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3D IMAGING FOR BRACHYTHERAPY PATIENT AND MOLD 

APPLICATOR POSITIONING  

Sagar Pokhrel 

Dr. Enrique W. Izaguirre & Dr. Sudarshan K. Loyalka, 

Dissertation Supervisors 

ABSTRACT 

We developed a stereo vision method for 3D imaging of HDR brachytherapy 

skin cancer applicator positioning and tracking with respect to patients’ 

anatomical features. The setup consists of two high-resolution scientific scan 

cameras (3840 x 2748 pixels) mounted on high-precision 4D of freedom optical 

mounts for submillimeter and sub degree positioning. A Rando phantom was 

used as a surrogate for patients’ skin cancer and keloid treatments using a 3D 

printed applicator. Stereo images were recorded and analyzed using an in-

house developed LabVIEW interface to determine the relative position of the 

applicator with respect to skin reference markers. Oncentra treatment 

planning system was used to perform reference applicator positioning in X, Y 

and Z coordinate to evaluate the stereo system accuracy and resolution. 

Calibration of the system spatial resolution shows optimal performance at 

1000mm from the camera imaging plane to the imaged object. Calibrated 

screen target measurements show that positional error in the XY-plane is less 

than 0.39±0.21mm and a discrepancy in depth measurement within 

0.48±0.32mm. Rando phantom experiments were performed to mimic skin 

cancer facial treatments. Tracking several reference points at the applicator 



x 

 

we validate an average localization precision of 0.41±0.32mm, 0.46±0.38mm, 

and 0.3±0.21mm for the X, Y, and Z coordinates respectively. Applicator 

misplacement was simulated to determine dosimetric errors originated by 

applicator positioning inaccuracies. Misalignment of applicator by 5mm caused 

dosimetric shift up to 2.6% for overall PTV and 6.45% in reference points in 

treated region. The developed 3D imaging system was validated as a high-

resolution and accurate stereo vision solution capable of submillimeter pre-

treatment, intra and inter-fraction applicator positioning, and repeatability.  

This system can be used to continuously track the intra-fraction motion of the 

skin applicator with respect to the patient’s anatomical surface to enhance 

treatment accuracy, safety, and quality. 
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CHAPTER 1: GENERAL INTRODUCTION 

 Background 

Cancer is one of the leading cause of mortality and more than 8.8 million 

deaths were caused by cancer in 2015. World Health Organization (WHO) 

estimated 14 million new cases of cancer for 2012 and the new cases are 

expected to increase by 70% in next two decades (1) (2). The National Cancer 

Institute estimates 1,685,210 new cases of cancer will be diagnosed and 

595,690 people die in the United Stated every year (3). Most common cancers 

occurring sites are breast, lung, prostate, colon and rectum, bladder, skin 

(melanoma of the skin), thyroid, kidney, blood (leukemia), endometrial cancer, 

and pancreas (3). There are several treatment options for many types of cancer. 

Radiation therapy is the most common modality to treat cancer. Radiation kills 

cancer cell by damaging the DNA of cancer cell either by direct hit to DNA or 

by creating free radicals which also damage DNA. The radiation can be 

delivered by a machine outside the body (External beam radiation therapy-

EBRT) or radioactive sources can be placed into or near the cancer site 

(Brachytherapy) or administered internally (radionuclide therapy) via 

intravenous or oral routes. 

 Brachytherapy can be divided into three categories based on the dose rate, 

a) High Dose Rate (HDR), b) Medium Dose Rate (MDR), and c) Low Dose Rate 

(LDR). Based on the implantation time, brachytherapy is categorized to 

permanent brachytherapy and temporary brachytherapy. Permanent 
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brachytherapy is used in prostate cancer where low dose rate radioactive seeds 

are inserted and left permanently. Most of other brachytherapy treatments are 

HDR Brachytherapy where high activity radiation is delivered to a localized 

target.  

 Problem Statement and Motivation 

More than 5.4 million cases of non-melanoma skin cancer are treated in the 

US each year (4). New cases of skin cancer are increasing every year more than 

the combined incidence of other most occurring cancer (Breast, Prostate, Lung, 

and colon) (5) . Since skin cancer is treated with high dose rate (5-6Gy/Min at 

5mm from source), precision and accuracy of dwell time and dwell position is 

crucial to get optimal results (6) (7). Incorrect placement or movement of the 

applicator during treatment can lead to insufficient dose to the tumor volume 

and high dose to the healthy tissue or vice-versa (8). In each clinic, there are 

specific quality assurance protocols and procedures to verify the treatment, but 

they are limited to pre-treatment QA. These quality assurance procedures 

verify the dose prescription, dwell time and position of the radioactive source 

before the treatment. If there is a misplacement of the applicator or motion of 

patient causing misalignment of the applicator, then there are higher chances 

of error in delivered dose than the prescribed dose. To overcome this error, we 

propose to use stereo cameras to detect any misalignment of the applicator 

respect to the patient’s anatomy during the treatment. Additional to the 

verification of the pre-treatment procedure a 3D visualization system can 
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monitor any movement throughout the treatment. The positional error in three 

dimensions can be used to calculate the discrepancy in dose delivered with 

respect to the planned dose.  An evaluation of the clinical relevance of the 

dosimetric error can be analyzed.  (8) 

 Dissertation Outline 

A brief outline of the subsequent chapters in this dissertation is as follows. 

 Chapter 2:  Introduction to Brachytherapy and dose calculations protocol. 

It is divided into sections, HDR brachytherapy, skin cancer brachytherapy, 

dose calculation-TG-43 protocol and current QA procedure. 

 Chapter 3 covers the stereo vision, and it explains stereo vision, with its 

geometry, error analysis and setup validation procedure. 

 Chapter 4 describes the QA procedure and equipment used in our research: 

which are RANDO Phantom, 3D printed applicator, reference markers, and 

detection of motion and error calculation procedure. 

 Chapter 5 contains results for position verification of external markers as 

well as dose calculation for PTV and errors in dose delivery caused by 

misalignment of applicator during treatments  

 Chapter 6 concludes the dissertation with a discussion of the results and 

recommendations for future research.
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CHAPTER 2: Skin Cancer Brachytherapy 

 Introduction 

The word brachy in Greek means “short distance”. Brachytherapy is a short 

distance treatment of cancer with radiation (photons, generally) with small 

(about the size of a grain of rice) encapsulated radionuclide sources. Common 

radioactive brachytherapy sources are Ir-192, Cs-137, I-125, Pd-103, Co-60, Sr-

90, Cf-252, Au-198, Ru-106 (7). In this type of treatment, sources are placed 

directly on the treatment volume or a nearby volume. Radiation emitted from 

these radioactive seeds delivers maximum dose to the treatment volume and 

low dose to the surrounding healthy tissue. The radiation sources are placed 

in the treatment volume via the catheters, needles or applicators depending 

upon the treatment region. Brachytherapy is the preferred treatment for many 

types of cancer because of accurate and precise localized dose delivery. It can 

be used to treat cancer in almost every region such as the head, respiratory 

system, digestive system, excretory system, reproductive system, skin and 

other soft tissues. The most common treatment sites using brachytherapy are 

the cervix, prostate, breast, eye, and skin.  

