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Abstract: Chest X-ray fluoroscopy is a commonly used medical imaging method, which has a wide
range of applications in the diagnosis of lung diseases and other fields. However, due to low contrast
and relatively close linear attenuation coefficients, some early small lesions are difficult to detect
in time. Using the X-ray fluorescent effect of high atomic number metal elements and metal atom-
containing agents that can be enriched in the lesion, the fluoroscopy signal and the fluorescent
signal emitted by the metal atoms can be detected at the same time during the fluoroscopy, and
the images of the two can be integrated, which can theoretically enhance the contrast between the
lesion and the surrounding tissue. Based on GEANT4, this paper conducts Monte Carlo simulations
to explore the feasibility and enhancement effects of three enhancement schemes: the pencil beam
spot scanning method, cone-beam collimation method, and slit scanning method, and discusses the
specific geometric structure and material selection.

Keywords: X-ray fluorescence; fluoroscopy; GEANT4; simulation

1. Introduction
1.1. Principles and Limitations of Fluoroscopy Imaging

X-ray fluoroscopy imaging technology is a commonly used and important medical
imaging diagnostic method in daily life. X-rays emitted by the X-ray tube pass through
the human body in a cone beam and hit the detector behind the person. Considering the
dominance of the photoelectric effect at low energies (i.e., diagnostic imaging, including
fluoroscopy) and the dependence of its cross section with Z36~4 [1], tissues with differ-
ent element compositions and densities have different blocking abilities (i.e., the linear
attenuation coefficient) to X-rays. Using the difference in X-ray penetration abilities, a
two-dimensional image of the human body is obtained. The value of each pixel on the
obtained two-dimensional image represents the sum of the linear attenuation coefficients
of all points on the X-ray path from the source to that point.

Therefore, the resolution of X-ray fluoroscopy imaging is not high. When showing the
difference between soft tissues with similar density, the effect of X-ray imaging is limited [2].
For early carcinogenesis, when there is no structural change in organs, it is difficult to obtain
information that is helpful for diagnosis in traditional X-ray images. Nuclear medicine
imaging was developed to address the issue, such as single photon emission computed
tomography (SPECT) and positron emission computed tomography (PET).

Different from structural imaging, these nuclear imaging techniques are functional
imaging techniques and show the highest detection sensitivities of all imaging modalities.
By ingesting radiopharmaceuticals that can decay and emit photons of specific energy,
SPECT and PET offer information beyond anatomical information. However, because the
radiopharmaceuticals used in these technologies continue to decay and produce radiation,
it will cause the patient itself and the surrounding environment to accumulate a dose.
X-ray fluorescence computed tomography (XFCT), another imaging method, can effectively
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obtain the distribution of high-Z elements (such as Au and Gd) inside the imaged object
and can be effective with related tracer agents in diagnosing the location of the lesion,
attracting the attention of many researchers in the world [3].

1.2. Introduction to X-ray Fluorescence and Its Imaging

The fluorescence phenomenon is a general term for the atomic fluorescence phe-
nomenon and the molecular fluorescence phenomenon. This article only focuses on the
atomic fluorescence phenomenon and application of atoms of high-Z elements (such as
gold, gadolinium, bismuth, etc.).

Fluorescence is produced during the de-excitation of atoms and is essentially a char-
acteristic X-ray. When the incident X-ray hits the atom, the inner electron is excited and
emitted as a photoelectron, leaving a hole in the original electron layer. In the process of
atomic de-excitation, the electrons in the outer layer fall into the holes in the inner layer,
and the excess energy is emitted in the form of X-ray photons, which are fluorescence
photons [3].

Since the energy difference between the inner and outer electrons of the atom is
fixed, the fluorescence phenomenon will produce a large number of single-energy X-ray
photons. Photons of this energy cannot come from other materials, so there will be a high
contrast for the high-Z atoms that can produce the fluorescence photons in the background
material. Therefore, many investigators have begun to try to use X-ray fluorescence effect
for imaging, which is the so-called XFCT.

1.3. Literature Research on Enhanced Imaging

A number of investigators use specific injectable substances called contrast agents to
improve the image contrast.

The most common contrast agent is iodine, which uses the high blocking ability of
iodine to X-rays to enhance the imaging effect. Generally, the contrast agent is injected
intravenously, and the patient is scanned immediately after the injection. The vessel
enhancement effect is obvious, but it disappears quickly.

Recent studies have discovered many inorganic nanoparticle CT contrast agents with
distinct advantages. Nanoparticles not only have the ability to enhance imaging, but they
can also prolong blood circulation time in the body so as to overcome the shortcomings
of traditional iodine contrast agents. In addition, nanoparticles can easily interact with
various functional biomolecules to achieve tissue targeting or multimodality for better
enhancement [4].

