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Abstract

Visualization of anatomy in real time is of critical importance for motion management in lung 

cancer radiotherapy. To achieve real-time, and high-contrast in-treatment imaging, we propose a 

novel scheme based on the measurement of Compton scatter photons. In our method, a slit x-ray 

beam along the superior-inferior (SI) direction is directed to the patient, (intersecting the lung 

region at a 2D plane) containing most of the tumor motion trajectory. X-ray photons are scattered 

off this plane primarily due to the Compton interaction. An imager with a pinhole or a slat 

collimator is placed at one side of the plane to capture the scattered photons. The resulting image, 

after correcting for incoming fluence inhomogeneity, x-ray attenuation, scatter angle variation, and 

outgoing beam geometry, represents the linear attenuation coefficient of Compton scattering. This 

allows the visualization of the anatomy on this plane. We performed Monte Carlo (MC) simulation 

studies both on a phantom and a patient for proof-of-principle purposes. In the phantom case, 

small tumor-like structure could be clearly visualized. The contrast-resolution calculated using 

tumor/lung as foreground/background for kV fluoroscopy, cone-beam CT (CBCT), and scattering 

image were 0.037, 0.70, and 0.54, respectively. In the patient case, tumor motion could be clearly 

observed in the scatter images. Imaging dose to the voxels directly exposed by the slit beam was 

~0.4 times of that under a single CBCT projection. These studies demonstrated the potential of the 

proposed imaging scheme to capture the instantaneous anatomy of a patient on a 2D plane with a 

high image contrast. Clear visualization of the tumor motion may facilitate marker-less tumor 

tracking.

1. Introduction

Motion management is an important component of image guided radiotherapy (IGRT) for 

treatment accuracy and planning margin reduction in lung cancer (Keall et al., 2006). Over 

the years, time-resolved imaging modalities have been developed and clinically employed to 

visualize time-dependent anatomy. For instance, 4D-CT is routinely used for treatment 

planning (Low et al., 2003; Pan et al., 2004; Keall et al., 2004), and 4D cone beam CT 

(CBCT) is increasingly being employed to aid pre-treatment patient positioning (Sonke et 
al., 2005; Kriminski et al., 2005; Li et al., 2006; Dietrich et al., 2006; Purdie et al., 2006; Lu 

et al., 2007; Leng et al., 2008; Bergner et al., 2009; Jia et al., 2012a; Wang and Gu, 2013; 

Park et al., 2013; Yan et al., 2014; Zheng et al., 2011). Nonetheless, due to possible 

variations in patient motion patterns from the treatment planning stage to the actual 

treatment delivery stage (Zhao et al., 2011), it is still necessary to develop in-treatment 

imaging methods to obtain real-time anatomy information. Here, the term “real-time” has 
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two meanings. First, the imaging modality should deliver anatomy information with a high 

temporal resolution. Second, the image should be immediately available, or shortly delayed, 

as to reflect instantaneous anatomy.

Currently employed methods for in-treatment motion monitoring can be generally 

categorized as follows. Methods in the first category rely on implanted fiducial markers that 

are easily visible on kV or MV x-ray projection images (Shirato et al., 2000; Shimizu et al., 
2001; Sharp et al., 2004; Jiang, 2006). These methods, however, are less preferred clinically 

due to the invasiveness of the procedure with potential risk of pneumothorax (Arslan et al., 
2002; Kothary et al., 2009). Marker migration is also a concern (Kitamura et al., 2002; 

Nelson et al., 2007) as it may hinder tracking accuracy and effectiveness. In particle therapy, 

implanted metallic markers may not be acceptable. These markers could impair dose 

distribution due to the sensitivity of dose to material on the beam paths in these treatment 

modalities (Giebeler et al.; Cheung et al., 2010).