Brachytherapy is especially effective for the treatment of skin cancer 

because of its ability to maximum dose to the tumor and minimize dose to 

surrounding healthy tissue. Additionally, it is low cost, effective, pin free, non-

invasive and cause minimal cosmetic damage to the skin making it a most 

preferable technique over surgery or any other External Beam Radiation 
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Therapy (5). Brachytherapy treatment on skin depends on the surface of the 

tumor. Flat and well-circumscribed lesion is treated with the surface 

applicators such as Leipzig-style cone (Varian) or Valencia applicator (Elekta) 

(9) (10). Other irregular surfaces are treated with H.A.M applicator (Mick 

Radio-Nuclear Instruments) (11), Freiburg Flap (Elekta) (10), or custom 

designed in-house applicators. A radioactive isotope (commonly Ir-192) 

controlled by a HDR remote after loading unit, is sent to the applicator for 

treatment. Dwell time and positioning of the source are used to modulate the 

dose prescribed by the treatment planning system (TPS) 

 Dose Calculations TG-43 Protocol 

According to the TG-43 formalism (12) (13) dose rate at a distance r which 

is distance from dose point to center of a source at the angle theta from the 

central axis of the source is given by:  

 �̇�(𝑟, 𝜃) = 𝑆𝑘 Ʌ [
𝐺(𝑟,𝜃)

𝐺(𝑟0,𝜃0)
]  𝑔(𝑟) 𝐹(𝑟, 𝜃) 

Where 𝑆𝑘 is Air Kerma strength of the source.  Ʌ is dose rate constant. G(r,θ) 

is the Geometry function, 𝐺(𝑟0, 𝜃0)is the geometric constant g(r) is the radial 

function, and F(r,θ) is the Anisotropy function. Each of these constants and 

functions are described below 
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Figure 1: Geometry of sealed source to calculate dose at point P(r, θ) 

Air Kerma Strength(𝑆𝑘): Air kerma strength is the measurement of source 

strength at the point along the transverse axis of the source in free space 

defined by the product of air kerma rate at calibration distance measured along 

the transverse bisector of source and square of the distance. Its unit is 1U = 

1cGy cm^2/ hr and defined as an air-kerma rate ( Kδ(d)), in the vacuum and 

due to photons of energy greater than δ, at distance d and multiplied by the 

square of the distance( d2), (Sk = Kδ(d)) where d is the distance from the source 

to the point of  Kδ(d) located on the transverse plane of a source (13) 

Dose Rate Constant, (Λ): Dose rate constant is the dose rate to water at a 

distance of one cm on the transverse axis of a unit air kerma strength in a 

water phantom. Dose rate constant is affected by source geometry, the spatial 

distribution of radioactivity of source, and scattering at the water. These 

constant values are provided during the source calibration. Its unit is cGy/hrU 

or cm-2 and defined as Λ = Ḋ(r0, θ0)/S𝐾 (13)     
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Geometry Factor, G(r, θ): Geometry function removes the effect of the 

inverse square law on the dose distribution. Details about the each constant, 

function and their application can be found in the update of TG-43 Protocol [8]. 

The analytical formalism of geometric function and the radial function 

according to High Energy Brachytherapy Source Dosimetry (HEBD) (14) are   

𝐺(𝑟, 𝜃) =

1

𝑟2
                                                                                                                              𝑝𝑜𝑖𝑛𝑡 𝑠𝑜𝑢𝑟𝑐𝑒 𝑎𝑝𝑝𝑟𝑜𝑥

𝛽 cos−1

(

 
𝑟 cos(𝜃) −

𝐿
2

√𝑟2 +
𝐿2

4
− 𝐿𝑟 cos(𝜃))

 − cos−1

(

 
𝑟 cos(𝜃) +

𝐿
2

√𝑟2 +
𝐿2

4
+ 𝐿𝑟 cos(𝜃))

 

𝐿 𝑟 𝑆𝑖𝑛(𝜃)
   𝑙𝑖𝑛𝑒 𝑠𝑜𝑢𝑟𝑐𝑒 𝑎𝑝𝑝𝑟𝑜𝑥  

 

 

Radial Dose Function, g(r): Dimensionless parameter which describes dose 

fall off on the transverse plane due to photon attenuation. It contains the net 

effect of absorption and scattering in the medium and for the points close to 

line source and any influence of oblique filtration in both source and 

encapsulation material. This function reduces to 1 at the reference point r=1 

cm. It also does not account for the inverse square law as compared to 

geometric factor. Geometric factor accounts for both point source and line 

source. For Ir-192 source geometric function defined by High Energy 

Brachytherapy Source Dosimetry (HEBD) is (15): 

 

𝑔𝐿(𝑟) = 𝐶0 + 𝐶1𝑟 + 𝐶2𝑟
2 + 𝐶3𝑟

3 + 𝐶4𝑟
4 

Anisotropy Function F(r, θ): It describes the variation of dose as a function 

of polar angle relative to the transverse plane. It accounts for the anisotropy of 

dose distribution around the source including the effects of absorption and 
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scattering in the medium.  Anisotropy function on a transverse plane is always 

one, but its value decreases when a) r decreases, b) θ approaches to 0 or 180 

degrees, c) increase in thickness of encapsulation, d) photon energy decreases. 

Anisotropy function exceeds unity when |𝜃 − 90| ≥ ±arcsin ( 
𝐿

2𝑟
)  for right-

cylinder sources coated with low-energy photon emitters. 2D anisotropy 

function, 𝐹(𝑟, 𝜃) is defined as: 

     𝐹(𝑟, 𝜃) =  
�̇�( 𝑟,𝜃)

�̇�( 𝑟, 𝜃0)
.
𝐺𝐿(𝑟, 𝜃0) 

𝐺𝐿(𝑟,𝜃)
 

 

 Current QA Procedure 

Quality Assurance in HDR Brachytherapy is critical because the high dose 

delivered to the patient in short time. Furthermore, milli-metric spatial errors 

can lead to very high or very low dose to tumor. Error on the activity of 

radioactive source, treatment planning, dwell time and position, applicator 

position, applicator length, length of transfer tube, patient’s anatomy can alter 

the treatment dose (16). Currently there are various methods which minimize 

the error occurrence in HDR such as pretreatment check, source exchange QA, 

annual QA, film verification, fluoroscopy imaging, different kind of detectors 

(8). Each of these procedures is explained below. 

III.A. Pre-Treatment Check 

Pre-treatment check assures functionality of all the interlocks available for 

the safety of the patient and the staff. Radiation delivery can be paused or 
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stopped in case of any accidents occurring during the treatment minimizing 

the unwanted dose to the patient as well as working staff. Some of the safety 

interlock used in HDR are emergency equipment, emergency off switches, 

treatment interruption button, radiation monitor units, door interlocks, 

console displaying patient, treatment date, and treatment time with source 

strength. All these interlocks and safety buttons should be tested frequently to 

ensure the safety of the patient during the treatment. In addition to interlocks 

and safety switches, there are other mechanical QA’s such as to verification of 

source position and dwell time. 

