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Abstract 

The thesis has two parts. The first project relates to real time dosimetry in 

Gynecological (GYN) High Dose Rate (HDR) Brachytherapy Treatments and the second 

part investigates a new workflow for Image Guided Brachytherapy (IGBT) for centers 

that do not have access to MRI with applicator in-situ. 

Project 1: Real-time Dosimetry in HDR Brachytherapy using the Duke designed 

NanoFOD dosimeter: Limits of Error Detection in Clinical Applications 

Purpose: Previously, an optical fiber radiation detector system was shown to be capable 

of identifying potential high dose rate (HDR) brachytherapy delivery errors in real time. 

The purpose of this work is to determine this detector’s limits of error detection in 

vaginal cylinder and tandem and ovoid-type HDR gynecological brachytherapy 

treatments. 

Method and Materials: The system consists of a scintillating nanoparticle-terminated 

fiber-optic dosimeter (NanoFOD) and a LabView platform (Versions 2015 and 2017; 

National Instruments Corporation, Austin, TX) which displays the real-time voltages 

measured by the NanoFOD during HDR treatment delivery. The platform allows for the 

measured voltage to be overlaid on the expected detector signal. To test the limitation of 

error detectability in vaginal cylinder brachytherapy, the NanoFOD was taped 1.5-cm 

from the tip of a 3-cm diameter Varian manufactured stump cylinder. This setup was 

imaged using CT to localize the NanoFOD, and a plan was generated based on one of 
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the institutional 3-cm stump cylinder templates with 9 dwell positions. For each dwell 

position, the expected voltage and doses were calculated using the dose distribution 

exported from the treatment planning system (TPS), a previously obtained distance-

based calibration curve for the NanoFOD and TG-229 along and away table.  The 

voltage values were imported to the LabView for real time monitoring. With a known 

location of the NanoFOD tip, the expected doses from the NanoFOD at each dwell 

position were calculated for all applicators for: 1) the clinical plan; 2) wrong source 

guide tube (SGT); 3) wrong cylinder; 4) wrong treatment template; 5) wrong step size, as 

well as 6) incorrect positioning of the cylinder insert. Measurements of voltage from 

each delivered plan were converted to dose per dwell and compared to the expected 

dose values. 

In addition to experiments, a simulation-based limit of error detection with cylinder was 

studied and the results obtained from simulation were compared to experimental 

results. Simulation was done by modifying the applicator parameters and the incorrect 

plans were generated for 1) wrong SGT lengths 5-mm to 70-mm longer than correct 

length with a 5-mm interval; 2) wrong cylinder; 3) wrong treatment template; 4) wrong 

step size, as well as 5) incorrect positioning of the cylinder insert. Doses per dwell were 

also calculated and compared to the doses from correct plan.  

Furthermore, simulations-only for T&O plans were also performed. Two representative 

clinical T&O-based plans with extra needles were used to establish the simulation-based 



 

vi 

limits of error detectability of the NanoFOD system. With a known location of the 

NanoFOD tip, the expected doses from the NanoFOD at each dwell position were 

calculated for all applicators for: 1) the clinical plan; 2) wrong treatment lengths (TL); 3) 

wrong connection to afterloader; 4) wrong digitization direction; and 5) wrong step size.  

From previous work, it has been determined that the overall uncertainty in dose of this 

system in HDR brachytherapy is 20%. The percent difference (PD) between expected 

and measured doses and, between the simulated doses from correct and incorrect plans 

was calculated and compared to 20% to determine if a certain potential error can be 

detected with the NanoFOD system. 

Results: For the cylinder experiments, when the correct treatment was delivered, the 

median PD over 9 dwells between measured and expected dose from each dwell was 

11%. When the wrong SGT, wrong cylinder size, or wrong clinical template was used, 

the system detected PD values of -91.6%, -71.4% and -29.6% at the first dwell. With 

wrong step, the system showed large discrepancies starting at the third dwell position 

(58.6%).  When incorrect cylinder insert length was 0.5cm, 1.0cm and 1.5cm, the 

significant PD values captured were -29.4%, -28.1% and -22.5% at 3rd, 2nd and 1st dwell, 

respectively.  

