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Abstract  
Purpose: This paper presents an external beam X-Ray therapy (XRT) and Proton therapy (PT) simulation and 

training system. XRT and PT are effective and widely accepted forms of treatment for many types of cancer that 

require extensive computerized planning. Current treatment planning systems have no visual aid to combine 

real patient volumetric models extracted from patient-specific CT data, with the treatment device geometry in a 

web-enabled 3D interactive pre-treatment simulation.  Can we develop an accurate, cost-effective web-based 

interactive system that brings patient specific data into a comprehensive 3D simulation of the procedures? 

Methods: We use a cost-effective scanning technology to embed real patient 3D representations in an XRT/PT 

simulator. The X3D standard is employed to implement and deploy the simulator on the web. 

Results: An objective assessment of the accuracy of the simulator proves the potential of such a system for 

simulation and training in both educational and clinical settings. 

Conclusions: Benefits of using the online XRT and PT simulator are educational and clinical. For the education 

component, the targeted trainee groups include physics residents, dosimetry trainees, and radiation therapy 

technicians. 
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1. Introduction 

Radiation therapy is an effective and widely accepted form of treatment 

for many types of cancers. External beam radiation therapy (EBRT) [1] is 

the careful use of radiation from external sources, where X-Rays (called 

X-Ray Therapy - XRT), or Protons (called Proton Therapy - PT) are 

administered to the tumors. Recently the use of XRT is slowly giving 

way to PT for the treatment of certain cancers, such as spinal and eye 

cancer. .The advantage of PT is that higher doses of radiation can be used 

to control and manage malignant tissue while significantly reducing 

damage to healthy tissue and vital organs. As illustrated in Figure 1, for 

PT there is no exit dose since the radiation charge is placed at the tumor 

location, while for XRT there is an input and an exit dose, hence the 

potential for healthy tissue damage is higher.  

 Unfortunately, treatment-planning systems for both XRT and PT have limited or no visual 

aid, that combines a patient boundary representation (i.e. body shell) with the room view, to provide a 

detailed understanding of potential collisions and beam angles before the actual therapy begins. While 

partial patient-specific computed tomography (CT) is available, in general, a full body CT scan is not 

possible due to the additional radiation dose this gives to the patient. Therefore, treatment planners 

often find it difficult to determine precise treatment equipment setup parameters. In some cases, 

patient treatment is delayed or postponed due to unforeseen collisions among the system’s 

components or with the patient. Furthermore the demand for better cancer targeting has created 

specific immobilization and on-board imaging devices, which can become additional collision 

sources.  

 This paper is presenting important new developments on the XRT and PT simulation systems 

obtained through the addition of a hardware and software component. This allows the integration of 

patient specific 3D boundary representations (B-rep) in the simulation system, in real time. The paper 

is structured as follows. Section 2 presents the simulator’s scope and recent work by other research 

and development groups. Section 3 illustrates the simulator’s graphical user interface and accuracy 

assessment results. Section 4 presents the X3D patient B-rep generation, including patient data 

acquisition and optimization. Section 5 presents a set of conclusions related to XRT and PT simulator 

use. 

Figure 1. No exit dose 

for Proton Therapy 
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2. PURPOSE - Rationale and Related Work 

Radiation therapy planning systems (X-Ray or Proton) make use of 3D visualization of volumetric 

data. This data usually describes radiation doses that have to be delivered at specific locations to 

destroy cancerous tissue. Since the success of the treatment depends on the accuracy of planning and 

delivery, physicians need robust tools to assist them in this process. For the past 20 years, numerous 

software modules have been added to the planning systems; however, none of them provide adequate 

collision detection (CD) and system-patient (i.e. room level) visualization.   

 Previously we presented a web-based simulation system [2, 3] for XRT that provides a room 

view of the system. In the simulator, both a generic patient model and a partial 3D model are 

presented. The partial 3D model is reconstructed from patient CT data as well as from a phantom 

calibration tool. A wide range of analytical methods for linac (linear accelerator) - based radiation 

therapy have been proposed to improve the planning process [4-7]. Most methods, even though 

mathematically accurate, are based on hardware numeric rotational and translational values, 

disregarding patient-specific and detailed hardware-specific geometry. The previous research and 

development concerning graphical simulations of linear accelerators systems have the following 

limitations:  

 Simulations use generic patient body representations [8] and inaccurate hardware 3D models, 

hence, potential collisions among system components and patients are not accurately  

predicted; 

 Simulations run as standalone applications and cannot be deployed over the web for 

immediate data distribution and collaboration with remote experts during treatment planning. 