Today, metal-based nanomaterials are widely used in the research of CT contrast
agents, based on their unique physical, chemical, and biological properties. Gold and
BiyS3 nanoparticles are the most-studied X-ray contrast agents [5]. Gold nanoparticles
have high electron density, which can obtain strong X-ray absorption capacity and good
biocompatibility, making them a good CT contrast agent. Popovtzer et al. used the seed
template method to prepare 45 nm long gold nanorods, and then modified them with
polymers and antibodies to obtain CT contrast materials with targeting functions [6]. This
material is further used for the imaging of oral cancer cells and laryngeal cancer cells.

1.4. The Idea of Using Fluorescence to Enhance Fluoroscopy Imaging

The existing X-ray fluoroscopy technology is faced with insufficient contrast and
sharpness, leading to the problem of missed diagnosis, and the X-ray fluorescence can
provide imaging results with high contrast. X-ray fluoroscopy technology requires X-rays to
penetrate the human body for imaging, and the X-ray fluorescence requires high-Z element
atoms and X-rays whose energy are above the threshold. Therefore, can fluorescence
effect and fluoroscopy be combined to improve the contrast of imaging? As is stated in
Section 1.1, the photoelectric effect dominates in low energies and depends on Z with
736746 50 it is reasonable to utilize the fluorescent effect of the high Z element to improve
fluoroscopy imaging.
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Inspired by the principle of XFCT and X-ray fluorescence effect, our group proposed a
new kind of fluoroscopy imaging enhanced by the X-ray fluorescent effect. Two detectors
with a specific energy window are placed on both sides of the human body. Agents with
gold or gadolinium or bismuth atoms, which can be enriched in lung tumors, are injected
or orally taken by the patient before the fluoroscopy imaging. As the X-ray passes through
the human body, the metal atoms are excited and emit photons of specific energy, which are
collected by the detectors on sides. Using this signal, we can reconstruct the regions where
metal atoms are enriched in the human body. By doing so, we hope to enhance partial
imaging, allowing some previously neglected lesions to be discovered, thereby increasing
the diagnostic rate of fluoroscopy imaging for specific diseases.

Our technique is an improvement on existing fluoroscopy imaging to increase the
detection rate of early lesions (usually less than 2 cm in size) by fluoroscopy. Compared
with XFCT, our technology is for two-dimensional imaging, to improve the ability to
diagnose early lesions, using only two photonic detector crystals, which takes less time,
costs less, and brings a lower dose, despite sharing the same imaging principles.

1.5. Technical Feasibility Analysis

According to the scientific literature, no articles have been reported so far on the
combined X-ray fluoroscopy and fluorescence used for medical imaging. However, the
current XFCT technology is relatively mature and continues to make progress in the
frontier field, which has given us an inspiration and reference. At present, polychromatic
benchtop XFCT has been used for gold nanoparticles (GNPs) detection in a tumor-bearing
mouse and shows drastically enhanced sensitivity and quantification, up to two orders of
magnitude better than conventional X-ray CT [7]. X-ray fluorescence imaging of GNPs on
mice has been able to achieve sub-mm spatial resolution [8], and the minimum detectable
nanoparticle mass has reached 5 pg in simulations [9]. These developments are all based
on GNPs [10], which also verifies our conjecture of using high-Z elements to enhance
fluoroscopy imaging.

The structure of X-ray fluorescence photon imaging using chest X-ray excitation
is similar to cone beam XFCT imaging, so we can learn from the XFCT de-scattering
algorithm [9,11]. Investigators have also tried full-field fan-beam X-ray fluorescence com-
puted tomography with a conventional X-ray tube and photon-counting detectors for
fast nanoparticle bioimaging [12]. As for the combination of fluorescence imaging and
traditional CT imaging, related research has also been performed [13].

There are many high-Z elements that can be used in tracer agents, such as gold and
gadolinium nanoparticles. Sokolov et al. used gold nanoparticles to attach to tracking
cell marker molecules for optical imaging [14]; Cho and Jones et al. used Monte Carlo
simulations to prove that gold nanoparticles can enhance the radiation dose of a specific
site exposed to radiation [15,16]; it can be seen that gold nanoparticles have a very large
application space in the quantitative imaging of specific elements and radiotherapy, which
can effectively improve the efficiency of cancer diagnosis and radiotherapy.

Moreover, in the fields related to lung fluoroscopy and lung cancer treatment, gadolinium-
containing and gold-containing agents are quite common. Feifei Li, Zihou Li, and others
used gadolinium oxide (GON) nanoparticles in their studies on the radiation sensitization
effect of gadolinium oxide nanoparticles on A549 lung cancer cells, which have a certain
enrichment effect on lung cancer cells. The content of gadolinium in the aqueous solu-
tion used as the culture medium is 10 pg/mL, and the intake of cancer cells can reach
0.73 pg/cell, which means the concentration in the cell reaches 728.5 ug/mL [17].

