the potential to produce accurate images even at low 
doses. This has the potential not only to reduce exposure 
but also to improve the image quality of single-projection 
images such as breast tomosynthesis.  

(2) The accuracy and reliability of the data for material 
identification can be increased.  

(3) It is possible to measure the energy of each X-ray photon, 
and therefore it may be possible to estimate the nature of 
the substance from a complete energy profile based on the 
energy distribution after transmission through the object. 

The purpose of this study is to develop a unique X-ray 
detection system with an order of magnitude increase in 
sensitivity by incorporating an image sensor [13]-[15] that 
combines low-noise circuit technology and a photodiode 
dedicated to light detection, so that not only diagnostic but also 
mammographic images can be obtained using a new imaging 
technique that counts individual X-ray photons. In this study, we 
experimentally attempted to acquire photon-counted and energy-
integrated images with the same device under mammographic 
conditions using a CDMAM 3.4 phantom (Artinis Medical 
Systems, Elst, The Netherlands). The first attempt to compare 
these images will be presented.  

2. MATERIALS AND METHODS 

2.1 X-ray detecting device 

The structure of the X-ray detection system is shown in 
Figure 1. The X-ray detecting device in this study measures 
4.9 mm × 3.2 mm (matrix size 320 × 212) and is intended for 
basic experimental rather than clinical use. The high-sensitivity 
image sensor used in this study is a CMOS sensor with excellent 
performance, including a small pixel size of 15 µm pitch and a 
maximum frame rate of 500 fps. 

As shown in Figure 1, a piece of scintillator plate dryly cut out 
from J6675 (Hamamatsu Photonics, Shizuoka, Japan), which has 
150 µm CsI(Tl) columnar crystal layer and 3 mm FOP (Fiber 
Optic Plate) layer, is directly glued to the imaging face of the 
sensitive image sensor, forming an indirect photon-counting 
device. Therefore, unlike conventional silicon image sensors 
used for indirect X-ray detection, this sensitive image sensor has 
a fully depleted photodiode in its pixels, which enables an 
ultrahigh signal conversion ratio for photoelectric charges. 
Moreover, the sensing circuits are carefully optimized to reduce 
the readout noise [13]. As a result, the readout noise of each pixel 
of 15 µm pitch is far less than one electron including dark current 
shot noise at room temperature. In this study, photon counting 
images are acquired with this X-ray detector device at very low 
doses that allow the emission of individual photons to be 
discriminated, and integral images are acquired at high doses. 

This means that this X-ray detector system can acquire both 
photon counting images and integral images with a single device. 

2.2 Indirect photon-counting imaging method 

The X-ray detecting device used in this study is simply a 
CMOS Photon Detector. Therefore, it is necessary to image the 
X-ray detection of the sensitive image sensor as the first process 
in this study. Figure 2 shows the creation of photon-counting 
images. When the X-ray detecting device is exposed to X-ray 
photons, every X-ray photon produces a light spot. From these 
light spots, the number and incident position of the X-ray 
photons can be estimated. The energy of the photons can also 
be estimated from the light intensity. The position of the centre 
of gravity of several pixel outputs in the light spot is calculated 
and sorted based on the light intensity threshold. They are then 
mapped to a logical pixel array in each frame image. Each pixel 
also has energy data, allowing the energy range of the mapping 
to be freely selected. 

Figure 3 shows an example of light spot extraction from a 
frame image.  First, the average of the dark images was subtracted 
from each frame image to create clear light-spot images like the 
first image.  Second, the first image is transferred to a binary 
image using specified pixel output threshold. Then, each light 
spot is extracted as a bounded area using a flood-fill algorithm 
[15], resulting in a binary map of extracted light spots shown in 
the second image.  Finally, the barycentric position and the total 
light intensity of each light spot were calculated using the first 
image and the second image. Note that the pixel noises are 
effectively differentiated from the light spots caused by X-ray 
photons and removed in this extraction process. Thus, at this 
time, energy sorting is not performed, and we used all extracted 
photons to create photon-counting images. Our X-ray detection 
device enables the detection of X-ray photons in photon-
counting images by creating them at a high speed of 180 fps. The 
same device can also produce integral images at a frame rate of 5 
fps. 

2.3 X-ray tube and experimental settings 

Figure 4 shows a schematic of the experimental setup. A Mo 
foil of 30 um thickness is placed in front of the X-ray tube to 
adjust the X-ray energy spectrum as an X-ray filter. A CDMAM 
3.4 phantom coupled to a 40 mm-thick acrylic board was placed 
in front of the detecting device. For the X-ray source, we used a 

 

Figure 1. Features of the sensitive image sensor and schematic image of the 
X-ray detecting device. 

 

Figure 2. Process of creating a photon-counting image. 