III.B. Source Position Accuracy 

HDR dose distribution is highly dependent on source position. The position 

of a source at planned location for exact treatment time delivers correct dose 

to the patient. Small error on the dwell position will result in different dose at 

the treatment site. There are various methods to verify the source position for 

HDR after-loader units. Commonly used methods are using calibrated ruler 

designed for HDR after loader.  Source position can be tested by passing source 

through the ruler (17). Other methods to verify the source position is using 

films (18). In this technique, source position is verified using radiographic films 

supplemented by external reference marker. Radiographic films have to be 
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developed to obtain source position. Tolerance for positional accuracy in HDR 

remote after loader is 1mm (8) (18).     

Figure 2 Source position check ruler to verify dwell position and dwell time 

during daily QA 

 

III.C. Dwell Time Accuracy 

Treatment time in HDR brachytherapy is another crucial factor for correct 

dose delivery. A simple plan of sending source to specific location for specified 

time can verify the dwell time for treatment (19). Planned treatment time can 

be simply verified using stopwatch and tolerance for dwell time accuracy is 1% 

(19) 

III.D. Annual QA and Source Exchange QA 

Annual QA and source exchange QA have extensive measurement than 

daily QA. All the safety interlocks are verified and all the catheters are tested 

to ensure the movement of radioactive source. Source positional accuracy is 
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tested using radiographic film. Similarly, applicator length with transfer tube 

is also verified using dedicated ruler system. During source exchange program, 

source strength is also calibrated. This calibrated source strength is used in 

treatment planning system to calculate the dose. Calibrated well-type 

ionization chamber is used to calculate the source strength or air kerma rate 

(20). Any leakage or radiation contamination is also verified using wipe test. 

Tolerance for Leakage radiation is 10µSv/hr (21). 

III.E. Radiochromic Film 

Radio chromic film can be used for both machine QA as well as patient QA. 

Delivered dose with dose distribution can be obtained from film. At first the 

film is calibrated for the source for HDR using known dose from treatment 

planning system. The dose delivered for different calibrated depth is calculated 

using the treatment planning system (TPS). Assigning dose for each calibrated 

film from TPS provides a calibration curve for all HDR brachytherapy 

treatments. Dwell position and dose can be obtained from film can be compared 

from the plan extrapolated for film using iso-dose lines. Film placement 

position, incorrect calibration, film scan orientation and film processing time 

are the factors which can severely affect the accuracy of measurement (22) (23). 

III.F. Fluoroscopy Imaging 

Planar X-ray images from fluoroscopy imaging can help to verify the 

applicator size, placement and distribution of source and needle in target in 

real time. Fluoroscopy has become the vital part of daily QA procedure in HDR 
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brachytherapy. It is used to verify the dwell position and dwell time of source 

in real time. When a radioactive source enters into the catheter, a glow can be 

seen via camera.  This glowing effect of the catheter in real time can be used 

to verify the dwell time as well as dwell position of the source with an accuracy 

of ±1mm and 1second for 60 seconds of dwell time. Although this method is 

very efficient in real-time measurement but its measurement accuracy 

depends on the interpretation if user. In absence of recorded video there would 

not be any official document as well as this measurement does not provide any 

dosimetric information (8).  

III.G. Diamond Detector 

Diamond detectors consists of radiosensitive region of volume 1.8-1.9mm3 

and highly efficient in measuring high energy photons. It is nearly independent 

for all energies greater than 0.1 MeV. Advantages of diamond detector is low 

angular and temperature (14-40 degree Celsius) dependence as well as high 

spatial resolution due to small sensitive volume (24). T Nakano used this type 

of detector to verify the dwell position independent from the treatment 

planning system (25). He found out the accuracy of dwell position depends on 

the number of detectors used. However, this kind of sensors is not common due 

to its high price and long waiting period (26) (27).  

III.H. Thermoluminescent Detectors 

TLD’s (LiF) have been used extensively in HDR brachytherapy to measure 

dose around brachytherapy sources. TLD's has become the choice for dosimetry 
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measurement in low energy photon brachytherapy. High precision 

measurement of TLD's depend energy and TLD preparation procedure. 

Although TLD's are highly efficiently in low energy photons but due to steep 

dose gradient in HDR brachytherapy, volume averaging occurs across the 

detector. Other drawbacks of TLDs includes calibration of TLD's, labor 

intensive, time consuming pre-irradiation and post-irradiation process and no 

measurement can be obtained in real time (28) (29).  

 

III.I. Silicon Diodes 

Silicon diodes are phosphorous and boron doped to form p-type and n-type 

semiconductors. Ionizing radiation incident on the diode generates the current 

in the circuit with or without external bias. Radiation incident on the diode 

induces the electron-hole pairs with both p-type and n-type silicon diode. 

Electrons in p-type and holes in n-type holes diffused toward pn junction and 

swept across the pn-junction due to natural built-in potential. This flow of 

electrons and holes functions as a current generator is measured by an 

electrometer (8). The measured current is proportional to the dose rate in the 

diode. Silicon diode can verify dwell position, dwell time and measure total 

delivered dose in real time. Although it is efficient and accurate in measuring 

the dose in HDR treatment, but its efficiency depends on the angle of incidence, 

radial distance from source, high dose gradient region of HDR source. 

Sensitivity of diodes also decreases with time (30).  
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III.J. Pinhole Camera 

Pinhole cameras date back from 15-16th century and are the most specialized 

and simplest camera model. It consists of a box with a pinhole on one side and 

screen on other side facing the pinhole. Pinhole focuses light on the screen and 

projects 3D points onto the 2D plane. This simple projection of 3D object into a 

2D image in a box is known as camera obscura, and it was later developed into 

the photographic camera. All digital cameras are camera obscura which can 

measure and record the amount of light reaching in camera's backplane. Its 

principle consists of a focal plane (image plane), the focal point (camera center 

or optical center), the optical axis (Principle axis) and principle point 

(intersection of the optical axis and image plane) (31). Two dimensional(X, Y) 

information can be obtained from the single camera, but information on depth 

(Z) cannot be obtained. 
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CHAPTER 3: Stereo Vision 

 Introduction 

 Stereo vision can be used to measure the shape, size, and distance with 

varieties of application in astronomy, physics, Industrial measurement and 

medical field. Tracking objects shape and position can be measured by different 

techniques of the vision system. Some active vision methods include sending 

signals like a laser, ultrasound, radio waves, and microwaves (31). The 

common type of active vision includes the projection of light patterns with a 

laser, or a projector and patterns are recorded with a video camera. Passive 

vision methods also can be used to determine object shape and position. Unlike 

active vision, passive vision methods depend upon the reflection of visible light. 

