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Abstract


Radiotherapy delivers high doses of radiation to localized areas necessitating precise motion management and positioning verification. Microsoft Kinect v2 (Kv2) is an affordable Red Green Blue Depth (RGB-D) camera that uses advanced time of flight technology with potential application for patient set up verification of radiotherapy treatments. This readily available and relatively inexpensive technology has opportunity for development as an affordable solution for patient set up verification in developing countries. This report outlines necessary information and provides useful sources for beginning a radiotherapy Kv2 project. There are extensive resources available for both versions of the Kinect making it difficult to isolate the pertinent information. The goal is to reduce the learning curve associated with beginning a Kv2 radiotherapy project.



A literature review was conducted and relevant information distilled in review format. Easy to follow charts, explanations, and links guide readers to relevant information for a comprehensive understanding of advanced concepts: Overview of applications in radiotherapy; Time of flight; Stereo vision; Mathematical concepts such as matrices and quaternions; Align RT and Kv2 limitations. Table’s list resources to guide readers toward sources intended to shorten the time needed to familiarize with Kv2 concepts; relevant mathematics, available programs and technology relating to patient set up verification and Kv2. Numerous resources are provided to supply readers with an organized approach to start a Kv2 radiotherapy project.





Introduction



The Kinect version 2 (Kv2) (Microsoft, Redmond, WA) is an economical time of flight (TOF) technology with potential for application to patient positioning verification in radiotherapy. In radiotherapy the patient is initially positioned during the simulation computed tomography (CT) scan, which is then used to create a treatment plan. The treatment plan is designed to deliver tumoricidal dose to a planning target volume (PTV), which encompasses the gross disease with an added margin to account for setup uncertainties. Once a treatment plan is approved, patients return for multiple treatment fractions over a period of days or weeks. Replicating precise patient positioning between fractions is critical to ensure accurate and effective delivery of the approved treatment plan. A misalignment could result in unwanted irradiation of healthy tissue and under-dose portions of the target volume. Improvements in daily setup accuracy, may allow for reduction of the PTV margin, thus increasing healthy tissue sparing [1] (Figure 1).
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Figure 1:  Schematic of treatment planning volumes [2].

 




Technological improvements allow for millimeter precision in patient positioning. Ideally, patient positioning verification systems should assess 6 degrees of freedom (DOF) due to an increase in use of 6 DOF robotic tables entering the market [2-6]. Positioning verification systems need to be efficient, replicable, and easy to implement for therapists who are responsible for daily patient set up and immobilization. Technical factors that contribute to setup uncertainties include: inter and intra-fraction motion, imaging misalignment, and mechanical uncertainties such as isocenter and alignment lasers [1]. Optical tracking is a non- invasive patient positioning and verification technique that reduces radiation exposure from on-board CT imaging [7]. Align RT (Vision RT Ltd., London, UK) is a leading technology in optical tracking; however, cost is a significant barrier for implementation in low and middle income countries (LMIC) leaving opportunity for development of alternate optical tracking technologies. The potential for an affordable patient verification application utilizing the Kv2 in LMIC provides the motivation for this work.

Kv2 hardware includes infrared emitters, depth sensors, audio microphone arrays, and HD color cameras. Multiple avenues have been explored evaluating the Kinect for radiotherapy. Applications include: methods to increase patient participation in the treatment process [4], treatment set up [8-10] intrafraction motion management [7,11-13] respiratory motion and deep inspiration breath hold [10, 14-18] collision detection [7, 19] and techniques for camera quality assurance and calibration [7,20]. Starting a project with the Kv2 presents one with an overwhelming abundance of information. The purpose of this paper is to provide the reader with a background on patient positioning in radiotherapy and bridge the gap to begin a Kv2 project with no prior experience. This report outlines how to start an image guided surface tracking project utilizing the Kv2. Beginning with a review of radiotherapy as it pertains to a Kv2 project, followed with a discussion of the mathematical concepts, survey of existing programs, and concluding with a comparison of technology used in Align RT and Kv2.