In TPS simulations for the cylinder applicator, PD from wrong SGT, wrong cylinder size 

and wrong template and were -93.6%, -90.8% and -57.8% at first dwell. For wrong step 

size, the simulation predicted the PD to be greater than 20% (47.2%) starting at first 
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dwell. For all incorrect insert length, simulation predicted greater than 20% PD (-38.6%, -

34.9%, -38.6%) at first dwell. For incorrect SGT lengths range from 5mm to 70mm, 

simulation-based PD was from -28.0% to -82.3% at the first dwell, indicating the 

NanoFOD caught this error when the SGT was only 5-mm longer. 

In TPS simulations with two T&O-based plans, with incorrect treatment length (TL, 

5mm-70mm), the PD ranges for the two patients were 26.4%-26.8%, 20.4%-30.9%, and 

30.9%-57% in 10mm TL tandem, 5mm TL ovoid and 10mm TL needle at first dwell. PD 

values were -44.1% to -36.4%, -75.3% to 96.4%, and -39.6% to 298.1% respectively at the 

first dwell when connections between tandem and left ovoid, left needle and left ovoid, 

left needle and tandem were swapped. When the two needles were switched, PD values 

were 43.1% and 63.6% at the 1st and 3rd dwell for patient A and patient B. Switching 

connection between the two ovoids did not produce significant PD for patient A because 

the two ovoids were identically loaded. For patient B, the PD was 87.5% when ovoids 

were swapped. Incorrect direction of digitization made the signal too low to be detected, 

an indication that treatment should be stopped. With wrong step size in tandem, ovoid 

and needle, simulation-based PD range in dose for two patients were 25.8%-34.9%, 

34.3%-37.4%, and 20.7%-81.5%, respectively at 3rd, 2nd and 1st dwell for both patients. 

Conclusion:  

Using the 20% error detection threshold, the NanoFOD system was able to detect errors 

in real time cylinder tests when the wrong cylinder size, wrong SGT and wrong 
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template were used, all at the first dwell position. For subtle errors such as small 

incorrect catheter insertions, the real-time system can detect errors starting with the 

second or third dwell position. The Labview interface is a good tool to use for real time 

tracking of the delivery.  

TPS simulation predicted comparable discrepancies to PD obtained from experimental 

measurements when wrong cylinder size and wrong source guide tube was used. The 

disagreement between simulation-based PD and experiment-based PD is due to 

uncertainty in positioning during the experiment, as the nanoFOD in current form does 

not have a radio opaque marker to help with easy identification. TPS simulation was 

thus used for more complex applicators, knowing that simulations and experiments 

match. 

With the 20% PD as an indication of wrong treatment in T&O-based HDR cases, the 

NanoFOD can capture all simulated gross errors within the first few dwells into the 

treatment, indicating it is capable of real-time verification of T&O HDR brachytherapy. 

Although the two T&O plans were different, the NanoFOD was able to capture the 

errors at similar dwell positions regardless of the difference in planning. Overall, the 

NanoFOD can catch, in real time, potential gross errors in clinical HDR. 

Project 2: Investigation of Contour-based Deformable Image Registration (cbDIR) of 

pre-brachytherapy MRI (pbMRI) for target definition in HDR cervical cancer 

treatments 
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Purpose: While MRI-guided brachytherapy has been considered the gold standard for 

IGBT treatment for cervical cancer, practical factors such as cost, MRI access and clinical 

flow efficiency have limited the use of MRI for brachytherapy treatments. However, a 

pre-brachytherapy MRI (pbMRI) is usually taken before the brachytherapy to assess the 

tumor regression after external beam treatments. The purpose of this project is to 

investigate the role of contour-based deformable image registration of the pbMRI in 

target definition for high dose rate (HDR) cervical cancer treatments. 

Method and Materials: Thirty-five patients with locally advanced cervical cancer 

treated at Duke University with Tandem and Ovoids (T&O) applicators were studied. A 

pbMRI was acquired for all patients. Each patient also had MRI and CT taken with 

applicator in situ at the time of the first fraction. The uterus structure contoured on 

pbMRI was deformed using contour-based (cb) and hybrid contour-based (hcb) DIR to 

the same structure contoured on the CT of first HDR fraction (MIM Software Inc., v 6.7.3 

and v 6.8.11). The deformation matrix was used to deform the dHRCTV, which was then 

compared with the ground truth HRCTV (gtHRCTV) obtained on the MRI of 1st HDR 

fraction. Dice Similarity Coefficients (DSC) and Hausdorff Distance (med_HD, max_HD) 

were used to evaluate the overlap and mismatch at boundaries between the deformed 