Some of the passive vision methods are stereovision, photometric and 

silhouette. The photometric method depends on single camera taking multiple 

images under varying light condition. Silhouette method uses outline created 

from the sequence of photograph around 3D object along with well-contrasted 

background (32). Stereovision is one of the most popular among the passive 

vision method. It uses images from two cameras separated at a distance, and 

angled to mimic the human eye 3D interpolation to achieve 3D position of a 

visible object. They are also low cost compared to active methods of computing 

position and range. It has been used in aerial photography to measure the 

distance from surface to the plane. Similarly, it is also used widely in remote 
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sensing satellite. There have been several algorithms to compute position and 

range of the 3D object. We use pixel coordinates from two cameras to calculate 

3D position of the object. All imaging cameras record images in 2D from 3D 

space. The single image from a camera can provide the general structure in 3D 

space, but it cannot give any information about depth. Depth information can 

be obtained from multiple images of the same area of interest. 2D pixel 

information from two images from the two cameras can provide 3D 

information. This system of obtaining 3D data from 2D data is known as stereo 

vision system. Stereopsis is stereo vision system that occurs naturally in all 

humans. The lens in the eye is analog to the camera lens and retina functions 

as a camera sensor. The overlapping vision due to two spacing in eye provides 

two images in different view point. These disparities in images are processed 

in the brain to obtain depth perception. Without the stereopsis in our eye 

Figure 4 Stereopsis in human eye Figure 3 Geometrical setup for 

stereo vision 
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cannot determine depth perception. Stereovision system is simply analog 

stereopsis but with more degrees of freedom.  

Two identical cameras are setup aligned parallel to each other in 

equidistance. Both cameras then converged to the same angle such that both 

cameras centers at the same point in 3D space. Using information from two 

images of the same object in different view the three-dimensional coordinate 

can be computed. In stereo vision system with two cameras, the optical axis 

intersects at a single point M in space. 

 Geometry 

Two Machine vision cameras with a lens of focal length f are used in the stereo 

vision. Optical rails were placed as a base to measure the distance between two 

cameras. Two-axis tilt, high precision rotation mount, lab jacks, and adapters 

Figure 5- Schematic Diagram for 

Stereo Vision and camera setup 

Figure 6- Transformation of 

Coordinates using similar triangle 
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were used to place two cameras such that it can translate and rotate in an 

identical condition. This whole set up is mounted on a tripod which can be 

adjusted according to the height of the patient. LabVIEW Image acquisition 

software is used to generate the real-time video and capture the images from 

both cameras. Pixel position of each reference markers in the phantom can be 

used to compute the 3D position. The schematic diagram in figure 5 shows two 

cameras with lens and image sensor with separation distance B (Baseline). 

Both cameras are identical such that have same focal length f and convergence 

angle θ. There are three frames of reference, the left camera which is at an 

angle θ from the local frame, the local coordinate with center at the midpoint 

of the two cameras and the right camera oriented at an angle –θ from the local 

frame. Object point P has real coordinates (X, Y, Z) that need to be calculated 

from the measurement received from the two-camera frame. Since both 

cameras are identically placed we use the left camera as an example of the set 

up geometry. Let (XL, YL, ZL) be the coordinate of point P in the left camera 

frame and (xl, yl) be the pixel length measured by the camera sensor. The left 

and right camera frame can be transformed to a localized coordinate frame 

using rotation and translation function. 

𝒙𝒍

𝒇
=
𝑿𝑳

𝒁𝑳
      1   

𝒙𝒍

𝒇
=
(𝑿+

𝑩

𝟐
)𝑪𝒐𝒔(𝜽)−𝒁 𝑺𝒊𝒏(𝜽)

(𝑿+
𝑩

𝟐
)𝑺𝒊𝒏(𝜽)+𝒁 𝐜𝐨𝐬(𝜽)

    2 

Using similar triangle property for right camera, we get 
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𝒙𝒓

𝒇
=

(𝑿−
𝑩

𝟐
)𝑪𝒐𝒔(𝜽)+𝒁 𝑺𝒊𝒏(𝜽)

−(𝑿−
𝑩

𝟐
)𝑺𝒊𝒏(𝜽)+𝒁𝐜𝐨𝐬(𝜽)

  .  3 

Eliminating X and simplifying from above equation we calculated Z and 

eliminating Z and simplifying above two equations also gives equation for X as 

below 

𝒁 =
𝑩(𝒇 𝑪𝒐𝒔(𝜽)+𝒙𝒓 𝑺𝒊𝒏(𝜽))((𝒇 𝑪𝒐𝒔(𝜽)−𝒙𝒍 𝑺𝒊𝒏(𝜽))

𝒇( 𝒙𝒍−𝒙𝒓) 𝑪𝒐𝒔(𝟐𝜽)+(𝒇
𝟐+ 𝒙𝒍 𝒙𝒓) 𝑺𝒊𝒏(𝟐𝜽)

   4 

 𝑿 =
𝑩

𝟐
 𝒇 ( 𝒙𝒍+𝒙𝒓)

𝒇( 𝒙𝒍−𝒙𝒓) 𝑪𝒐𝒔(𝟐𝜽)+(𝒇
𝟐+ 𝒙𝒍 𝒙𝒓) 𝑺𝒊𝒏(𝟐𝜽)

     5 

Using similar triangle property 

𝒚𝒍

𝒇
=
𝒀𝑳

𝒁𝑳
     6 

Since vertical distance are independent of both camera reference frames and 

real measurement, then YL, YR, Y are equal to  

𝒚𝒍

𝒇
=

𝒀

(𝑿+
𝑩

𝟐
)𝑺𝒊𝒏(𝜽)+𝒁 𝐜𝐨𝐬(𝜽)

    7 

Similarly,  

𝒚𝒓

𝒇
=

𝒀

−(𝑿−
𝑩

𝟐
)𝑺𝒊𝒏(𝜽)+𝒁 𝐜𝐨𝐬(𝜽)

    8 

Solving both for Y 

𝒀 = {
𝟎,    ∀ (𝒚𝒍 +  𝒚𝒓) = 𝟎

(𝟐𝒁 𝒄𝒐𝒔(𝜽)+𝑩𝑺𝒊𝒏(𝜽))𝒚𝒍 𝒚𝒓

(𝒚𝒍+ 𝒚𝒓)𝒇
,     ∀ (𝒚𝒍 +  𝒚𝒓) ≠ 𝟎

   9 

Equation 4, 9 and 5 can be used to calculate 3D position (X, Y, Z) in the local 

coordinate frame using pixel coordinates from the two cameras detector array.  
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 Error Analysis 

The uncertainty in the 3D positioning measurements are a function of the 

3D stereo system positioning and optical elements involved in the 

measurement. Their effect can minimized using an experimental setup 

optimized to minimize the errors. Error analysis for each parameter was 

performed to obtain the best experimental setup with the minimal possible 

error. According to equation 4,5 and 9, localized coordinate system (X, Y, Z) 

depends on convergence angle(θ), baseline length(B), focal length of lens(f) and 

pixel coordinate system (xl,yl) and ( xr,yr). Error analysis of each parameter 

was validated with two different sets of machine vision cameras, Basler 1300-

60 gm with 1282 x 1026 pixels and Basler 3800-10gm with 3840 x 2748 pixels. 

III.A. Convergence Angle 

Convergence angle is most sensitive for 3D measurement in stereo 

measurements. A miscalculation in angle causes a huge error on the Z-

coordinate system (depth measurement). Error analysis shows 0.5-degree 

miscalculation of convergence angle causes 38.5mm error in z-axis for Baseline 

length 500mm at clinically feasible distance 1000m. Error analysis of 

convergence angle was measured  for different optical distance (from 328 mm-

1000mm) and baseline length (120mm-600mm) and two lenses of focal length 
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16mm and 25mm. Figure 7 , 8 and 9 shows the impact of convergence angle for 

each Z, Y and X axis 

. 