Getting started with the Microsoft Kinect Software Development Kit (SDK)

The SDK can be intimidating to new or inexperienced programmers; however, it is a good place to start to learn about the Kv2 and its features. To download the SDK, there are specific details, system requirements, and installation instructions. Microsoft provides this information at the following URL, https://www.microsoft.com/en-us/ download/details.aspx?id=44561. For accessing built-in basic applications, identify the Microsoft SDK root directory, located within is the bin sub-directory. With the device connected, opening any of the applications will display live feed from the sensor(s). The SDK provides libraries and source code for these applications. SDK applications include: Audio Basics, Body Basics, Color Basics, Controls Basics, Coordinate Mapping Basics, Depth Basics, Discrete Gesture Basics, Face Basics, HD ace Basics, Infrared Basics, Kinect Fusion Explorer. Applications can be installed from within the SDK Browser by opening “Samples.” Source code can be accessed through the \samples\managed sub-directory, within are compiled and uncompiled code. The reference library is found within the \assemblies sub-directory, it is essential to add the reference library to the application when writing code for new applications.

Mathematical Concepts

Common mathematical approaches used in Kinect applications include quaternions, dual quaternions, axis/ angle, Euler angles, and matrices.  2 which contain available resources for further understanding of these concepts.

Euler Angles

Euler angles are three angles rotated about defined axes [21]. Euler Angles are relatively easy to conceptualize; however, they can suffer from gimbal lock [22]. Gimbal lock is the elimination of the third degree of freedom when one gimbal rotates enough aligning the remaining two gimbals, so only 2 degrees of freedom are available for rotation [22] (Figure 2). Euler angles rotate about each axis; try this with your pen using the figure as a guide.
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Figure 2:  Gimbals are the rings that lay on each axis. Each system defines roll , pitch, and yaw according to its needs.

 

Axis/Angle


Axis/angle is an axis represented as a vector rotated about an angle [23], (Figure 3). They are easy to visualize and intuitive to understand, but are difficult to combine and therefore need to be converted into another representation that is easier to concatenate like matrices or quaternions [23].
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Figure 3:   Representation of a vector v rotated about angle 0 [13].

 


Matrices


Matrices are arrays of numbers or information set up in rectangular format. Transformation matrices are typically represented by a 4x4 matrix consisting of a 3x3 rotation matrix with a 3x1 translation vector and a 1x4 bottom row expansion that has {0,0,0,1} reflecting the vector’s direction while the length remains unchanged [23]. These are commonly used to represent the same rotational and translational information as the other methods, for visualization of these concepts (Figure 4).
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Figure 4:  The bottom row serves as a place holder so the matrix is a 4x4 square matrix which is easier to work with than a 4x3 matrix.




Quaternions and Dual Quaternions

Quaternions are composed of 4 values (1 real part and 3 complex parts) and are used to rotate vectors [24]. Quaternions do not represent translation, only rotation. Dual quaternions combine rotation and translation in a compact representation [25], known as a single state variable, composed of a real part and a dual part that contains a dual operator [23]. Table 1 for visualization of quaternions and dual-quaternions. Quaternions and dual quaternions are preferred for programming applications. Quaternions avoid the singularity, a point at which a function takes an infinite value, of gimbal lock associated with Euler Angles [23], and are simpler to perform mathematical operations on (e.g. multiplication) than matrices (Table 2).



Table 1:  Visualization of quaternions and dual quaternions. The compact representation of quaternions provide a simpler method for computing operations than matrices, compare quaternion representation versus matrix representation in Figure 4 [25].
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Table 2:  Mathematical Resources.
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Other Mathematics

Other mathematical approaches include Fourier transforms [26,27] Horn's Algorithm [28,29] Simultaneous Localization and Mapping (SLAM) Algorithm [30,31] and Iterative Closest Point (ICP) Algorithm [32]. The ICP algorithm provides a method for three dimensional alignment of point sets [32]. SLAM addresses the issue of trying to locate the camera trajectory relative to a mapped environment and are used for dense real-time surface reconstruction [30]. Horn's Algorithm utilizes unit quaternions to address the least-squares problem of absolute orientation [28]. The least squares method is used to determine and minimize the difference between a baseline and reference data set. 13 Absolute orientation refers to recovering the transformation of two coordinate systems as it applies to photogrammetry (making measurements from photographs) [28]. In a subsequent publication Horn et al. [29] addressed the same problem, utilizing orthonormal matrices (3x3 rotation matrices) to represent rotation.

Fourier transforms are used for image and audio analysis by converting data into the frequency domain [26]. Digital signal processing takes digitized signals and allows for fast mathematical computations of these functions [27]. Fourier transforms are often computed with Matlab, a programming tool used for machine learning, signal processing, image processing, computer vision, robotics, and more [33]. Matlab software has an adapter for version 1 and 2 of the Kinect, which can be used to process raw data from the sensors [34].