HRCTV and gtHRCTV using both DIR methods. The process of generating dHRCTV 

requires user’s manual input. Therefore, inter- and intra-user variability using cbDIR, as 

well as the difference in the two DIR methods were investigated.  
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Results: The pbMRI scan was acquired on average 5.9+/-3.8 days before first HDR 

fraction. Median DSC for uterus was 0.9 (IQR 0.88-0.93) and 0.93 (IQR 0.92-0.94), and for 

HRCTV was 0.64 (IQR 0.52-0.71) and 0.68 (IQR 0.59-0.72) for cbDIR and hcbDIR, 

respectively. The median med_HD for uterus was 0.09cm (IQR 0.08-0.1cm) and 0.08cm 

(IQR 0.06-0.09cm). The median max_HD for HRCTV was 1.37cm (IQR 1.1-2.3cm) and 

1.39cm (IQR 1.1-1.6cm) with cbDIR and hcbDIR respectively. Limited inter-user, intra-

user, and DSC variability between DIR versions were found (p=0.53, p=0.77, p=0.18, 

respectively).  

Conclusion: Contour-based DIR based on uterus/cervix structure is proven to be 

relatively user independent, improves when hybrid contoured based DIR algorithms are 

used, and is expected to serve as a good starting point for HRCTV definition for HDR 

planning in the absence of MRI with applicators in-situ.  
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 1. Introduction  

1.1 Overview 

 Brachytherapy is a special type of radiation therapy that uses encapsulated 

radionuclide sources to treat cancer at short distances. The radiation source is usually 

directly placed into or near the target either temporarily or permanently [1]. Most of the 

sources used are photon emitters, although some beta-emitter or neutron-emitters are 

used in specialized cases. Brachytherapy can be categorized with respect to types of 

implants, treatment duration, dose rate, and source loading techniques. There are six 

common classes of implants: intracavitary, interstitial, surface, intraluminal, 

intraoperative and intravascular. The characteristics of the implants are shown in the 

following table: 

Table 1. Types of Brachytherapy Implants [1] 

Implant Description 

Intracavitary Sources are placed into body cavities close to the target 

Interstitial Sources are directly placed into the tumor volume through 

surgeries  

Surface Source are placed over the target 

Intraluminal Sources are placed in a lumen 

Intraoperative Sources are implanted surgically into or near the target tissue 

Intravascular A single source is placed into arteries  
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A temporary implant refers to the sources are placed in patients for only a short period 

of time and are removed when the prescribed dose has been accomplished while a 

permanent implant is leaving the source undergo a complete decay with the patients [1]. 

Sources do not go into or onto the patient directly but are stored by applicators. There 

are two techniques used to load the applicators with sources. Hot loading means the 

applicator is already pre-loaded with sources at the time of placement into/onto the 

patients. Afterloading means the applicator is inserted in situ first and the radioactive 

sources are loaded after, usually by a machine called after-loader [1]. Brachytherapy is 

also categorized by dose rate. Low dose rate (LDR) is 0.4-2Gy/h, medium dose rate 

(MDR) is 2-12 Gy/h and high dose rate (HDR) refers to dose rate greater than 12 Gy/h [1].  

Brachytherapy is important modality in cancer treatment and almost every malignant 

disease at any site has been treated with brachytherapy before. Compared to external 

beam radiation therapy, brachytherapy has the following advantages. 1. The radiation 

dose is directly impacting the target since the source is placed near or into the target 

volume. 2. There is minimal in-patient variation since the source can be moving with the 

target. 3. Brachytherapy limits the dose to normal tissues surrounding the target due to 

inverse-square-law and provides conformal dose distribution within the regularly or 

irregularly-shaped target volume. 4. Brachytherapy has less treatment duration and is 

usually cost-effective [1]. However, compared with external beam, the relative risk of a 

treatment error is high due to the many steps in brachytherapy involving 



 

3 

human/manual tasks. HDR brachytherapy treatments, especially, are prone to mistakes 

as the treatment duration needs to be minimized that the procedure can be hectic and 

labor intensive where errors and miscommunication can easily occur [23].  