 

Figure 8 Error Analysis- Convergence angle vs Y axis 

 

Figure 7 Error Analysis- Convergence angle vs Z-axis 
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Figure 9 Error Analysis: Convergence angle vs X-axis 

III.B. Baseline Length 

3D measurement of an object using equation 4, 5 and 9 is dependent on the 

baseline length. Error analysis on baseline length was performed from 120mm 

to 600mm for both lenses at optical distance from 328mm to 1000mm. This 

separation distance of two cameras has a significant impact on the Z-axis. 

Shorter the baseline length, higher the error on measurement. At 1000 mm 

clinical working distance and 500mm baseline length, an error of 1mm on 

baseline length causes an error on 2mm on depth measurements, but has a 

negligible effect on X and Y Coordinate. 
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Figure 10 Error Analysis- Baseline length vs z-axis 

Figure 11 Error Analysis- Baseline length vs Y-axis 
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Figure 12 Error Analysis Baseline length vs X-axis 

III.C. Focal Length  

Lenses of focal length 16mm and 25mm were used for error analysis. The 

focal length has a significant effect on the measurement of X and Y axis and 

minimal impact on the depth measurement. Error analysis performed for two 

focal length 16mm and 25 mm for different baseline length and optical distance 

are displayed in figure 13, 14 and 15. 
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.

Figure 13 Error Analysis focal length vs Z axis

Figure 14 Error Analysis- focal length vs Y-axis 
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Figure 15 Error Analysis- focal length vs X-axis 

 

III.D. Pixel Coordinate System 

Pixel reading also affects the accuracy of measurement with low-resolution 

cameras with small baseline length. Error analysis was computed for both 

cameras with resolution 1282 x 1026 and 3840 x2748. Higher resolution 

cameras has no effect on the X, Y and Z coordinate due to pixel mismatch. 
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.

Figure 16 Error analysis Pixel mismatch vs Z-axis for low resolution camera

 

Figure 17 Error analysis Pixel mismatch vs X-axis for low resolution camera 
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Figure 18 Error Analysis- Pixel mismatch vs Y axis for low resolution camera 

 

Figure 19 Error Analysis-Pixel mismatch vs X, Y, Z axis for high resolution camera 

Based on error analysis on all parameters accuracy of measurement increases 

with an increase of baseline length and the short distance between camera 

plane and object (D). Shorter D also reduces the depth of field which will yield 
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blur images on the cameras when a patient under treatment is recorded. Two 

cameras also cannot be located too near the patient, so the optimal practical 

distance between cameras plane and object was determined to be 1000mm. 

Error analysis shows that the best setup for the stereo cameras is with 500mm 

of baseline length and 1000mm optical distance when 25mm focal length lens 

was used. 
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 Validation of Setup Parameters 

The accuracy of measurement depends on the precision in the setup of the 

cameras. We validate our setup by verifying reference points in a planar screen 

and in a staircase object designed to test object localization and multiple 

planes.   

IV.A. Single Plane Setup Validation 

Set up verification consisted of a calibrating screen with multiple reference 

points at known positions in local coordinate system. For this purpose, a screen 

with 1 x 1 cm grids was used, and each point coordinate in the grid is known  

Figure 20 Calibrating Screen and Stereo Camera setup 

with respect to the center. The other parameters of the validation setup are: 

optical distance (D) ~1000mm, baseline length (B) 500mm, and two high 

resolution cameras (3840 x 2748), focal length 25mm. Reference points are 

placed at the center and four corner point of a rectangle. These corner points 

located at 100mm in lateral direction and 50mm in the vertical direction. The 
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angle of convergence can be obtained from a distance between the two cameras 

and distance between camera plane and the screen plane. 3D coordinates of 

reference points in calibration screen is as shown in the figure 21 

Figure 21 Single plane measurement validation. Five reference points were 

chosen. Top left is measurement using stereo cameras, top right is physical 

measurement of reference points. Computed error and graph on the bottom 

row. 

Calibration measurement of each reference markers is within one mm for X, 

Y, and Z coordinate system. Inaccuracy in measurement for each coordinate 

system is 0.39±0.21, 0.22±0.22, 0.48±0.32 respectively. 
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IV.B. Multiplane Setup Validation 

Calibration screen validates measurement in a single plane. It is necessary 

to ensure the accuracy of measurement at planes of different depth. To verify 

the measurement in different depths, we developed a calibration depth 

phantoms   

Figure 22 Depth Validation and experimental setup 

These depth calibrators have reference markers at the following  depths : 

1mm, 3mm, 5mm, 7mm, 10 mm, 15mm, 20mm, and 50mm. Reference markers 

position were measured physically using the calibration screen as well as from 

stereo cameras. 3D coordinates of reference points in depth calibration is as 

shown in figure 23   
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Figure 23 Multi plane measurement validation. Eleven reference points were 

chosen.  Top left is measurement using stereo cameras, top right is physical 

measurement of reference points. Computed error and graph in the bottom row 
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 Conclusions 

These measurements indicate that the accuracy of measurement increases 

along with the increase in the baseline length, but it also introduces the error 

due to the depth of field. Based on measurement with different focal lengths, 

baseline length and camera operating distance (distance between the midpoint 

of cameras and target) and camera resolution, we decided to use cameras with 

higher resolution with baseline length 500mm and operating distance ~1000 

mm to minimize the error measured in the reported experiments. 
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CHAPTER 4: QA Procedure and Equipment 

 Introduction 

Purpose of this research is to verify the treatment applicator localization of 

skin cancer applicators used in HDR Brachytherapy. For this purpose we 

developed a 3D imaging system to verify the patient skin and mold applicator 

relative positioning. The 3D imaging system is evaluated to detect intra-

fraction and inter-fraction applicator localization and motion respect to 

patient’s surface. 

  

 Literature Review 

In the medical field, stereo imaging is used to track motion in the surface 

area of the body. Real-time tracking for breast cancer has been performed in 

many clinics  (33). In stereo vision process, some markers are placed on skin 

surface such that it can be tracked by both CT scan as well as stereo cameras. 

Images from the CT scan provides the true position of the reference markers. 

3D position of the reference markers can be obtained from the images from 

stereo cameras (34) (35) (36). Once the position of the reference markers is 

obtained, this information can be used during the pre-treatment verification, 

verify during the treatment as well as analyze the position of markers after 

the treatment to ensure the whole treatment process. Commonly these 

techniques have been successfully used in the clinic with IMRT, SRS, SBRT 
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and other RT treatments. Use of stereo imaging in patient set up for 

accelerated partial breast irradiation indicated greater breast topology 

congruence (33). Tracking inter-fraction and intra-fraction breast motion via 

stereo imaging in early breast cancer assured the 96% of the treatment volume 

fell within 5mm threshold (37) (36). Video surface mapping of breast reduced 

the residual setup error to < 1.9mm than the compared residual error occurred 

by laser (< 4.6 mm) and Orthogonal imaging (< 4.7mm) (38). Along with more 

accurate positioning, it reduced portal dose and setup time than using laser 

and skin markers in whole breast and chest wall irradiation (39).  

Stereo Vision also has been used in SRS/SBRT treatment to increase the 

accuracy of treatment and reduce treatment time. SRS treatment with 

frameless treatment is more comfortable to the patient. Non-ionizing tracking 

at real-time is also convenient for therapist, physicist, and oncologist (40) (41). 