 

Figure 3. Process of extracting light spots of a single photon. 
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XRC6-60 X-ray tube (Mtsusada Precision, Shiga, Japan), whose 
features are listed on Figure 4 left. This X-ray tube can provide 
hours of stable low-energy X-ray radiation, enabling the capture 
of hundreds of thousands of frame images to create photon-
counting images. A collimator which has a simple hole is placed 
between the X-ray tube and the CDMAM phantom to eliminate 
indirect injection of scattered X-ray photons. 

2.4 Estimation and adjustment of the X-ray energy spectrums 

We adjusted the experimental X-ray energy spectrum of our 
X-ray tube with the W target to be practically similar to that of a 
clinically used mammography equipment with a Mo target. We 
used MoXS4, developed by Hideki Kato [16], to simulate the 
energy spectra of the X-ray tubes. The mass attenuation 
coefficients of the acrylic board, which is usually used as a 
substitute for human breast, and gold film, which is main content 
of CDMAM phantom, were obtained using the XCOM database 
[17], and the attenuations were calculated with an energy step of 
0.2 keV. 

2.5 Estimation of photon fluence of mammography 

Mammography requires low X-ray dosage which strictly 
restricts total photon fluence detected by X-ray sensors. The 
quality of X-ray images is affected by both Poisson noise and 
other noise factors like sensor noise and scintillation noise. If 
sensors detect photon fluences that are about 100 times larger, 
the ratio of Poisson noise to the signal decreases to one-tenth. 
Thus, with very large photon fluence, latter noise factors become 
dominant and photon-counting-images which can completely 
eliminate them might have a clear advantage. But in 
mammography cases, it is essential to examine the balance 
between the former and the latter. 

The photon fluence at the surface of the detecting devices is 
calculated in actual mammography cases in accordance with the 
mammography quality control manual in Japan [18], [19], where 
the maximum average glandular dose) is set at 3.0 mGy. The 
calculation sequence is shown in Figure 5. First, we determined 
air kerma based on above mammography guideline, which shows 
ratio of air kerma to AGD with varied HVL of Al. The air kerma 
at the surface of the photographic subject was estimated to be 
approximately 12.5 mGy with a half-value layer (HVL) of 
0.43 mmAl. Next, the photon fluence was calculated by referring 
to the mass energy transfer coefficient of dry air given by Higgins 
[20]. Subsequently, the subject transmission factor and distance 
factor were multiplied, resulting in a photon fluence at the 
surface of the detector at 8.2 × 105 mm-2.  

2.6 Measurement of photon fluence in the experiment 

For the photon-counting images, the photon fluences were 
directly measured by counting the number of extracted photons. 

However, for energy-integrated images, the photon fluences are 
only estimated by introducing conversion ratio of an X-ray 

photon to the sensor signal 𝜂p . This factor is determined by 

measuring the effective sum of sensor signals of arrayed pixels in 
each frame, which is subtracted from the average sum of the dark 
signals. 

The variance 𝑉s of the sum of the sensor signals in a frame 

and the average sum 𝐴s of the sensor signals in a frame can be 
described as follows: 

𝑉s = 𝜂p
2 𝑉p + 𝑉dark + 𝜂e

2 𝑉e  + 𝑉ηp 𝑁p (1) 

𝐴s = 𝜂p 𝑁p = 𝜂e 𝑁e (2) 

with 

𝑉s [(lsb rms)2]: variance of the sum of the sensor signals in a 
frame 

𝐴s [lsb]: average sum of sensor signals in a frame 

𝜂p [lsb]: conversion ratio of an X-ray photon to the sensor 

signal 

𝑉p [rms2]: variance in the number of X-ray photons in a frame 

𝑉dark [(lsb rms)2]: variance of the sum of the dark signals in a 
frame 

𝜂e [lsb]: conversion ratio of a detected electron to the sensor 
signal 

𝑉e [rms2]: variance in the number of detected electrons in a 
frame 

𝑉ηp [(lsb rms)2]: variance of 𝜂p 

𝑁p: average number of X-ray photons in a frame 

𝑁e: average number of detected electrons in a frame. 
Equation (1) includes the shot noise of X-ray photons, 

variance of dark signals, shot noise of scintillated photons 
converted to electrons in sensor pixels, and variance of the 
scintillated signals of each X-ray photon.  

𝑉p  and 𝑁e  are caused by shot noise (Poisson noise) and 

correspond with the average number of the X-ray photons 𝑁p 

and the detected electrons 𝑁e respectively 

𝑉p = 𝑁p (3) 

𝑉e = 𝑁e . (4) 

Our ongoing study on the variation in the scintillated signals 
of a photon indicates that the fourth factor of equation (1), 

( 𝑉ηp 𝑁p ), is approximately 4 % of the first factor ( 𝜂p
2 𝑉p ). 