It seems that the idea of using fluorescence to enhance fluoroscopy imaging technology
has a solid theoretical and practical background. However, in fact, it is complicated and
difficult to perform experiments to verify this design, and repeated fluoroscopy to debug
the system will also cause harm to the human body. Therefore, this article aims to design a
Monte Carlo simulation system based on GEANT4 to verify the feasibility and practicability
of X-ray fluorescence-enhanced fluoroscopy imaging technology, optimize the parameters
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and construction of the model, and strive to obtain the system with the best effect, lowest
cost, and simplest structure. The GEANT4 software was developed by RD44, a world-
wide collaboration of national institutes, laboratories, and large High-Energy Physics
experiments. GEANT4 is a public software package composed of tools that can be used to
accurately simulate the passage of particles through matter [18].

2. Methods

We propose three different methods to enhance the contrast of small lesions containing
high-Z elements in fluoroscopy imaging.

2.1. Pencil Beam Spot Scanning Method

This method is to collimate the X-ray source with a square-hole collimator, scan the
human body point by point, and collect the signal received by the detector behind the
human body and the detectors on both sides. Since the X-ray scans the human body uni-
formly, the sum of the detector signals behind the human body is a traditional fluoroscopy
image. The detectors on sides collect different signal intensities at different moments when
X-rays sweep across different positions of the human body. Photons collected by detectors
on sides at any given moment are made up of scattered photons and possible fluorescence
photons at the location scanned by the pencil beam at that moment. Therefore, the two-
dimensional spatial distribution of metal atoms in the human body can be obtained, which
can determine the location of the potential tumor combined with the fluoroscopy image.
The schematic diagram of the device for pencil beam spot scanning method is shown
in Figure 1.

Detectors for
fluoroscopy
imaging

Collimating
device for
slit scanning

X-ray
source X-ray
beam

Energy spectrum detector
for fluorescence imaging

Phantom/human body

Figure 1. Schematic diagram of the device for pencil beam spot scanning method.

2.2. Cone-Beam Collimation Method

This method enables X-rays to pass through the human body directly in a cone beam,
and the method of fluoroscopy imaging is the same as that of ordinary fluoroscopy. Some
slit collimators are placed between the detectors on sides and the human body. The width
of the slits is determined by the size of the detector arrays on the sides and the distance
between the detector array and the collimator so that the whole lungs can be detected. The
position of the fluorescent signal source is calculated and judged according to the spatial
distribution of the signals received by the detector arrays on both sides of the human body.
The schematic diagram of cone-beam collimation method is shown in Figure 2.
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Energy spectrum detector
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Figure 2. Schematic diagram of cone-beam collimation method.

2.3. Slit Scanning Method

This method combines the above two methods. We use a slit collimator to collimate the
X-ray source so that the ray sweeps across the human body twice in a plane, horizontally
and vertically, and the detectors on sides thus obtain two sequences. We can use these
two sets of signals to search the metal atoms enriched position in the human body.

It is worth noting that in this method, different signal strengths obtained by the two
detectors on sides can be used to participate in data processing, rather than simply adding
them together. The schematic diagram of slit scanning method is shown in Figure 3.

Detectors for

fluoroscopy
Collimating imaging
device for

slit scanning

X-ray

source
X-ray

beam
Energy spectrum detector
for fluorescence imaging

Phantom/human body

Figure 3. Schematic diagram of slit scanning method.
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3. Settings and Parameters

In this part, we select the basic simulation environment parameters according to
realistic fluoroscopy and simulation effects.

3.1. X-ray Source Tube Voltage and Energy Spectrum

Because our enhancement is based on the improvement of the existing fluoroscopy
technology, the voltage of our X-ray tube is 110 kV, the same as that of the common
fluoroscopy X-ray source tube.

The energy spectrum of the X-ray source for simulation is generated by SpekCalc [19].
The parameters producing the energy spectrum are shown in Table 1.

Table 1. Parameters for the energy spectrum.