One study shows the motion of patient with minimally immobilizing head mold 

for stereo vision shows treatment position in SRS can be tracked within 1mm 

displacement and 1-degree rotation (42) (43) (44). Stereo vision also has been 

applied to open Head and Neck mask for H&N treatment. The recent study 

shows Head and Neck cancer patient can be treated with open mask retaining 

the accuracy within 0.9mm (45) (46) (47). Similarly, surface imaging using 

stereo vision has been shown significant improvement in tracking motion of 

patient in pelvic, prostate, extremities, and lungs (48) (49) (50).  Although the 

noninvasive technology to track motion in the skin surface using stereo vision 
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is not a new field, but it is still challenging. No study has been found that track 

motion of patient’s surface and applicator in HDR brachytherapy treatments. 

Also, there is no independent verification of the position of markers and 

applicators, so we proposed to apply the stereovision technique to verify the 

treatment process and ensuring the accurate dose delivery before, during and 

after the treatment. The treatment process begins with the CT scan of the 

phantom with the applicators and other reference position on the skin surface. 

These CT images are used for generating treatment planning to deliver the 

dose to the patient. On the treatment day, the patient is setup for treatment 

based on the position of reference markers.  

 There are various uncertainties in the treatment set up such as 

movement of markers and inaccurate placement of surface applicator. In these 

cases, error in treatment may go undetected. The use of stereo vision to verify 

the position the reference markers and applicator will overcome both 

uncertainties. It will track both intra fraction motion and inter fraction motion 

placement error of skin applicator with respect to patient's skin anatomy. Such 

independent verification will ensure that the patient’s treatment is safe and 

dose is delivered with high accuracy. 
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Figure 24 Work Flow of QA Procedure. First CT simulation of patient followed by 

planning in oncentra. Applicator printed based on PTV and scan of the patient with printed 

applicator. Cameras measure external markers and CT simulator provides 3D coordinates of 

same reference markers. Patient monitored during the treatment to detect any motion. 
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 Equipment 

This research uses various types of equipment from clinic which are listed 

below  

III.A. RANDO Phantom 

The Alderson RANDO is used as a test patient (H.A.M. an applicator 

attached to the skin surface. External 

markers are applied to both at the skin 

surface and at applicator. The 3D 

position of these reference markers is 

measured physically using an acrylic 

frame in front of the phantom. These 

physical measurements are to verify 

the measurements from the Oncentra 

treatment planning system (TPS). 

This phantom along with the 

reference markers are scanned using 

CT scanner and exported to Oncentra 

TPS to measure the 3D position of all reference markers. After the scan, the 

phantom is moved to treatment room to take images from Stereo Cameras 

Figure 25 RANDO Phantom 

with 3D printed applicator 

attached 
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III.B. Skin Applicator 

Any surface brachytherapy treatment needs an applicator placed on 

patient's surface. Radioactive source travels from storage safe to transfer tube 

to the catheter in skin applicator for treatment. Different types of skin 

applicator available are Catheter Flaps, 

Freiburg Flap, Harrison Anderson Mick 

(H.A.M) applicator, Leipzig or Valencia 

applicator or custom build skin applicator. 

Skin applicator can be designed and made 

using patient's contour using bolus or in-

house designed 3D printed surface 

applicator. For this research, an applicator 

was designed, and 3D printed using 

thermoplastic elastomer (TPE) filaments (51). These 3D printed applicators 

are similar to H.A.M applicator but have more flexibility and better anatomy 

conformity.

Figure 26 Custom designed 

and 3D printed applicator 

with catheter 
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III.C. CT Simulator 

CT simulator provides a precise location of the tumor with its shape and 

size.  Image slices from CT simulator are reconstructed to make the 3D view 

of the patient anatomy. Several CT markers are placed on patient's surface 

and on applicator for reposition patient for each treatment session. 

Reconstructed images from CT simulator are sent to treatment planning 

system (TPS). 3D positions these markers can be used to verify the 3D position 

of same markers obtained from stereo vision.  

Figure 27 RANDO Phantom in CT Simulator with applicator 
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III.D. Treatment Planning System (ONCENTRA) 

Oncentra is comprehensive treatment planning software for HDR 

Brachytherapy from Elekta. It is used in contouring, reconstruction, navigate 

and create a plan for treatment in Brachytherapy (52). The images exported  

Figure 28 Patient’s plan with isodose lines and PTV in ONCENTRA 

from CT scan to Oncentra can be reconstructed, and the corresponding 3D 

coordinates for reference markers can be obtained. These coordinates will serve 

as a true coordinate which can be transformed to local coordinate system of 

stereo cameras to verify the position obtained from Stereo Cameras. In 

addition to the true coordinates from Oncentra, Physical measurement of 

reference markers from the center of two cameras is also used as the true 

position of markers.  Planning Target Volume (PTV) is created in Oncentra to 

simulate real treatment. Several patient points are created at the edge of the 
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PTV as well as inside the PTV to measure the dose discrepancy occurred by 

the motion (applicator or patient).  

  

III.E. LabVIEW 

Laboratory Virtual Instrument Engineering Workbench (LabVIEW) is 

system-design platform and development environment using a visual 

programming language. It functions as an interface for a camera to connect to 

a computer. LabVIEW is also used to take images of the patient and patient's 

markers and obtain pixel information from each camera for 3D measurement. 

 

  

Figure 29 Block diagram of visual instrument (vi) for stereo vision 
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CHAPTER 5: Results 

This chapter will provide all measurement and error calculation based on 

the measurement from stereo vision and treatment planning system. 3D 

position of external markers placed on patient's surface and applicator are 

obtained from stereo vision and treatment planning system. These 3D 

positions of each patient’s markers are compared to compute error between two 

measurements. Positional error is computed using two different setups of the 

applicator. The dosimetric error is also computed for different setup of the 

applicator in RANDO Phantom. Different setup was created to mimic 

misalignment of the applicator during the treatment. Applicator position was 

changed in three different directions, Lateral (Anterior-Posterior), 

Longitudinal (Superior-Inferior) and CCW Rotation. Dose discrepancy for PTV 

due to misalignment was compared to reference setup.  

 Position Verifications 

Applicator placement on patient's surface as planned is the crucial part of 

the treatment. Even small deviation in the placement can vary dose delivered 

as prescribed. For this purpose two different setups were created for the 

applicator where first placement is the reference setup (AP1) and second 

misaligned applicator setup simulated the misalignment of the applicator in 

3D.  
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I.A.  Applicator Position-Reference Setup (AP1) 

Reference setup refers to initial placement of applicator as planned for  

treatment. Seven ball bearing markers (BB’s) were placed on patient’s skin 

and applicator. Two reference markers on applicator were placed near the 

center of the localized coordinate system, and two markers were placed on the 

edge of the applicator. Remaining three markers were placed on the patient's 

surface will function as stationary markers regardless of applicator motion. 

The figure 30 indicates the 3D coordinate of each marker calculated from 

Stereo vision and treatment planning system. All reference markers were 

detected with a maximum positional error on X, Y and Z coordinate of 1.02mm, 

1.2mm, and 0.67mm respectively. The average error in these reference 

measurement was less than 0.5mm. 