In-treatment marker-less motion monitoring is another category. One widely used approach 

is to monitor the motion of anatomical surrogates, such as surface markers or diaphragm 

position (Ford et al., 2002; Vedam et al., 2003). These methods may still present poor 

correlation between the surrogate and tumor motion (Ahn et al., 2004; Hoisak et al., 2004; 

Tsunashima et al., 2004; Yan et al., 2006). Projection based imaging methods are another 

subcategory of marker-less motion monitoring and include kV fluoroscopy and MV Beam 

Eye View (BEV) images (Berbeco et al., 2004; Jiang, 2004; Berbeco et al., 2005; Cho et al., 
2009; Lin et al., 2009; Rottmann et al., 2010; Yang et al., 2012; Rottmann et al., 2013; Yan 

et al., 2013; Zhang et al., 2014). However, the projection nature of these approaches 

superimposes 3D anatomy on a 2D plane. This inherently limits image contrast and visibility 

of the target, especially when the tumor moves behind a high intensity structure, e.g. bone. 

Novel methods have recently been proposed in combination with a lung motion model to 

derive the volumetric image corresponding to a single x-ray projection via 2D-3D 

registration techniques (Li et al., 2010; Li et al., 2011) or machine learning techniques (Xu 

et al., 2015; Zhao et al., 2014). Robustness of these systems is still a concern for routine 

application. In addition, all projection methods are associated with the imaging radiation 

dose exposed to patient. For example, the dose of kV ouroscopic imaging to the skin surface 

can be significant during tumor tracking (Shirato et al., 2004).

In this paper, we will propose a method for real-time imaging of patient anatomy on a 2D 

plane by measuring scattered x-ray photons. This system can directly visualize patient 

anatomy in a time-resolved manner with a high image contrast. We also report a set of 

proof-of-principle studies to demonstrate its potential feasibility.

2. Materials and Methods

2.1 System design

2.1.1 Compton scattering imaging—When an x-ray travels in medium, it is scattered 

by Compton and Rayleigh interactions. The Compton interaction is the dominant type in the 

diagnostic x-ray energy range with effective energies of 60–80keV, occupying over 90% of 

the events (Glover, 1982). While the Rayleigh interaction scatters photons primarily in the 
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forward direction, the Compton interaction scatters them more homogeneously in all 

directions. The scattering angle distribution is governed by the Klein-Nishina (KN) formula 

(Klein and Nishina, 1929). If we place an imaging detector outside the object not directly 

opposite the x-ray source, as illustrated in Figure 1, the acquired scattered photons mainly 

derive from the Compton interaction channel, in spite of certain amount from Rayleigh and 

multiple scattering events. These scattered photons carry information from the object, which 

in principle can be used for imaging purposes.

A detector pixel captures scattered photons from all voxels illuminated by the x-ray source, 

as illustrated in Figure 1. The information from the entire object is hence blended, making it 

difficult to decode the anatomy information. Therefore, reducing the degree of information 

mixing is the major challenge for effective use of the captured photons as an imaging 

modality. For instance, energy discrimination using photon-counting detection technology 

was proposed to selectively acquire photons with a specific energy (Truong and Nguyen, 

2012). These scattered photons can only come from subset voxels of the entire volume due 

to geometry constraints associated with energy selection. It was hence possible to develop a 

back-projection type reconstruction algorithm to retrieve the volumetric image. In this paper, 

we propose the use of mechanical collimation to reduce information mixing, as presented in 

the next section.

2.1.2 Tumor tracking using Compton scattering imaging: proposed scheme—
For tumor-tracking purposes, visualization of the coronal/sagittal plane containing most of 

the tumor motion trajectory is usually sufficient (Seppenwoolde et al., 2002). We propose to 

use a slit to collimate an incoming x-ray beam in a fan-beam form along the patient superior-

inferior direction. Under this configuration, photons are only scattered off a plane defined by 

the x-ray beam and carry anatomy information on the same plane, as shown by the shaded 

area in Figure 2a). To further impose correspondence between the signal detected by a pixel 

and a voxel, we used a geometry collimation system in front of the detector. Two types of 

collimators, namely a pinhole collimator or a slat collimator, can be employed as illustrated 

in Figure 2b) and c), respectively. This design enables a one-to-one correspondence between 

each imager pixel and a voxel on the incoming x-ray plane.