Peak Energy

Energy Bin/keV Theta Anode Material Air Al Cu

110 keV

30° Tungsten 1000 mm 3 mm 0.11 mm

Peak energy is the max energy among the photons, decided by the tube voltage. The
energy bin of the spectrum is 1 keV, so the energy spectrum generated is discrete, and we
need to make it distribute continuously. Theta is the takeoff angle of the photons from the
anode. Air, Al, and Cu are the filters in front of the tube, which means after passing through
these three layers of the above three materials, the spectrum of the photons emitted by the
tube is detected. By running SpekCalc, we can obtain the spectrum shown in Figure 4.
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Figure 4. Energy spectrum of the incident X-ray.
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3.2. Phantom and Simulaition Structure
3.2.1. Phantom

The phantom used in this simulation comes from the Radiation Protection Laboratory
of the Department of Engineering Physics, Tsinghua University [20,21]. The prototype of
the phantom is a 500 x 500 x 1200 three-dimensional matrix in MATLAB, and the number
in each position of the matrix corresponds to the material that needs to be filled in that
position. Each element of the matrix corresponds to a cube of 1.741 x 1.741 x 1.741 mm in
reality. The correspondence between numbers and materials, as well as the density and
atomic composition of the materials, can be found in a corresponding Excel table.

The focus of this article is on the inside of the chest cavity and will not involve other
parts of the human body. For the sake of simplifying model design and saving calculations,
the phantom used in this simulation only cuts out a 160 x 160 x 140 part. The range of the
corresponding human body is from the lower edge of the neck to the upper edge of the
liver. The left and right sides end at both ends of the collarbone, excluding the arms.

We transfer it into GEANT4 for later simulation and visualize two organs to verify the
correctness of the construction as shown in Figure 5.

Figure 5. Lung (a) and rib cage (b).

It is obvious that the model is detailed. After all, the size of the voxels is small enough
to meet our needs for human body simulation.

3.2.2. Detectors

There are two types of detectors used in simulations: the fluoroscopy detector and the
fluorescence detector. The former is placed closely behind the human body and is used to
receive X-ray photons passing through the phantom from the source; the latter is placed on
both sides of the human body to receive fluorescence photons emitted by high-Z elements
in human body.

After selection, the XRD 4343RF detector from Varex Imaging is finally chosen as the
fluoroscopy detector. The detector crystal material is the Cesium lodide scintillator, the
detector array is 2880 x 2880, and the size of a single crystal element is 150 x 150 pm.
The wafer thickness of this type of detector is not found in the published documents and
instructions, so the thickness is set as 0.5 mm. Considering that if 2880 x 2880 independent
crystal logic volumes are used to form a detector, the difficulty of geometrical construction,
program calculation, and result processing will increase sharply. Thus, the construction
of the detector is reasonably simplified, and a whole piece of 432 x 432 x 0.5 mm cesium
iodide crystal is used as the detector, the GEANTA4 built-in function is used to directly read
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the event location in the detector, and the corresponding detector crystal is obtained by
algorithm processing.
As to the fluorescence detectors, we will discuss them in Section 3.2.4.

3.2.3. Structure of Simulation Design

In real life, the X-ray source we use when doing chest radiographs is a point source,
and the X-rays penetrate the human body as a cone beam. In order to make it as close to
reality as possible, we adopt cone-beam X-rays in this simulation. The X-ray point source
is set at 1.5 m away from the fluoroscopy detector.

Considering that if the X-ray is uniformly distributed within the cone angle, the
X-ray distribution on the flat-panel detector will no longer be uniform, and additional
normalization correction is required, so this article makes the photons distribute uniformly
on the plane of the detector. Considering that the size of the detector (432 x 432 mm) is
much smaller than the distance from the source to the detector (1.5 m), this simplification
does not affect final conclusions.

In simulations, all particles are not ejected from one point, but from a plane close to
the human body, and the reverse extension line of the initial velocity direction is the point
1.5 m away from the fluoroscopy detector. This setting greatly saves the time of simulation.
The size of the X-ray pencil beam used in the pencil beam scanning method is a square
with the side length of 0.6 mm on the detector plane. Using such a fine ray beam to scan is
for subsequent simulation results to be processed in diverse ways.

3.2.4. Energy Resolution

Energy spectrum detectors made of different crystal materials have different en-
ergy resolutions. In addition, the maximum sizes of crystal that can be produced are
also different.

In the two scanning methods, since the fluorescence detectors on the sides only need
to detect the energy of the photons and do not need to obtain the position distribution of the
fluorescence photons, there is no need to use a detector array but a single crystal. From the
perspective of cost saving, the sodium iodide detector is preferred, the energy resolution
is 6 keV, and the area is 10 x 10 cm. The energy resolution of cadmium telluride is 1 keV,
better than sodium iodide, but because of the problem of manufacturing process, the size is
relatively small; take the area of 1 x 1 cm [22]. High-purity germanium is more expensive
and needs to be used in conjunction with refrigeration, but its energy resolution can be
0.1 keV, and the size of crystal is 7 x 7 cm. The detectors are as close to the human body as
possible without affecting the fluoroscopy imaging to ensure the detection efficiency.