 

46 
 

Figure 30 Top left and Right indicates seven reference markers position in 

initial setup (AP1) from stereo vision and TPS. Bottom table and figure is 

percentage difference in measurement 

 

I.B. Misplaced Applicator Position (AP2) 

Misplaced applicator position (AP2) refers to placement of applicator in 

different location than as planned for treatment. Four reference markers on 

applicator will have different 3D coordinates than initial reference setup (AP1). 

Remaining three stationary markers placed on the patient’s surface will have 

no change in their positions. The figure 32 indicates the 3D coordinate of each 

marker calculated from stereo vision and treatment planning system. 
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Figure 31 Misalignment in Applicator. Top Left AP1, Top Right AP2, bottom 

row are reconstructed image from Oncentra 

 All markers placed at applicator surface and patient’s surface are within mm 

precision in 3D. Maximum positional error on X, Y and Z coordinate shift for 

this misaligned setup are 0.51mm, 0.71mm, and 0.83mm respectively. The 

average error in this setup was less than 0.6mm.  
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Figure 32 Top left and Right indicates seven reference markers position in 

initial setup (AP2) from stereo vision and TPS. Bottom row is percentage 

difference in measurement 
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 Dose Verification 

Small positional error in HDR causes large discrepancy in dose delivery. In 

this research, we not only track the motion of applicator but also calculate the 

dose deviated due to the motion. To calculate dose, we create a planned target 

Volume (PTV) in the first setup. Same PTV was created to another setup which 

has misaligned applicator. Overall dose to PTV is computed, and the difference 

is calculated. To compare more precisely we made 15 reference points within 

the PTV, and dose delivery in setup was compared.   

Figure 33 Reference points inside the PTV (P14-P31) 
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II.A. ANTERIOR-POSTERIOR MISALIGNMENT 

In this setup, the applicator was shifted in Anterior-Posterior direction by 

5mm. After the shift, catheters were reconstructed and activated for the 

samedose to PTV, but the coverage will be different due to applicator 

movement. Overall PTV dose coverage was changed from 99.1% to 97.38%. The 

dose for reference points in PTV has a dosimetric error up to 6.45%.  Dose at 

each reference points in PTV is listed in the figure 34. 

Figure 34  Top left dose (cGy) at patient points in AP1 and Top right is dose(cGy) at same 

patient points after misalginment of applicator in Anterior-Posterior direction(AP2) by 

5mm.Bottom row and graph indicates the % dose difference 

 

II.B. SUPERIOR-INFERIOR MISALIGNMENT 

In this setup, the applicator was shifted Superior-Inferior direction by 

5mm. After the shift, catheters were reconstructed and activated for same 

PTV. Overall dose coverage was changed from 99.1% to 96.44%. The dose for 
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reference points in PTV has a dosimetric error up to 3.15%. Dose at each 

reference points in PTV for both applicator position is listed in figure 35. 

Figure 35 Top left dose (cGy) at patient points in AP1 and Top right is dose (cGy) at same 

patient points after misalignment of applicator in Superior-Inferior direction by 5mm 

(Vertical Shift). Bottom table and graph indicates the % dose difference 

II.C. ROTATIONAL MISALIGNMENT  

In this setup, the applicator was rotated Counter Clockwise (CCW) by 5 

degrees. After the rotation, catheters were reconstructed and activated. 

Overall dose coverage was changed from 99.76% to 99.22%. Even though 

overall PTV coverage was lower by 0.5%, the dose at reference points in PTV 

has a dosimetric error up to 11.2%.  Dose at each reference points in PTV for 

both applicator position is listed in figure 36. 
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Figure 36  Top left dose (cGy) at patient points in AP1 and Top right is dose (cGy) at 

same patient points after misalignment of applicator CCW rotation by 5degrees. Bottom row 

indicates the % dose difference 
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CHAPTER 6: General Conclusions 

We developed a stereo vision method for 3D imaging of HDR brachytherapy. 

It can be used to verify the skin cancer applicator positioning and its motion 

with submillimeter precision. Two high resolution scientific scan cameras were 

used to find 3D measurement of the reference markers on patient and skin 

applicator. Skin applicator was shifted to simulate misalignment of applicator 

and 3D position of same reference markers were measured and analyzed to 

compute the motion of applicator.  Oncenta was used for fusion of both setup 

to create same planned target volume (PTV) in RANDO phantom. Overall 

prescribed dose to PTV for both applicator positon is used for determining 

dosimetric error caused my motion or misplacement.  

The feasibility of constructing a stereo vision system which verifies the 

position of mold applicator to ensures the safety of patient during treatment of 

HDR Brachytherapy on skin and keloids treatments. Such independent 

verification ensures the patient’s treatment with high accuracy. This research 

findings will be useful to verify the pre-treatment process, detect motion to 

ensure correct treatment setup during the treatment and calculate the error 

in dose after each fraction. This stereovision is based on the triangulation 

method which heavily depends on the Camera setup. More improvement in the 

camera setup and calibration process will improve the accuracy of position. 

Using stereo cameras, we were able to track the motion of patient and 

applicator with overall precision less than 0.59mm. This QA process can be 
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used to verify the pre-treatment set up as well as check patient and applicator 

in real time with sub-mill metric precision. Applicator motion for 5mm can 

cause an overall dosimetric error of 2.67% and a dose discrepancy up to 11.2% 

for single points within PTV. These errors shows that the developed stereo 

vision is an instrument with the capability to detect and help to correct dose 

errors that are clinical relevant and consequently to improve treatment 

outcomes.  This methodology can be also used in other cancer treatment where 

patient position is crucial. 
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2. Dose Verification with vector shift 

a. Set 1: Reference Position of patient markers with dose 

Patient marker X(mm) Y(mm) Z(mm) Absolute Dose(cGy) 

P1 65.1 -129.1 282.8 499.74 

P2 70.9 -130.7 261 264.1 

P3 9.4 -194 334.2 248.71 

P4 25 -102 331.7 312.36 

P5 61.4 -93.3 240.5 83.04 

P6 -18.2 -90.8 322.2 77.67 

P7 55.3 -170.1 223.6 88.39 

P8 21.7 -115.6 308.6 574.93 

P9 48.6 -116.8 270.5 542.32 

P10 45.2 -150.8 270.9 536.54 

P11 38.2 -185.8 270.8 568.81 

P12 11.3 -184.5 309.7 539.2 

P13 18 -149.5 311 571.89 

P14 23.5 -124.7 305.3 558.58 

P15 29.4 -124.8 301.2 547.68 

P16 34.8 -125 296.2 544.78 

P17 39.8 -125.2 291.2 564.15 

P18 44.7 -125.4 283.5 594.75 

P19 47.4 -125.7 275.9 650.07 

P20 22.4 -149.6 309.3 592.43 

P21 28.8 -149.7 305.4 569.48 

P22 33.7 -149.9 299.9 547.72 

P23 38.2 -150.1 292.4 536.73 

P24 41.9 -150.4 284.3 550.56 

P25 44.4 -150.7 275.1 580.69 

P26 16.3 -174.6 308 595.39 

P27 22.1 -174.8 302.7 587.96 

P28 27.1 -175 296.1 567.45 

P29 31.5 -175.2 289.5 565.49 

P30 35.4 -175.5 281.3 568.82 

P31 39.1 -175.8 272.5 580.87 
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b. Set 2: Position of Markers after Applicator Misalignment. 5mm 