Figure 2d) and e) illustrate the configuration of the pinhole design and the slat collimation 

design in detail. In both cases, the imager is placed at a direction with an angle β from the 

incoming fan beam. dso is the source (S)-to-isocenter (o) distance. In Figure 2d), dop and dpi 

are the isocenter-to-pinhole (P) distance and the pinhole-to-imager (O) distance, 

respectively. The thickness and the diameter of the pinhole are t and r, respectively. With this 

pinhole collimation, each pixel D on the imager plane has a unique corresponding voxel F, 

so that voxel F, pixel D and pinhole P are on a straight line. In Figure 2e), doi is the 

isocenter-to-imager distance. The height of the 2D slat grids is h and the thickness of the 

septa is t. Similarly, geometry collimation defines a correspondence between each detector 

pixel D and the voxel F that is right in front of it.

With this design, the signal for the first-order Compton scattered photon at a pixel D can be 

approximately expressed as
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(1)

where the two exponential functions are x-ray attenuations along the incoming and the 

outgoing ray lines. μ and μC are x-ray total and Compton linear attenuation coefficient, 

respectively.  is the KN differential cross section at the voxel F evaluated at an angle 

formed by the line SF and FD. f(F) is the incoming x-ray fluence intensity towards voxel F, 

and G(F) is a geometry factor for the outgoing x-ray due to the converging/diverging beam 

in the pinhole case.

We can derive the image μC(F) from this equation after dividing the measurement g(D) by 

the known f(F), G(F) and , as well as the two exponential terms. The exponential 

terms can be computed based on the patient’s CT image that is typically available in 

radiotherapy. Note that the detector pixel D is a function of the voxel location F due to the 

geometry constraint imposed by the collimation system. We denote this as D(F) without 

explicitly writing out the complete function form for simplicity. In this approach, the 2D 

image μC (F) represents the anatomy in the x-ray plane. The mechanical collimation imposes 

a one-to-one correspondence between a voxel in the imaged plane and a detector pixel. The 

conversion from the measurement g(D) to the image μC(F) is computationally 

straightforward. Hence, this method may potentially allow visualization of the instantaneous 

anatomy in the plane of interest. We would also like to point out that deriving μC(F) from 

Eq. (1) is an approximation, as it omitted many realistic factors such as multiple scattering 

and polychromatic spectrum of the beam. The acceptable experimental results demonstrated 

the validity of our approximation.

2.2 Image correction

In this section, we present more details on computing four correction terms that convert the 

measurement g(D) to the actual image μC(F). Correction terms are termed as fluence and 

geometry correction (C1), incoming beam attenuation correction (C2), scattering angle 

correction (C3), and outgoing beam attenuation correction (C4).

2.2.1 Fluence and geometry correction—The correction term C1(F) = f(F)G(F) is a 

2D function of the voxel location F defined on the plane of interest. First, the incoming x-ray 

photon fluence may not be homogeneous. The term f(F) is simply the x-ray intensity along 

the direction from the source to voxel F. For the outgoing beam, the geometrically 

converging/diverging form in the pinhole design allows each detector pixel D to receive 

photons scattered from a particular region on the plane of interest. G(F) is proportional to 

the region size. This factor is , where δ is the angle between the normal 

vector of the x-ray plane and the line FD. Derivation of this formula can be found in the 

Appendix. In the case of parallel slat collimation, geometry correction factor G(F) =1, as all 

the detector pixels receive photons from regions of the same size.
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Once the correction function C1(F) is computed for each voxel F, we can apply this factor by 

dividing the measured image g(D(F)) by C1(F) voxel wise.

2.2.2 Scattering angle correction—Let θ be the Compton scattering angle at voxel F. 

According to KN (Klein and Nishina, 1929), the differential cross section is expressed as 

, with P being the ratio of photon energy after and before the 

scatter event, . E is the incoming photon energy and mec2 =511 keV is 

the rest energy of an electron. We computed the term  and applied it to the 

measurement g(D(F)). Note that the incoming beam is poly-energetic. We used its mean 

energy in this calculation step as an approximation. So are in the next two attenuation 

correction terms.