The fluorescence detector selected for the cone beam method is a 5.12 x 5.12 cm
cadmium telluride detector, a 32 x 32 crystal array. The collimator material is tungsten.
The distance between the detector and the collimation seam and the human body needs to
be calculated by the magnification.

We will first carry out the simulations, and then discuss the influence of energy
resolutions on the output.

3.3. Number of Photons

The total number of photons to be used in our simulation, which is the total number
of events to simulate in GEANT4, needs to match the actual dose in fluoroscopy imaging.
The number of incident photons is determined by the product of the working current and
working time of the X-ray tube, if the voltage is fixed.

Since the number of photons used in the simulation only considers the photons that
can enter the human body, it is estimated based on the tube voltage (110 kV), tube cur-
rent (200 mA), and working time (0.1 s) commonly used in fluoroscopy imaging, the
average energy of the photon energy spectrum, the area of the fluoroscopy detector
(432 cm x 43.2 cm), its distance (1.5 m) from the source, and energy conversion efficiency (1%).
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According to these parameters of some common tubes, we can obtain that the number
of photons that hit the human body in a fluoroscopy imaging is around 10'2~10'3, and
we can think that the effective full-body dose under this technology is close to the dose
of a fluoroscopy imaging. Considering the limitations of our computing power, we use
102 photons in our simulation.

3.4. Selection of Contrast Agents

As mentioned above, we choose among gold, gadolinium, and bismuth for simulation.
Different elements have different energy thresholds for fluorescent effect and different
characteristic photon energy. The higher the threshold is, the fewer useful incident photons
there are. The characteristic photon energy is positively correlated with the threshold.
The higher the characteristic photon energy is, the more possible it is to get out of the
phantom. For Au and Bj, it is hard for the applied X-ray source to excite these heavy
elements. However, their cross sections for fluorescence are larger, and their fluorescence
photons with higher energies will come out of the phantom more easily. We need to strike
a balance between the two, so we use simulations to choose the best element.

We take a cube with a size of 1 X 1 X 1 cm in the middle of the right lung of the
phantom as the tumor and add 5 mg/mL of gold or gadolinium or bismuth into it. The
position of the cube in the phantom is shown in Figure 6.

Figure 6. Relative position of the tumor (the red cube) in the fluoroscopy image of the phantom.

Since the simulation of the entire technology takes a long time, and the difference
between the three different elements can be seen as long as fewer photons are used, we
use 10'? photons in the simulation and compare the contrast to noise ratio (CNR) of the
range of interest (ROI) of the results for different elements. CNR is an important index to
measure the contrast between a specific imaging area and the background area, and it is
defined by the following formula:

)VROI - .ubkg’

CNR = 1)

Obkg

pror and ppkg represent the mean value of the ROI and the background area, respec-
tively, and oy is the standard deviation of the background area. The red cube is the ROI,
and other parts of lungs are the background.
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The simulation shows that the CNR of Au is largest, so it is the best element
for enhancement.

3.5. Concentration of Agents

According to the previous description, we select 5 and 0.5 mg/mL as the concentra-
tions for the simulation. At present, the contrast agent concentration used by XFCT is
generally between 0.5 and 10 mg/mL, so we believe that selecting these two concentrations
for simulation is reasonable and representative.

In conclusion, the settings and parameters chosen in this part are shown in Table 2.

Table 2. Basic settings for simulation.

Peak Energy =~ Material Type Tumor Size Simulation Photons  Concentration
110 keV Au 1cm? 1012 5 mg/mL
110 keV Au 1cm? 1012 0.5 mg/mL
4. Results

Due to the limited width of the energy window of the detectors on sides, the detectors
on both sides detect not only fluorescence photons but also a number of scattered photons.
Similarly, due to various factors, many characteristic photons cannot reach the detector.

In response to the previous problem, we use a cubic function to fit the Compton
scattering energy spectrum [23], imitating the three-energy window method [24] to remove
scattered photons to improve the fluorescence images obtained by the detectors on sides.

The information collected by the flat panel detector in simulation is read. Because
the structure of the collimator is too complicated, we did not build it in simulation but,
directly based on the direction of the photons hitting on the flat-panel detector, exclude
those whose directions are too different from the direction of the incident photons.

The result of the fluoroscopy imaging is shown as Figure 7. We can see every detail of
the phantom clearly.

Figure 7. Result for fluoroscopy imaging.
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By outputting the results of fluoroscopy imaging, we also verified the correctness of
the placement of the phantom and detector. It should be noted that the phantom at this
time does not contain additional metal elements.

4.1. Results of Pencil Beam Spot Scanning Method

This method works best and is the most complicated. When processing the results
of this method, some intermediate results and processing methods used will also be
used later.