Vertical shift( SUP-INF) 

Patient marker X(mm) Y(mm) Z(mm) Absolute Dose(cGy) 

P1 65.5 -123.6 282.7 500.77 

P2 71.5 -124.4 260.6 263.26 

P3 12.2 -191 332.9 244.95 

P4 24.8 -98.7 332.8 304.71 

P5 61.4 -93.3 240.5 93.37 

P6 -18.2 -90.8 322.2 82.25 

P7 55.3 -170.1 223.6 89.38 

P8 21.7 -115.6 308.6 602.99 

P9 48.6 -116.8 270.5 565.02 

P10 45.2 -150.8 270.9 549.77 

P11 38.2 -185.8 270.8 507.72 

P12 11.3 -184.5 309.7 464.99 

P13 18 -149.5 311 558.03 

P14 23.5 -124.7 305.3 559.87 

P15 29.4 -124.8 301.2 545.98 

P16 34.8 -125 296.2 538.8 

P17 39.8 -125.2 291.2 554.84 

P18 44.7 -125.4 283.5 580.18 

P19 47.4 -125.7 275.9 631.24 

P20 22.4 -149.6 309.3 584.98 

P21 28.8 -149.7 305.4 567.94 

P22 33.7 -149.9 299.9 547.49 

P23 38.2 -150.1 292.4 539.25 

P24 41.9 -150.4 284.3 551.06 

P25 44.4 -150.7 275.1 585.16 

P26 16.3 -174.6 308 576.91 

P27 22.1 -174.8 302.7 585.07 

P28 27.1 -175 296.1 559.46 

P29 31.5 -175.2 289.5 556.99 

P30 35.4 -175.5 281.3 553.18 

P31 39.1 -175.8 272.5 568.65 
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c. Set 3: Position of Markers after Applicator Misalignment. 5mm 

Lateral shift (ANT-POST) 

Patient marker X(mm) Y(mm) Z(mm) Absolute Dose(cGy) 

P1 63.8 -128.9 287.1 500.71 

P2 69.9 -129.4 265.7 263.26 

P3 7.4 -196.2 335.4 244.39 

P4 18.8 -102.7 333.2 300.91 

P5 61.4 -93.3 240.5 75.21 

P6 -18.2 -90.8 322.2 84.47 

P7 55.3 -170.1 223.6 81.17 

P8 21.7 -115.6 308.6 577.27 

P9 48.6 -116.8 270.5 462.94 

P10 45.2 -150.8 270.9 493.69 

P11 38.2 -185.8 270.8 551.52 

P12 11.3 -184.5 309.7 603.1 

P13 18 -149.5 311 588.65 

P14 23.5 -124.7 305.3 557.46 

P15 29.4 -124.8 301.2 541.54 

P16 34.8 -125 296.2 537.32 

P17 39.8 -125.2 291.2 557.63 

P18 44.7 -125.4 283.5 627.16 

P19 47.4 -125.7 275.9 608.73 

P20 22.4 -149.6 309.3 586.45 

P21 28.8 -149.7 305.4 565.58 

P22 33.7 -149.9 299.9 551.59 

P23 38.2 -150.1 292.4 543.76 

P24 41.9 -150.4 284.3 579.37 

P25 44.4 -150.7 275.1 562.81 

P26 16.3 -174.6 308 617.39 

P27 22.1 -174.8 302.7 605.51 

P28 27.1 -175 296.1 588.31 

P29 31.5 -175.2 289.5 584.06 

P30 35.4 -175.5 281.3 590.99 

P31 39.1 -175.8 272.5 570.34 
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3. Dose Verification with rotational shift 

a. Set 1: Reference Position of patient markers with dose 

Patient marker X(mm) Y(mm) Z(mm) Absolute Dose(cGy) 

P1 91.6 -133.3 273.5 591.56 

P2 97.7 -137 252.2 354.05 

P3 35.6 -192 333.1 221.68 

P4 61.4 -101.6 326.1 287.7 

P5 81.6 -100 241.8 154.85 

P6 75.7 -177 225.1 132.64 

P7 2.3 -97.6 323.3 68.04 

P8 49.5 -116.7 307.4 588.08 

P9 71.3 -116.5 262.5 515.99 

P10 69.2 -151 262.6 557.13 

P11 63.5 -186 262.3 575.16 

P12 39.3 -186.2 306.1 526.63 

P13 47 -151.2 309.8 634.08 

P14 50.8 -126.2 303.7 582.65 

P15 55.4 -126.1 298.7 557.79 

P16 60.2 -126.1 292.9 561.79 

P17 65 -126.1 284.8 598.43 

P18 67.9 -126 276.4 617.73 

P19 70.6 -126 266.5 615.42 

P20 51.8 -151.2 306.4 623.82 

P21 56.3 -151.2 301.6 588.21 

P22 60.5 -151.1 294.6 558.39 

P23 63.7 -151.1 286.2 544.72 

P24 66.1 -151 276.5 544.61 

P25 68.7 -151 267.1 578.76 

P26 44.4 -175.2 304.6 584.98 

P27 49.3 -175.2 298.8 589.49 

P28 53.8 -175.1 291.9 575.69 

P29 57.5 -175.1 284 558.41 

P30 60.7 -175.1 275.3 559.26 

P31 63.9 -175 266.6 593.76 
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b. Position of patient markers with dose after rotation 5 degrees 

 

Patient marker X(mm) Y(mm) Z(mm) Absolute Dose(cGy) 

P1 89.5 -129.6 274.5 599.74 

P2 96.1 -130.7 253.5 356.72 

P3 38.5 -197.1 329.4 224.89 

P4 56.3 -104.2 329.1 286.15 

P5 81.6 -100 241.8 162.29 

P6 75.7 -177 225.1 137.25 

P7 2.3 -97.6 323.3 69.82 

P8 49.5 -116.7 307.4 579.44 

P9 71.3 -116.5 262.5 624.84 

P10 69.2 -151 262.6 577.25 

P11 63.5 -186 262.3 577.12 

P12 39.3 -186.2 306.1 529.99 

P13 47 -151.2 309.8 653.04 

P14 50.8 -126.2 303.7 583.47 

P15 55.4 -126.1 298.7 566.92 

P16 60.2 -126.1 292.9 594.36 

P17 65 -126.1 284.8 659.85 

P18 67.9 -126 276.4 689.1 

P19 70.6 -126 266.5 688.45 

P20 51.8 -151.2 306.4 634.61 

P21 56.3 -151.2 301.6 592 

P22 60.5 -151.1 294.6 559.67 

P23 63.7 -151.1 286.2 550.34 

P24 66.1 -151 276.5 554.9 

P25 68.7 -151 267.1 596.54 

P26 44.4 -175.2 304.6 578.42 

P27 49.3 -175.2 298.8 590.67 

P28 53.8 -175.1 291.9 584.14 

P29 57.5 -175.1 284 568.98 

P30 60.7 -175.1 275.3 566.47 

P31 63.9 -175 266.6 596.55 

P31 63.9 -175 266.6 593.76 
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