2.2.3 Incoming and outgoing attenuation correction—Incoming and outgoing 

attenuation terms are expressed as  and , 

respectively. The line integrals in the exponential functions can be simply performed using a 

ray-tracing algorithm, e.g. Siddon’s algorithm (Siddon, 1985), along corresponding paths 

through the volumetric image of the x-ray total attenuation coefficient. The total attenuation 

coefficient μ(x) is obtained from the CT image according to the definition of CT number, i.e. 

, where μw is the linear attenuation coefficient for water and HU is the 

Hounsfield number of the CT image.

2.3 Simulation studies

We performed several proof-of-concept Monte Carlo (MC) simulation studies to evaluate the 

feasibility of the proposed x-ray scatter imaging method. All computations were conducted 

using a toolkit developed in-house for photon transport MC simulation on a graphics 

processing unit (GPU) platform (Jia et al., 2012b). The simulation considered all possible 

interactions including photoelectrical, Rayleigh, Compton and multiple-scattering events. In 

all cases, an imager size of 40 × 30 cm2 with a resolution of 512 × 384 pixels was used. We 

set |dop| + |dpi| = |doi| =50 cm and |ds| =100 cm to mimic a typical setup of an On-Board-

Imaging system on a Varian linear accelerator (Varian Medical System, Palo Alto, CA). In 

each case, a point x-ray source was used. The incoming x-ray beam was collimated to a size 

of 0.2 × 20 cm2 at the isocenter, with 20 cm along the superior-inferior (SI) direction. A 

polyenergetic x-ray spectrum of 120 kVp was used. An ideal detector response was assumed 

which captured all the photons hitting on it. The number of source photon histories was 5 × 

1011 unless stated otherwise.

We designed a digital cylinder phantom composed of an outer shell with 0 HU. The height, 

diameter and shell thickness of the cylinder were 19.2 cm, 18 cm and 1.5 cm, respectively. 

The cylinder was filled with lung material of -700 HU. Three small cylinder shape “tumor” 

objects with tissue material of 50 HU were placed in the central region of the cylinder. The 

diameter and height of these three cylinders were 0.6 cm. The distance between centers of 

every two neighboring small cylinders was 1.8 cm. The phantom is illustrated in Figure 3a).
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As an initial test,  was used to demonstrate the feasibility of deriving the 2D cross 

sectional images of interest from measured scattering photons. For the pinhole setup, |dop| 

and |dpi| were set as 20 cm and 30 cm, respectively. We reduced its diameter r from 1.5 cm to 

0.3 cm to test spatial resolution (SR). We chose 0.3 cm as the minimal value, because it 

corresponds to a 0.5 cm SR, as quantified by Full Width at Half Maximum (FWHM) 

(  (Zeng, 2007)). This may be considered sufficient, because lung tumor 

size typically ranges from 0.5 cm to 5 cm according to the population statistical report 

(Swensen et al., 2005). The thickness t =0.2 cm was used and we assumed that the scattered 

photon could only pass through the pinhole to reach the detector. For slat geometry, 2D septa 

with t =0.01 cm were used. We then increased the septa height h from 2 cm to 10 cm. 

Similarly to the pinhole case, the height of 10 cm corresponds to a SR of about 0.5 cm 

(  (Halama, 2003), where du is the pixel size). The purpose of these steps 

was to investigate the image quality as a function of the pinhole size r or the septa height h 
and determine the appropriate values in each context.

We also used the same MC simulation tool to generate x-ray projection images in a typical 

CBCT scan and reconstructed a 3D CBCT image with the conventional FDK algorithm 

(Feldkamp et al., 1984). The CBCT image was used to generate incoming and outgoing 

beam attenuation correction (C2 and C4). After applying all the correction factors, we 

evaluated “tumor” visibility by two metrics. One is contrast-resolution (CR) defined as 

, where A represents the average of image intensity value over the 

corresponding regions of interest. fF and fB are the small tumors (foreground) and the nearby 

lung (background), respectively. Another metrics we used for the evaluation is contrast-

noise-ratio (CNR) defined as , where S represents standard 

deviation.