Therefore, we can obtain the variance of frame signals attributed 

 

Figure 4. Experimental settings. 

 

Figure 5. Estimation process of photon fluence in actual mammography. 
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to photon shot noise, (𝜂p
2 𝑉p), from measured values of 𝑉s, 𝑉dark, 

and 𝐴s, and the image sensor feature 𝜂e. 

From equations (2) and (3), we can estimate 𝜂p by plotting 

(𝜂p
2 𝑉p) versus 𝐴s, capturing multiple frame images with different 

tube currents, where no phantom but the acrylic board was 
placed.  

2.7 Edge profiles and Modulation Transfer Function (MTF) 

We conducted edge measurements for both photon-counting 
and energy-integrated imaging. An acrylic board with a thickness 
of 40 mm was placed between the edge subject and detecting 
device.  

2.8 Images of CDMAM 3.4 phantom disks 

We captured images of CDMAM 3.4 phantom disks with 
different photon fluences and compared the photon-counting 
images with energy-integrated images. First, multiple energy-
integrated image frames are captured using a tube current of 
approximately 900 μA and a frame rate of 5 fps. Subsequently, 
photon-counting image frames are captured using a tube current 
of approximately 100 μA and a frame rate of 180 fps with the 
same positional settings. The frame rate for energy-integrated 
imaging is chosen such that the dark current shot noise is four 
times larger than the pixel readout noise, and the latter can be 
neglected. 

3. RESULTS 

3.1. Estimation and adjustment of the X-ray energy spectrums 

As a result of the estimation of the X-ray energy spectrum, 
the acceleration energy was set to 27 keV and the thickness of 
the Mo foil to 30 µm. Figure 6 shows the calculated energy 
spectra and transmission factors of the clinically used and 
experimental X-rays. The vertical axis represents the relative 
photon fluence, where the peak photon fluence of the initial X-
ray energy profile was set to 1. Although the X-ray from the 
mammography equipment have two K absorption edges, the 
total amount of photons in those peaks are very small and overall 
energy spectrum of the two X-rays are practically the same, 
which have the same transmission factors. After passing through 
Poly Methyl Methacrylate (PMMA) with a thickness of 40 mm, 
the transmission factor of both types of beams for 0.71 µm gold 
disk is approximately 90%. 

3.2. Estimation of photon fluence of mammography 

As is described in 2.5., the estimated photon fluence at the 
surface of the detector is 8.2 × 105 mm-2, and the transmission 
factor of the subject changed easily with a very slight change in 
the mass attenuation coefficients or the thickness of the PMMA. 
However, our detecting device is expected to detect photon 
fluences of 5 × 105 – 1 × 106 mm-2 in actual mammography 
cases. 

3.3. Measurement of photon fluence in the experiment 

As shown in Figure 7, the conversion ratio of the X-ray photons 
was estimated to be 5287. The small intercept -2 · 1010 could be 
a dark current offset caused by shifted thermal condition of the 
photon detector. 

As shown in Figure 8, the photon fluxes detected by photon-
counting imaging, which were estimated by photon extraction, 
and those detected by energy-integrated imaging, which were 
estimated by the conversion ratio, are plotted with different tube 
currents. Sufficient consistency in the photon fluxes was 

 

Figure 6. Energy profiles of X-rays where maximum photon fluence of the 
initial X-rays are set to 1. 

 

Figure 7. Plotting for the estimation of the conversion ratio of an X-ray 
photon. 

 

Figure 8. Detected photon flux versus tube current. 
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observed between both types of imaging, where tube current and 
all photon fluxes are proportional. Note that with tube current 
over 100 µA, the density of photons becomes too large to extract 
every single photon from a frame image, leading to the decrease 
of the measured photon flux. 

This result shows we can match the photon fluence of 
photon-counting images with that of energy integrated images 
by matching total current consumption [µA · hour] of our X-
ray tube. By adjusting the number of frame images used for 
the image creation, we can create both photon-counting 
images and energy integrated images at specified photon 
fluence. 

3.4. Edge profiles and Modulation Transfer Function (MTF) 

Figure 9 shows the edge intensity profiles and MTFs. The 
photon-counting image shows excellent resolution, where the 
MTF at 10 lp/mm is more than 0.7, whereas the energy-
integrated image has an inferior MTF because of light diffusion 
in the scintillator. 

3.5. Images of CDMAM 3.4 phantom disks 

Figure 10 shows images of a gold disk with a thickness of 
0.71 µm and a diameter of 0.2 mm. Images with different photon 
fluences were obtained by changing the number of frames used 
for image construction. The pattern noise of the right peripheral 
area of the photon-counting images originates from the 
incomplete bonding surface of the scintillator, which cannot be 
fully compensated by white image calibration. 