4.1.1. Comparison of Fluorescence Detectors

As is stated in Section 3.2.4, different fluorescence detectors have different energy
resolutions. Moreover, the setting of energy window can also be different. Considering the
complexity of the problem, we first set the area of the detectors on sides to 7 x 7 cm and
the energy window as 0.1 keV and temporarily ignore the impact of energy resolutions.
In the simulation process, the GEANT4 built-in function is used to output the energy of
each photon received by the detector, and we will use it to discuss the impact of energy
resolutions in Section 5.

4.1.2. De-Scattering

We reduce the concentration of Au to 5 mg/mlL, and the fluorescence image is shown
in Figure 8. The position in the fluoroscopy image is the same as that in the fluorescence
image. The gray value of each pixel is proportional to the number of photons received by
the detectors on sides when the pencil beam scans this point.

- 160

- 140

=120

Figure 8. Fluorescence image for 5 mg/mL of Au.

From the above picture, we can clearly see that in addition to the square-distributed
fluorescence photons we expect, there are also many scattered photons. Moreover, the
distribution of these scattered photons also shows certain laws, because different organs
have different abilities to scatter photons. The lungs with lower density show two obvious
black areas on the map. The places on both sides of the human body close to the detector,
because the scattered photons here are easier to detect, will appear brighter on the picture.
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In the case of lower concentrations of Au, the distribution of fluorescence photons
can easily be covered by scattered photons, such as the case at 0.5 mg/mL shown in the
Figure 9, so we have to de-scatter the obtained fluorescence image.

<1150

0

Figure 9. Fluorescence image for 0.5 mg/mL of Au.

Some efficient background reduction methods have been proposed for X-ray fluo-
rescence imaging of human-sized objects [8]. However, we cannot directly borrow these
methods because, unlike XFCT imaging, they are an improvement of two-dimensional
imaging technology. The composition and thickness of the materials that each pencil beam
passes through are very complex and unknown.

We cannot just use the current image to de-scatter; we need to comprehensively
use the photon distribution of adjacent energy windows. As far as Figures 8 and 9 are
concerned, only the photons in the energy window of 69-69.1 keV are shown, because this
energy region contains the largest fluorescence peak of the Au-Ka1 X-ray line, according
to the Livermore physics list used by GEANT4 in simulations [25]. Figure 10 shows the
fluorescence images of the two adjacent energy regions 68.9-69 and 69.1-69.2 keV (although
these two images do not contain fluorescence photons, they are imaged with the detectors
that collect fluorescence photons, so we call them that). Our idea is to use the distribution
of photons from adjacent energy regions to estimate the distribution of scattering in the
energy region of interest.

As mentioned above, we use a cubic function to fit the energy distribution of all
photons (mostly scattered photons) received by the detectors on both sides of the human
body, and the fit is shown in Figure 11.



Photonics 2021, 8, 441

13 of 23

(a) | (b)

Figure 10. Fluorescence images of adjacent energy windows for 5 mg/mL of Au. 68.9-69 keV: (a);
69.1-69.2 keV: (b).

-k
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Figure 11. The result of cubic function fitting energy spectrum.

In the fluorescence image we want, the distribution of scattered photons can be
estimated by the following formula:

Poy Poy
Sl Psl +Shpsh

o @

Sne &
Py, Psy, and Py, are the theoretical relative numbers of scattered photons collected
by the low (68.9~69.0 keV), medium (69.0~69.1 keV), and high (69.1~69.2 keV) energy
windows, which can be calculated by integrating the curve shown above in the correspond-
ing interval. S; and Sj, are the photon distribution matrix of the low-energy window and
high-energy window, respectively (Figure 10).
Then, the fluorescence signal after de-scattering correction can be expressed as:

erf = Sn — Sne, 3)
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In order to quantitatively measure the denoising algorithm, we compare the true
scattered photon distribution and the predicted scattered photon distribution in the energy
region of interest. The closer the two are, the more effective our denoise reduction algorithm
is. As shown in Figure 12, we draw the cross-section lines at the 360th row (middle) of
the two and compare them. It seems that the prediction of the distribution of scattered
photons is relatively accurate.

160 T T T

I
— Predicted Scatter Photon Distribution
— Real Scatter Photon Distribution

2

| \y
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_Es»
%
‘%—_
:E.
%—
_%’
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Figure 12. Cross-section lines at the 360th row of the true scattered photon distribution and the
predicted scattered photon distribution in the energy region of interest.

The fluorescence image after de-scattering correction is shown below.