In the second test, we used a digital phantom created with a 4D-CT scan of a lung cancer 

patient, as shown in Figure 3b). The 4D-CT had 10 phases over a respiratory cycle. The size 

of the slit x-ray beam was 0.2 × 6.78 cm2 at the isocenter. Compared to the previous case, 

the beam coverage along the SI direction was reduced but still large enough to cover the 

tumor motion range. |dop| and |dpi| were set to 30 cm and 20 cm, respectively, to place the 

pinhole collimator far from the patient to avoid collision with the body. All other setups 

were the same as in the previous experiment.

In addition, we also conducted MC dose calculations using our GPU toolkit (Jia et al., 
2012c) to evaluate the imaging dose. In particular, we compared three scenarios. The first 

scenario was a single CBCT x-ray projection from the posterior-anterior direction with an 

illumination field of 26.7 × 20.0 cm2 at the isocenter, corresponding to a typical CBCT flat 

panel of 40 × 30 cm2. The second scenario was a collimated x-ray projection only covering a 

square region of 6.78 × 6.78 cm2 at the isocenter. The purpose for this small field was to 

compare it with the third scenario, i.e. the proposed slit beam setup with a field size of 0.2 × 

6.78 cm2. In these cases, the x-ray tube mAs was set to be the same for fair comparison.
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3. Results

3.1 Spatial resolution vs. collimator parameters

Figure 4 shows raw images acquired at the detector corresponding to different 

configurations. Photon numbers were set to 5 × 1011 in each case. The images generally 

show higher intensity on the left hand side, corresponding to the direction where the x-ray 

entered the object. In terms of pinhole geometry, when the diameter was large, i.e., r =1.5 

cm, the SR of the image was low, causing tumors to be blurred and not easily distinguished 

from the background (Figure 4a-1). As the pinhole diameter was reduced, the SR and tumor 

visibility got improved. At the same time, since the small pinhole reduced the number of 

photons reaching the detector, the overall image intensity was lowered. As predicted by the 

aforementioned SR calculation, we found that the 0.3 cm diameter of the pinhole yielded a 

sufficient SR for tumor delineation. A similar phenomenon was observed in the slat 

collimator design. With a slat height of 10.0 cm, tumors were well delineated. In contrast, 

they were blurred with a slat height of 5 cm or less. In addition, when comparing c-1) and 

c-2), it was observed that slat collimation led to an image with a slightly higher intensity, 

indicating that more photons reached the detector. Our results are consistent with a previous 

theoretical study (Zeng, 2007).

3.2 Image correction

The method described in Section 2.2 allowed us to obtain an image showing the Compton 

scattering attenuation coefficient μC on the plane of an incoming x-ray beam. Figure 5 shows 

correction factors for the pinhole setup, as well as intermediate results obtained with the 

application of those factors.

First, the raw image had relatively higher intensities in the central region along the vertical 

direction due to the inhomogeneous incoming photon fluence (higher in the middle). The 

inhomogeneity along the horizontal direction was caused by the combination of incoming 

beam attenuation and focusing/diverging geometry for the outgoing x-ray beam. After 

applying the correction factor C1, the image intensity became more homogeneous along the 

vertical direction. Second, along the horizontal direction, the intensity showed a general 

decaying trend mainly ascribed to beam attenuation. The factor for beam attenuation C2 

addressed this horizontal inhomogeneity. After applying these two corrections, there was 

still slight horizontal inhomogeneity, as indicated by a lower right peak height on the 

horizontal profile as compared to the left. The third factor C3 corrected this horizontal 

inhomogeneity by considering different Compton scatter differential cross sections at 

different locations of the image. Last, outgoing ray lines for pixels at the peripheral regions 

were further attenuated due to longer travel distance. The last factor C4 amplified image 

intensity in the peripheral region relative to the central region, as evidenced by comparing 

peak height at the image periphery before and after the correction. The results for the slat 

collimation geometry were similar to the pinhole geometry (data not shown).