One of the graphical simulations showing both the patient and hardware, was developed by 

Hull University [9]. However, their implementation cannot be deployed freely over the Internet and 

does not have a CD tool. Our efforts thus were directed towards the development of a comprehensive 

yet easy to deploy web-based simulator, with the first prototype being generated in 2005. Since then, 

we have improved the system to provide an accurate representation of the EBRT room setup based on 

partial patient-specific CT data. We deployed a version of the system (3drtt.org) in 2007 and provided 

free registration for interested users. For the past six years we had over a thousand users on the 

system, worldwide, most of them professionals in the medical field (Figure 2). 

 

 
Figure 2. Distribution of 3DRTT (3drtt.org) users around the world 

 

3. METHODS - Patient Specific Data Acquisition for B-Rep  

Partial patient data can be obtained from the patient’s CT scans. This data can then be converted into a 

surface representation of the boundaries, or the patient (B-rep), as illustrated in Figure 6.  The 

approach is discussed in the next section. 

3.1 Partial Patient Data from CT-Scans 

The set of CT scans is usually stored using the DICOM RT standard [11]. As opposed to other types 

of image files, the DICOM RT files contain slice resolution, slice spacing, and pixel size, which are 

useful parameters in producing a realistic polygonal model of a patient. We process the CT scans 

using algorithms similar to the ones in the Visualization Toolkit [12], with additional optimizations 
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for rendering speed and accuracy. We apply the Marching Cubes algorithm with a value that selects 

the isosurface of the patient’s skin (Figure 3, center right). Then, the data is converted into an X3D B-

rep and embedded in the simulator (Figure 3, right). 

   
Figure 3. CT data, 3D model reconstruction and 3D model inside simulator 

 

For calibration, and sometimes training, various predefined shapes are routinely used by the medical 

personnel. An example is the elliptical phantom calibrator (Figure 4), used for testing and training. 

Such phantoms usually have a regular shape that is known beforehand.  

 

    
Figure 4. The phantom device: real environment (left) and simulated environment (right) 

While we have used this approach to obtain partial patient specific 3D B-reps, full CT scans are not 

performed on the patients due to additional radiation accumulation and costs, so such datasets cannot 

provide complete patient B-reps. A novel solution that we proposed and implemented is one in which 

a B-rep for the patient is obtained using commercially available and inexpensive infrared scanning 

cameras. This solution is described in the next section. 

3.2 Full Patient Data from Infrared Scanning 

To obtain patient specific B-reps without the additional radiation dose generated by CT scanning, an 

RGB-D (red-green-blue-depth) camera was used to scan the patients. In the following sections we will 

present various scenarios we tested in order to produce a B-rep. It is important to keep in mind that 

our target threshold of accuracy is sub-centimeter.  

 

3.2.1 Infrared Camera Setup and Calibration 

The RGB-D camera used in our development and testing is currently the Microsoft Kinect (MK). The 

field of view (FOV) of the camera is 45.6°V and 58.5°H [13]. The accuracy of the MK's depth camera 

is within a mean absolute difference of 1.4 mm along the width of the depth frame, and 1mm along 

the length of the depth frame, from at a distance of 2 meters, when measuring objects up to 25cm x 

25cm. The mean absolute difference from 1 meter away measuring the same object is 1mm along the 

width of the depth frame, and 0.9mm along the length of the depth frame [14]. The relationship 

between the accuracy of the MK’s depth camera relative to its distance from the target is quadratic, 

with random errors as high as 4cm at a distance of 5 meters [15]. For this reason, the best accuracy is 

achieved where the camera-target distance is between 0.5 to 1 meters with an upper limit of 2 meters 

where necessary.  

 



CARS 2015 - Computer Assisted Radiology and Surgery 
 

 

    
Figure 5. Camera setup (left) and the checkerboard with origin marked by the two inner squares (right) 

 
Taking the optimal camera-target distance, the horizontal FOV for the MK is not large enough to 

capture the height of an average person using only one camera. In order to compensate for this, we 

chose a setup where two cameras are directly across from each other, raised above the subject, who is 

lying on a translatable bench, and tilted downward 27 degrees in order to capture the upper-body of 

the patient (Figure 5, Left). The patient and table are translated to capture the lower-body. 