4.1.3. Convolution Denoising

In addition to fluorescence photons, in Figure 13, we can still observe snowflake-like
noise. This is the white noise caused by the statistical fluctuations of scattered photons. We
use the Gaussian convolution kernel to convolve the original image and smooth out the

statistical fluctuations in the image.
40
-20
40
-60
(b)

8

8

o

(a)

Figure 13. Results of pencil beam spot scanning method. 5 mg/mL: (a); 0.5 mg/mL: (b).
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Since the ROl is fixed, we change the parameters of the Gaussian convolution kernel
to make the CNR for 5 mg/mL the largest. The convolution kernel is finally selected as a
39 x 39 square Gaussian convolution kernel with a variance of 9.4. The main function of the
convolution kernel is to smooth out the white noise generated by the statistical fluctuations
in the background area, so we can think that the effect of the optimal convolution kernel
is universal and has nothing to do with the location of the lesion. We will verify this in
Section 5. This kernel is of reference significance for the situation where 0.5 mg/mL of gold
distribution cannot be clearly observed in the original picture.

At last, the results are shown in Figure 14. It is obvious that we successfully find the
tumors and the CNRs are relatively high (over 3). It can be seen in Figure 14b that there are
many false-positives that interfere with our judgment. We will address that in Section 5.

16
14
12
10
8
6
4
2
0
(a)

Figure 14. Results (720 x 720) of the pencil beam spot scanning method. 5 mg/mL: (a);
0.5 mg/mL: (b).

4.1.4. Dual Mode Enhancement Result

We combine the simulation result of fluoroscopy imaging in Figure 7 and fluorescence
images in Figure 14 to present a dual-modal enhancement effect in Figure 15.

Figure 15. Dual-modal enhancement effect for pencil beam scanning method.
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The red spherical object in the picture is the distribution of Au in the human body
found by the pencil beam spot scanning method.

Finally, this method takes long time in practice (not in simulation) because, due to
mechanical constraints, X-ray scanning point-by-point is time-consuming. As to the time
of simulation, it takes 3—4 days to run 10'? events with 560 threads. This computing power
requirement also limits us from performing simulations of a larger dose or more attempts.

4.2. Results of Cone-Beam Collimation Method

We design some geometric structures of this method in GEANT4 according to the
assumption mentioned above. Their structures and relative positions to the tumor are
shown in the Figure 16.

(a) (b)
Figure 16. Geometric structures (a,b) of cone-beam collimation method.

Theoretically, the characteristic photons are collimated through the seam to form a
single-peak distribution in the vertical dimension on the detector, so that we can calculate
the position of the tumor in the phantom according to the peak position. However, the
signal we obtain does not satisfy this distribution, or the calculated result is far from the
real position.

The reason is that the fluorescence signal is inherently weak. After being collimated by
the slit collimator, the number of characteristic photons reaching the detectors on sides is
small, and the statistical fluctuation is large. Many scattered photons also enter the detector
through the collimation seam from other locations, causing significant interference, so the
position of the fluorescence signal source cannot be reconstructed at all.

4.3. Results of Slit Scanning Method

We do not need to perform an additional simulation, since the simulation result of
the pencil beam scanning method can be directly processed into the result of this method.
We directly add the results of two horizontal and vertical scans, and we can see that this
method has different performances on different concentrations.

The enrichment area of Au is quite obvious when its concentration is 5 mg/mL, while
it cannot be found when its concentration is reduced to 0.5 mg/mL. The results of slit
scanning method for different concentrations are shown in Figure 17.
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Figure 17. Results of slit scanning method. 5 mg/mL: (a); 0.5 mg/mL: (b).

-1000

Like the pencil beam spot scanning method, we hope to process this result further
so that it can be better integrated with the fluoroscopy image. First, we have to perform
similar de-scattering and convolution processing on these two results. Then, because there
are two white lines, horizontal and vertical, which are also artifacts that we do not want,
we convert the image to the power of the sum of the squares of the two scan results of each
point horizontally and vertically, so that the image results can be well-improved.

Even after the above-mentioned treatment, the simulation result of the slit scanning
at a concentration of 0.5 mg/mL still fails to see a good enrichment of Au. We show the
processing results of the 5 mg/mL concentration simulation in Figure 18.

Figure 18. Improved results of slit scanning method.

In the same way, we merge the above image with the fluoroscopy image, as shown
in Figure 19. Although the recognized range is smaller than the result of the pencil beam
scanning method and the preset size, the position is completely correct.
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Figure 19. Dual-modal enhancement effect for slit scanning method.

5. Discussions

Although the simulations have confirmed our technology to a considerable extent,
there are still some problems to discuss.

5.1. Phantom

Indeed, this phantom has certain limitations. For example, the entire lung is composed
of a homogeneous material mixed with a specific ratio of elements, so this phantom ignores
the differences and internal tissues of many organs and structures. Later, we can use more
detailed phantoms for simulation.