3.3 Contrast comparison

Figure 6 presents a side-by-side comparison among CBCT, fluoroscopy and scattering 

imaging. CBCT was reconstructed from 364 x-ray projection images simulated with our MC 
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tool. The CR for the CBCT, fluoroscopic image, and scattering image with pinhole were 0.7, 

0.037, 0.54, respectively. CR of the fluoroscopy image was significantly lower than other 

images due to its x-ray projection nature. It was challenging to visualize the ‘tumor’ even for 

the simplest phantom in our study, as evidenced by the very small peaks in the middle region 

of the image profiles. CBCT offered superior image contrast because of its volumetric 

imaging capability. In the sagittal view, tumors (~50HU) stood out clearly from the lung 

background (~ −700HU). However, since CBCT reconstruction requires multiple projections 

measured at different view angles it cannot be used for real time imaging. In comparison, the 

proposed scattering image attained a high CR.

Since display window can be adjusted to visualize low contrast objects, CNR is another 

important quantity to justify visibility. When using the same photon number to simulate a 

projection and a scatter image, it was found that the CNR for the three cases were 67, 45, 

and 3.8. The CNR for the scattering image was significantly lower than the other two due to 

the much less number of photons reaching the detector. However, the advantage of our 

method is to get a cross-sectional image. This makes the targeted object clearly standing out 

from the background. In contrast, a fluoroscopic image projects 3D object to a 2D plane and 

reduces the contrast. The CNR study may actually favor the fluoroscopic image, as the small 

objects in this phantom were placed in a homogeneous and low-density background. In 

reality, a human body is much more complicated than this simple phantom, and many other 

structures could be in line with the tumor along the beam direction. Hence, the CNR for a 

real patient case is expected to be substantially lower than in this ideal case. However, the 

CNR for the scatter imaging in the patient case may be less affected by the anatomy 

complexity.

3.4 Scattering images in a simulated patient case

We also performed simulation studies to test the use of the proposed scatter x-ray imaging to 

visualize the moving anatomy of a lung cancer patient. Two simulations were performed 

using left-right and posterior-anterior illuminations. The x-ray source was placed on the side 

close to the tumor to increase visibility. Figure 7 shows the simulation results of the raw data 

acquired. Compared to the anatomy in Figure 7a, our proposed method was able to retrieve 

the corresponding coronal/sagittal scattering images (Figure 7b) with a clear visualization of 

the tumor inside the lung. While the image quality of the scattering image was apparently 

inferior to that of a 4DCT image (Figure 7c), it still contained the anatomy and motion 

information for tumor tracking. In addition, we applied the denoising algorithm BM3D 

(Dabov et al., 2007) on the raw image to improve image quality.

3.5 Imaging dose

Figure 8 shows the comparison of the imaging dose distribution in three scenarios, namely a 

single CBCT projection, a reduced field size projection, and the slit beam in the scattered 

imaging method. As the irradiation field size decreased, the integral dose to the patient body 

was dramatically reduced. With the slit beam setup, the dose was limited to the region under 

x-ray illumination, whereas the dose to critical organs, including the spinal cord and the 

heart, was substantially lower than in the other two cases. In addition, in the region that was 

directly exposed to the slit x-ray beam, the local dose was about 40% of that in a CBCT 
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projection, as indicated by the color bars in Figure 8. This occurred, because the reduced 

exposure area also reduced the scattered photon dose. From the last view of Fig. 8, the dose 

distribution seems to only exist in the irradiated area. This is purely due to the relatively 

wide display window that was selected for the purpose of comparing dose with the CBCT 

case. In fact, the dose distribution spread around the slit area due to photon scattering, 

although the dose outside the irradiation area was relatively low.