 Before scanning, we calibrate each MKs’ intrinsic and extrinsic camera parameters. In our 

calibration procedure, we take 150 grayscale images of a checkerboard pattern with a variety of 

translations and rotations under halogen light, per MK. Each Kinect has a corresponding image that is 

representative of the checkerboard’s position and orientation at some moment in time. By designating 

a common point in the checkerboard (Figure 5, Right), the extrinsic parameters are calculated 

automatically using the same set of images. Manual adjustments to the extrinsic parameters are 

required in the lab environment in order to achieve an accurate mesh, primarily due to the human 

driven translation of the patient table. This method of translation is not an issue in a hospital 

environment where the patient table can be translated mechanically with high precision.  Details of 

the calibration procedure can be found in [16].  

3.2.2 Patient-Camera Setup and Data Acquisition Scenario 

We tested several patient/camera configurations, including camera tilting with static standing patient, 

fixed camera with patient 90-degree rotation, and 3 fixed cameras at orthogonal positions and fixed 

patient. The advantages and disadvantages of different configurations will be presented elsewhere; we 

illustrate in Figure 6 the configuration that we currently use.    

 

  
    

Figure 6.  “Patient” on table (left), scanning system setup (right) 

We modified a MK Developer Toolkit [17] for Multi-Static Cameras to operate each Kinect 

individually (in order to reduce noise from the infrared emitters), to export the final mesh to X3D, and 

to take custom camera parameters. With this approach we were able to reconstruct the patient’s upper 

body using 2 cameras (one from each side). We repeated the process for the patient’s lower body and 

then merged the meshes to obtain a full body B-rep. We adjusted our algorithm to remove the data 

corresponding to the table by slicing the z-value of the B-rep. 

3.2.3. B-rep Processing and Optimization 

After the patient segments are acquired in the scanning phase, our algorithm merges vertices that are 

closer than the approximate accuracy of the MKs at their current distance from the patient. We merge 
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vertexes that are between 0.9 and 1.4 millimeters without impacting accuracy, and use an 

implementation of the marching cubes algorithm [18], provided by Meshlab™, to generate a new 

mesh from the reduced point cloud. Due to the density of the generated point clouds, the file size of 

the initial mesh is too large for the web environment. Experimentally, we observed that for the 

average patient size each MK camera contributes roughly 10MB per segment to the mesh.  

 A mesh optimization algorithm was employed to reduce the size of the X3D model for web 

deployment. The optimization uses the Quadric Edge Collapse algorithm [19]. This algorithm is 

applied iteratively, with each iteration reducing the model’s polygon count by 10%. Iteratively 

removing polygons like this results in a smoother mesh than reducing by a large number of polygons 

at once. In our tests, we reduced the polygon count of the mesh from 160K per segment to less than 

16K, which produced meshes in the range of 1.5 to 1.7 MB with texture, and .75 to .85MB without 

texture. Figure 7 illustrates that the boundary of the mesh remains the same after decimation. This 

reduced model is converted into an X3D B-rep for use in the simulator.  

   

 

Figure 7. Original (top left), decimated (top right), comparison (top middle) and close up (bottom) 

4. RESULTS - X-Ray and Proton Therapy Simulators 

In the following paragraph we will provide a brief overview of the results: the X-Ray Therapy online 

simulator system we developed in recent years [2], including its validation, followed by the 

description of the new Proton Therapy simulator with integration of patient full body scans (B-reps). 

4.1 X-Ray Therapy Simulator and Accuracy Assessment 

The Web-based user interface of the XRT simulator is uses a web 3D programming standard called 

X3D [10]. A library of functions written in JavaScript AJAX, running in conjunction with Java Server 

Pages, provides advanced functionality for the simulator. The user can adjust the gantry, collimator 

and table position and orientation as well as the X-Ray gap. In the original version we have a generic 

3D patient model that is replaced in the new version by a 3D patient model generated from real 

patient data. We call this 3D patient model a ‘B-rep’ or boundary representation, since we are 

interested only in the patient surface (shell) for collision detection purposes. Figure 8, illustrates the 

web-based simulator 3D Radiation Therapy Training (3drtt.org) and corresponding room-based views 

of the hardware setup and patient 3D model. 
 