5.2. Influence of Energy Resolutions and Energy Windows

Considering the energy resolution of the detectors on sides, fluorescence photons will
be spread over more than just one energy bin. Based on the energy of each photon output
in simulation for 5 mg/mL of Au, we perform a Gaussian distribution transformation on
them to make them a random value that conforms to the Gaussian distribution centered
on its true value and different energy resolutions as the half-height widths. We set the
half-height widths as [0.1, 0.5, 1, 3, 6] keV, so we can obtain six sets of data, including the
original one.

For different energy resolutions, the energy window of the detectors should not be
set to be as small as possible, because fluorescence photons may fall into different energy
bins. We process the six sets of data according to four different energy windows [0.1, 0.3,
0.5, 1] keV and obtain the spatial distribution of photon counts obtained by detectors with
different energy resolutions under different energy windows. We compare the CNRs of
different results and draw it as shown in Figure 20, comprehensively showing the impact
of energy resolutions and energy windows on the enhancement effect.
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Figure 20. CNRs under different energy resolutions and energy windows for 5 mg/mL of Au.

5.3. Position of the Lesion

In the previews part, only the simplest case of a tumor inside the lungs has been
studied, while deep lying tumors are not treated. We move the lesion containing Au to the
depths of the phantom, as shown in Figure 21. In this way, the tumor is closer to the bones,
heart, and other tissues and further away from the detectors, making it harder to detect. In
order to form a valid comparison with the previous results, we still set the concentration of
Auto 5 mg/mL.

Figure 21. Relative position of a deep lying tumor.
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We use the best method, the pencil beam scanning method for simulation, and the
parameter settings are consistent with the previous simulations. We still cannot see the
distribution of Au after de-scattering, so we need to conduct convolution denoising. By this
chance, we can verify that the optimal convolution kernel is independent of the location
of the lesion. The optimal convolution kernel can improve the CNR of the result after
de-scattering from 0.2031 to 5.5018. The best convolution kernel retrieved in this case can
only optimize the CNR by less than 5% at most compared to this result.

The fluorescence image after convolution is shown in Figure 22.

0.8

0.6

0.4

0.2

0

Figure 22. Results (720 x 720) of a deep lying tumor with 5 mg/mL of Au.

5.4. False Positive

For situations that are not easy to detect, such as Figures 14b and 22, we can see that
they definitely show many false-positives. Here is a solution to address false-positives.

In the previous parts, our enhancement technique only uses the strongest fluorescence
peak of Au, the Au-Kal. In fact, there are still other fluorescence peaks available. As can be
seen in Figure 23, Au-Ka2 and Au-Kf1 do exist, though they are weaker compared with
that in Figure 8.

120

(a) (b)

Figure 23. Fluorescence images for (a): Au-Ka2 (67.1-67.2 keV); (b): Au-Kp1 (77.8-77.9 keV) [25].
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For the fluorescence peaks of different energies, we do the same de-scatter and convo-
lution on them and use the results comprehensively. False positives are caused by statistical
fluctuations in the counts of scattered photons, and their spatial distribution is random,
while the spatial distribution of fluorescent photons of different fluorescence peaks is fixed.
Using this point, we can better eliminate the interference of false positives, and the final
result is shown in Figure 24.

(a) (b)

Figure 24. Results after comprehensive utilization of each fluorescence peak for (a) Results in
Figure 14b; (b) results in Figure 22.

5.5. Other Areas for Improvement

This research still has some limitations. First, related agents need further research and
medical observation, although agents containing gold or gadolinium have been widely
used. Second, the concentration that the agent can reach in the human body needs further
study. Third, these simulations ignore the electronic noise of the detectors, so if the
technology is put into practice, the effect may be worse.

Additionally, there is more room for improvement in this technology. First, the
detectors on sides of the slit scanning method can be the same as those in the cone-beam
collimation method, using spatially distributed detector arrays instead of single crystals,
and a new algorithm can be designed to improve the detection ability of the slit scanning
method. Second, if polarized light is used as the X-ray source, since polarized light scatters
very few photons at certain angles, it may be able to improve the quality of the image
obtained by this technology. However, due to some factors in the phantom and simulation
code, we did not study further in this area. Third, for some methods used in the article,
many of their features have room for further quantitative analysis, such as error analysis of
the de-scattering algorithm.

Last, these are just simulations after all. The true feasibility of this technology needs
yet to be verified by experiments.

6. Conclusions

In this paper, a set of Monte Carlo simulations and their corresponding analysis are
presented. We can see that the idea of X-ray fluorescence-enhanced fluoroscopy imaging
technology has been confirmed, allowing traditional fluoroscopy imaging technology
to better diagnose early lung lesions. Different methods may work according to the
concentration of agents and the actual situation of the patient. The slit scanning method
consumes less time but demands higher concentration, while the pencil beam spot scanning
method can work with lower concentration, consuming much more time.
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