4. Discussions

4.1 Photon counts

The purpose of this paper is to propose an idea of scattering x-ray imaging and to perform 

initial and proof-of-concept studies to demonstrate its potential. While our simulations have 

shown some promising results, there is a long way to go to test the feasibility. The largest 

concern regarding the feasibility is whether there are sufficient photons at the detector to 

form an image with acceptable quality. In fact, incoming photons are scattered towards the 

4π solid angle and the detector only captures those at a particular direction. collimation in 

front of the detector further reduces the number of photons hitting a detector pixel. These 

factors significantly limit the photon counts. We have performed MC simulations and 

recorded photon fluence at the detector in a typical CBCT projection and in the proposed 

imaging method. It was found that the photon fluence at the scattering image detector was 

~104 to ~105 times lower than at the CBCT detector. This indicates that a standard CBCT 

flat-panel detector is probably not sensitive enough to this weak signal. A new or different 

detector for this proposed modality is hence needed. With a relatively low counting rate, 

detectors based on detecting and processing each photon should provide technical 

advantages compared to conventional x-ray detectors, such as image enhancement with 

energy selection and post-acquisition online data correction. For instance, a detector with a 

design similar to a dedicated high-resolution low-to-medium energy (around 20 to 100 keV) 

gamma camera (Lazaro et al., 2003; Pani et al., 2003) may potentially be applicable for this 

application, although detailed detector designs, such as determining critical parameters of 

collimator, discrete or continuous scintillator, photon sensor and processing electronics, need 

to be carefully studied and optimized in order to provide the desired x-ray imaging 

performance. It is our on-going study to perform more comprehensive MC simulations to 

quantify the desired characteristics of the detector, e.g. energy window, spatial resolution, 

sensitivity, contrast to noise ratio, etc. In fact, our proposed scattering imaging scheme is 

similar to that in Single Photon Emission Computed Tomography (SPECT). In both cases, 

spatial collimation is used to provide geometry information at the cost of reducing photon 

counts. The difference is that SPECT uses internal emission as the photon source, whereas 

ours employs scattered incoming x-ray as the source. Hence, other well-established 

techniques in SPECT such as multiple detectors and collimators can be used to improve 

system sensitivity. Using a higher mAs than in CBCT is also beneficial, although imaging 

dose and potentially skin erythema may become limiting factors. These issues will be 

investigated in subsequent studies.
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4.2 Image correction for moving anatomy

Factors C2 and C4 for incoming and outgoing x-ray attenuation depend on CT images. For 

instance, lung anatomy motion and density variation with respiration will impact these 

terms. For real-time quantitative applications, it is challenging to use instantaneous CT 

images to compute these factors. However, the uncorrected results shown in Figure 7 

demonstrate a clear tumor structure that may be sufficient for tumor tracking purposes. 

Hence computing correction factors may not be needed to improve fidelity of image 

intensity. Meanwhile, there may be other methods to approximately compute these factors, 

such as based on a motion-averaged patient CT image.

4.3 MV scattering

Another concern for in-treatment imaging is the interference from the MV treatment beam. 

A treatment beam typically shows much higher intensity compared to the kV imaging beam, 

therefore scattered photons from the MV beam may contribute significantly to the detected 

signal. For potential application in tumor tracking, a possible setup is to mount the detector 

at 45 degree direction relative to the kV beam and 135 degree to the MV beam, as illustrated 

in Fig. 9. For MV beam, the backscattered photons account for only a small fraction of 

scattered photons due to Klein-Nishina formula. In addition, as opposed to being scattered 

from a plane in the proposed imaging scheme, the MV scattered photons are from a volume. 

Hence, they will possibly form a smooth background on top of the expected kV images. It is 

our future study to conduct additional simulations using an MV photon transport MC 

package to investigate this issue. If the MV scattered photons were found to be a problem, 

potential solutions may be to use energy discrimination in a gamma camera detector to 

distinguish and eliminate MV-scattered photons. It may also be possible to design beam 

sequence to quickly alternate MV and kV beams to reduce MV interference on kV imaging.