    
 

Figure 8. 3DRTT web-based GUI: simulator for XRT, model Varian (left) and Novalis (right) 
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The simulation system provides a software collision detection (CD) algorithm that will automatically 

warn the medical planning team of a potential collision among the system components and the patient, 

as illustrated in Figure 9. 

   

Figure 9. Collision detection: XRT and generic patient B-rep (left), PT and real patient B-rep (right) 

Once the CD system is activated, it provides information about collisions in the hardware setups by 

highlighting the colliding objects and displaying a collision-warning message in the control panel. If 

any couch attachments are currently installed, they are automatically included in the CD algorithm. 

The accuracy assessments objectively indicate how closely the simulated geometry corresponds to the 

real hardware and how well the simulator matches the actual clinical setups. Since we cannot obtain 

the deviation distribution for the entire geometry of the linac, one solution is to run identical real and 

virtual (simulated) treatment scenarios and compare the clearance among the hardware components in 

near-collision cases. These measurements were carried out at the M.D. Anderson Cancer Center, 

Orlando. We considered 20 collision and near-collision scenarios, measuring (with digital calipers) 

the distances between the (potential) colliders. We reproduced these scenarios in our virtual setting 

and measured the same distances using a virtual measurement tool. The focus was on 

collimator/couch and collimator/head-fixation attachment interactions, as they are a frequent cause of 

collision. Figure 10 provides visual comparisons of collision scenarios between the Varian® and 

Novalis® linacs, and our corresponding simulators.  

 
LINAC 

Model 

Real System XRT Simulator 

Varian 

  

Novalis
®

 

  
Figure 10. Illustration of real (left) and simulated (right) collision scenarios 

 
The objective assessment resulted in a mean difference of 5-10 millimeters for the Varian and the 

Novalis® simulator, with a standard deviation of 0.5. More details of the assessment are available in 

[2]. As illustrated in Figure 10, the Varian Trilogy™ and the virtual representation look identical in 
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the collision scenarios. Geometries of the gantry and collimator for this system were modeled based 

on point clouds collected with the Faro™ Technologies laser scanner. This technique contributed to 

the improvement in accuracy as compared to the Novalis® model, which was built using photography 

and manual measurements (with digital calipers of 0.5mm accuracy). Radiation oncologists who 

collaborated with us on the 3DRTT project consider that an overall 1 cm accuracy is sufficient for 

collision detection purposes and will help significantly in obtaining a visual representation of the 

treatment equipment and patient setup improving the confidence in the planned delivery. Ultimately, 

the simulator’s accuracy can be further enhanced by better polygonal model acquisition techniques 

(e.g., use of higher-resolution laser scanners), which will reduce geometrical errors to sub-millimeter 

values. 

4.2 The Proton Therapy Simulator  

The novel addition to the 3DRTT simulator is the simulation system for Proton Therapy devices. PT 

systems suffer from similar collision problems. The user interface consist of X3D models and takes 

advantage of the same libraries we developed for the XRT functionality programming. Figure 11 

illustrates a generic patient B-Rep (left) and a real patient B-rep (right) obtained from infrared 

scanning as detailed in Section 3.2. 

   

Figure 11. Proton Therapy simulator with generic patient B-Rep (left), real patient B-rep (right) 

5. Conclusion 

Benefits of using the online XRT and PT simulator are educational and clinical. For the 

education component, the targeted trainee groups include physics residents, dosimetry trainees, and 

radiation therapy technicians. The online web-based system will allow for:  

 Familiarization with the translational and rotational motion limits of various hardware 

components, including the couch, gantry, and collimator, and with their angle conventions for 

both X-Ray and Proton Therapy devices. 

 Validation of patient setups, planning of deliverability and checks for possible collision 

scenarios and beam-couch intersections. 

 Education of patients about their treatment delivery technique, to help reduce pre-treatment 

anxiety. 

 The fact that the simulator runs in a Web browser with minimal software installation allows 

medical personnel to easily use and adapt to the simulator graphical user interface. Moreover the 

system proposed enables data distribution and collaboration with remote experts during treatment 

planning with minimal cost and effort. This reduces costs associated with travel and data distribution 

and improves overall hospital efficiency related to radiation therapy procedures. 
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