Survey of Existing programs Compatible with the Kv2



Programs have been developed to foster the creation of applications for the Microsoft Kinect using C# and C++ programming languages. Many applications are intended for KV1 or KV2, but do not function for both. The Kv2 uses continuous wave Time of Flight (TOF) for depth measurements versus the Kv1 which used structured light. Tables 3 & 4 contain a sampling of available programs that work with the Kv2. It is important to note, literature does not always specify which version of the Kinect is being referenced, and ways to differentiate include: observation of photos of the Kinect device; date of publication; Kv1 is typically stated without version e.g. Kinect Sensor, Microsoft Kinect.


Table 3:  Available programs for Kinect. Table 4 for program websites.


[image: ]





Table 4:  Program websites and other available options.
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Comparison of Align RT versus kv2

 Stereoscopic

Align RT technology uses stereoscopic cameras to provide information from multiple sensors separated by a distance, similar to human eyes [35]. Two or three align RT pods (mounted units containing the imaging hardware) are positioned around the treatment couch and out of the collision path of the accelerator, (Figure 5) [36] Align RT pods work by projecting a pseudo-random speckled pattern on the patient, providing “objects” or “virtual tattoos,” [37]. Approximately 20,000 points, for the sensors to detect triggering the correspondence process [38]. Correspondence problems result from point matching between multiple sensor viewpoints. The purpose of theses “virtual tattoos” is to create texture points that provide the necessary information for the program to match and align corresponding points viewed from both cameras via triangulation [35]. This concatenation is what provides the 3 dimensional integrated surface model used to assist in position verification [39] (Figure 5).
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Figure 5:  Arrangement of Vision RT pods in treatment room with red speckle pattern turned on.

 



Time of Flight

Kv2 uses continuous wave (CW) modulation time of flight (TOF) technology to collect information about a scene, Figure 6 the Kv2 unit. Two predominate time of flight methods are pulsed and continuous wave modulation (CW). Pulsed modulation is not discussed in this paper as the KV2 uses CW modulation, more information can be found in a review by Laukkanen [40]. CW modulation gathers depth values by calculating the time it takes for emitted infrared light (850nm wavelength) waves to reflect off a surface and return to a depth sensor which calculates the distance based on the phase shift of the reflected light waves [41,42]. The Kv2 emits square wave infrared light illuminating the scene with photons that will be read by pixels in the depth sensor [42]. Kv2's time of flight technology is discussed in more detail by Zennaro [42] Lachat [43] and Lau [44] (Figure 6) (Table 5).
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Figure 6:  Kinect v2 unit with sensors labeled.

 




Table 5: Comparison of Kv2 and Align RT parameters.
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Calibration and Quality Assurance

Radiotherapy depends on quality assurance (QA) and calibration of the treatment units and associated technology. Quality control ensures that equipment is checked daily, monthly, and annually verifying that equipment performance meets defined standards [45]. Align RT utilizes a calibration plate to perform monthly calibration, which accounts for distance, and daily QA [36]. There are no universally acceptable methods for Kinect calibration; however, published works have described several methods for effectively performing calibration for the Kinect cameras. Two separate calibrations are needed since range imaging cameras utilize both geometric and depth information [20]. A geometric calibration, scaling, typically uses a planar checkerboard, while the depth calibration can be performed by repeatedly positioning the Kv2 at a blank wall at known distance away. To align Kv2s in the treatment room, Santhanam et al. [7] used a custom made camera alignment jig with colored spheres aligned to isocenter allowing the Kv2s to determine the room coordinate system.

Limitations

Kv2 and Align RT each have their own software and mechanical limitations. Align RT uses stereo vision techniques for imaging procedures. As discussed above, section 3.3, calibration is a necessary step for stereo vision to convert depth estimates to true depth values [46]. Disadvantages for stereoscopic cameras include multiple computationally expensive steps, dependence on scene illumination and surface texturing, and stereo correspondence [38,47] Limitations of the Kv2 include: temperature drift [20,40,41,48,] systematic distance error, depth in homogeneity (flying pixel effect) [41,48], multi-path effects [40,41,48] noise [13,20, 40,48] and object reflectivity/ dynamic scenery/amplitude errors [20,40,41,48].

Conclusion

This report reviewed resources for understanding the Kv2 and Align RT including relevant mathematical concepts, existing programs for the Kv2, applications in radiotherapy, surveyed existing programs, reviewed relevant mathematical concepts, and published applications in radiotherapy. We hope the preceding information will be helpful for individuals embarking on a radiotherapy project with the Kv2.
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