5. Conclusions

We propose a new imaging modality that uses x-ray scattered photons to image cross 

sectional anatomy of the patient. This method may provide a new approach for real-time, 

marker-less tumor tracking. We performed MC simulation studies for proof-of-concept 

purposes and showed the following: 1) Preliminary studies demonstrated the potential to 

retrieve a cross sectional image. The image contrast is superior to fluoroscopy and is 

comparable with CBCT. 2) The proposed imaging method acquires an instantaneous 

anatomy image. Applying correction factors to derive the actual image is computationally 

easy. This allows cine-mode imaging, which could be used for real-time tumor tracking. 3) 

Upon direct comparison, the slat is preferable to the pinhole due to higher photon counts. It 

does not require a component that is close to the patient, namely the pinhole, which is more 

suitable for the integration on a linear accelerator.
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Appendix. Derivation of geometry factor G(F)

Geometry factor G(F) for the outgoing beam in the pinhole setup is due to converging/

diverging geometry. It makes the area scattering photons to each detector pixel D a variable 

depending on its location. For each F, G(F) is proportional to the area size.

Without losing generality, consider a detector D that has a unit area. We first computed its 

projection to the direction of the outgoing ray line PD. This was achieved by multiplying by 

the cosine of the angle between PD and OP, i.e. . The solid angle of this detector with 

respect to the pinhole was calculated as . For the region around the voxel F 
where the photons to this pixel D are from, its projection to the direction of the ray line is 

. Finally, let δ be the angle between the normal vector of the x-ray plane 

and line FD. Dividing by cos δ yields the geometry factor .

In the case of the parallel slat collimation, geometry correction factor G(F) =1, as all the 

detector pixels received photons from regions of the same size.
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Figure 1. 
Compton scattering imaging. X-ray photons are scattered in the object and detected at the 

imager. A detector pixel detects scattered photons from all the illuminated voxels, e.g. P and 
P′.

Yan et al. Page 15

Phys Med Biol. Author manuscript; available in PMC 2017 September 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
a) The proposed tumor tracking scheme using Compton scattering imaging using b) pinhole 

collimation or c) slat collimation. d–e) An illustration of the system geometry viewed from 

the patient superior direction.
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Figure 3. 
Phantoms used in our simulation studies. (a) A digital cylindrical phantom and (b) a 

phantom created with a patient CT. For each phantom, the left subfigure is a 3D rendering 

and the right one shows cross section images.
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Figure 4. 
Top: raw images under the pinhole geometry with different diameters of 15 mm (a-1), 6mm 

(b-1) and 3mm(c-1). Bottom: raw images under the slat geometry with different heights of 

20 mm (a-2), 50 mm (b-2) and 100 mm (c-2).
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Figure 5. 
Image corrections. a-1) Illustration of illumination geometry. b-1)-e-1) Images of different 

correction factors. a-2)-e-2) Images during the stage of applying these correction factors. 

a-3)-e-3) and a-4)-e-4) are image intensity profiles along the dashed lines in a-2) during the 

image correction steps.
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Figure 6. 
Comparison among different imaging modalities. Columns from left to right: CBCT, 

radiographic projection, and the proposed scattering imaging in two different setups. Each 

image is normalized to [0, 1] and the displaying window is [0.05, 1]. Rows from top to 

bottom: the reconstructed images, vertical and horizontal profiles.
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Figure 7. 
MC simulated scattering imaging for tumor tracking in a lung patient case. a) The anatomy 

in coronal (left) and sagittal (right) planes to be imaged by the slit beam. b) 50% phase of 

the coronal and the sagittal view of the raw scattering images. c) zoom-in view of the 

scattering images at the ROIs shown for b) for all ten respiratory phases, as well as the 

corresponding 4DCT images.
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Figure 8. 
Results of the MC imaging dose calculation for a lung cancer patient. a) CBCT projection 

with a large field of 26.7 × 20.0cm2 at isocenter. b) Projection with a reduced field of 6.78 × 

6.78 cm2. c) The slit beam with 0.2 × 6.78 cm2 corresponding to the setup shown in Figure 

7a) right. d) Zoom-in regions inside the yellow boxes in c) displayed with a narrowed 

window of [0, 0.4]. The three rows represent transverse, sagittal and coronal views, 

respectively. Dash lines in a) indicate the location of other views.
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Figure 9. 
Illustration of a possible setup on an existing linac for tumor tracking.
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Figure 10. 
Illustration of geometry for the derivation of G(F) in the pinhole geometry.
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