In the photon-counting images, the background noise 
increased with a decrease in photon fluence. The photon-
counting images show a sharp contrast, but the visibilities are 
deteriorated by Poisson noise. The energy-integrated image has 
a blurred disc image and blurred background noise due to the 
effect of light diffusion in CsI(Tl) [21]. However, the photon-
counting image had poor noise characteristics, and the energy-
integrated image had poor resolution characteristics, but the 
same gold disks could be imaged and were visible. 

In Figure 11, the images of 0.71-μm-thick gold disks with 
diameters of 0.1 mm are shown with three levels of photon 
fluences. When the photon fluence is reduced to 5.0 × 105 m-2, 
the disk Figure of 0.1 mm diameter cannot be distinguished from 
the background noise in both the photon-counting and energy-
integrated images.  

Although the image quality was different for images shown in 
Figure 10 and Figure 11, the photon-counting images and 
energy-integrated images confirmed that the gold discs could be 
detected visually. 

 

Figure 9. Edge profiles and MTFs of energy-integrated and photon-counting 
imaging. 

 

Figure 10. Images of a gold disk with a thickness of 0.71 μm and a diameter 
of 0.2 mm. 

 

Figure 11. Images of a gold disk with a thickness of 0.71 μm and a diameter 
of 0.1 mm. 
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4. DISCUSSION 

In Figure 12, photon-counting images in Figure 10 and 
Figure 11 are compared with simulated ideal photon-counting 
images, where the transmission factor of gold of 0.71 µm 
thickness is set to 90 % and is created by generating random 
numbers of Poisson distribution. When the photon fluence was 
2.0 × 106 mm-2, the experimental images showed inferior 
background noise because of incomplete white pattern noise 
calibration. However, with a photon fluence of 5.0 × 105 mm-2, 
the Poisson noise becomes larger and dominant, leading to 
experimental images having almost the same quality as the 
simulated images. Therefore, the experimental photon-counting 
images and energy-integrated images acquired in the study were 
considered to be in line with our estimates. 

Photon counting and energy-integrated images were acquired 
with the same detecting device and the same X-ray photon 
fluence. In both images, the gold discs in the CDMAM 3.4 
phantom were detectable under actual mammographic 
conditions. 

The inferior noise characteristics of the photon counting 
images were mainly due to the large number of frames and were 
strongly influenced by Poisson noise. In the present study, 
photon counting images and energy-integrated images were 
acquired separately. However, it is possible to create an image by 
integrating the frames of the photon counting image. Therefore, 
it is possible to acquire different features of the photon counting 
image and the energy-integrated image in one shot. Furthermore, 
photon counting images, which detect individual X-photons, 
have the potential to improve the accuracy of conventional 
energy-integrated images. 

The limitation of this study is that our detecting devices are 
small at 4.9 mm × 3.2 mm (matrix size 326 × 216). Therefore, 
they cannot be used as clinical devices. Research is currently 
underway to increase the size of the sensor by tiling [22]. 
Furthermore, only a few image samples have been taken so far 
and the assessment of visibility is qualitative. More images with 
different gold thicknesses need to be obtained to reach solid 
conclusions. 

For quantitative studies, we plan to extract the Point spread 
function (PSF) of the scintillator from multiple single-photon 
images, which might explain the MTF of the energy-integrated 
images shown in Figure 9, as indicated by a previous study using 
an Electron Multiplying Charge Coupled Device (EMCCD) 
coupled with an image intensifier [21]. A precise quantitative 
noise evaluation using Noise power spectrum (NPS) should also 
be performed.  

Our ultimate goal is to determine the practical advantages of 
photon-counting imaging and draw up a scenario to take them 
for its use in mammography. Our basic experimental next step 
will be to study the energy discrimination of X-ray photons. 

5. CONCLUSIONS 

In this study, basic experiments were carried out on an X-ray 
detector for mammography that is capable of capturing both 
photon-counted and integral images by means of an image 
sensor combining low-noise circuit technology and a photodiode 
dedicated to light detection. This study reports the first 
acquisition of photon-counted and energy-integrated images 
with the same detecting device and the same X-ray photon 
fluence. Gold discs in the CDMAM 3.4 phantom were visually 
detectable in both images under actual mammographic 
conditions, in agreement with simulated the results were in 
agreement with the simulation. The possibility of integrating 
frames of photon-counting images to create an integral image is 
feasible, suggesting new imaging possibilities. 

However, our detecting devices are small in size, and it is 
essential to increase the size for clinical applications. The present 
study is a qualitative evaluation based on visual images, and 
quantitative evaluation should also be pursued. 
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