1.2. Problems to be solved in HDR brachytherapy  

1.2.1 The Need for Real Time Tracking 

Brachytherapy is an important treatment cancer modality, with about 20% of 

patients treated in a typical radiation oncology department receiving brachytherapy, 

with a large percent receiving high dose rate (HDR) brachytehrapy [1]. However, 

treatment errors can occur during HDR brachytherapy treatments and can have 

potentially large effects on the patients and health care professionals due to the use of 

high dose rate. Up to 2009, 500 brachytherapy accidents have occurred and one of them 

has led to patient death [10]. Among all the medical events happened, according to 

Thomadsen et al., two-thirds of the errors occurred during the process of HDR 

brachytherapy delivery [2]. Therefore, it is urgent to develop techniques to detect 

treatment errors during the delivery process.  

1.2.2. The Need for Image Guided Brachytherapy 

Traditionally, the treatment for locally advanced cervical cancer uses external 

beam radiation therapy (EBRT) followed by intracavitary brachytherapy which uses 

point A for dose prescription. While CT-based guidance was a clear improvement over 

film-based planning, the target delineation is still challenging due to lack of soft tissue 
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details, and CT-based planning was shown to often overestimate the target, hence 

delivering more doses to normal tissues. With MRI, a high-risk clinic target volume 

(HRCTV) can be delineated with more precision, allowing for dose escalation in the 

target, while maintaining the dose to organs at risk within acceptable limits [24]. Since 

CT- and MRI-based image guidance being introduced to HDR brachytherapy planning, 

there has been great improvement in local control of disease and normal tissue 

protection [3]. For locally advanced cervical cancer, external beam radiation therapy 

combined with MRI-guided brachytherapy (IGBT) has made it possible to deliver 

significantly higher doses to the target without increase doses to OARs [3]. However, 

although MR-based IGBT is recommended by both GEC-ESTRO and ABS as standard 

treatment [18,24], the use of MRI-guidance is still limited. According to Grover et al., as 

of 2014, only 34% of the sites in the U.S. are using MRI-based IGBT for treatment of 

cervical cancer. The limited use is due to many practical factors such as higher cost; no 

access of MRI in the traditional radiation oncology department, as well as more 

complicated clinical workflow is entitled to using MRI guidance. Therefore, developing 

an alternative to using MRI guidance with the currently available resources is important. 
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2. Project 1 – Real Time Dosimetry in GYN HDR  

2.1 Motivation 

Previous studies have proved the potential of using a nanoparticle fiber-optic 

detector (NanoFOD) for real time tracking of HDR brachytherapy treatment in 

simplified solid water setup [4,5]. However, the limitation of detectability in clinical 

settings of the detector system is unknown. The first part of the thesis will focus on 

moving the NanoFOD system one step further into clinical settings. 

2.2 Brachytherapy Dosimeters 

There are many types of detectors has been tested for dose monitoring for HDR 

brachytherapy, such as small volume ion chambers, diodes, metal oxide semiconductor 

filed effect transistors (MOSFETs), thermal luminescent dosimeters (TLDs) and optically 

simulating luminescent dosimeters (OSLs). However, these detectors are either too large 

to be used in patients (in vivo) or not capable of real-time measurements [2, 3, 4]. Ion 

chambers, compared with other detectors, are too big to be inserted in vivo, especially 

when applicators also need to be placed directly into the target volume. Other detectors 

are of smaller size, but the measurements cannot be read out in real time, leading to the 

wrong dose being detected post-treatment [4]. Determining the treatment errors post-

treatment is not ideal, since the radiation damage is not reversible. Therefore, it is crucial 

to develop a detector system that is capable of real-time tracking and small enough for in 

vivo use. 
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2.3 NanoFOD system 

To tackle this problem, many studies have investigated scintillating optical fibers 

to make dose measurements in brachytherapy. These optical fiber detectors are made of 

organic/inorganic materials that will emit light with radiation incidents. The light 

emission is proportional to the dose detected. A nanoparticle optic fiber detector 

(NanoFOD) is an example of optic fiber radiation detectors. The NanoFOD system has 

been studies previously [4,5,8,9] to explore its capability for in vivo real time tracking 

during HDR brachytherapy treatments.  

2.3.1 Component 

The NanoFOD has scintillator powders at the tip of the detector. When X-ray or 

Gamma radiation strikes the scintillator, 611nm photons are emitted. The photons 

emitted are transferred through an optic fiber to hit a diode (Figure 1 and Figure 2). The 

diode will transfer the photons to electric signals in volts and deliver the voltage 

readings to a data acquisition device (DAQ) which stores and process the raw data. 

DAQ is then connected to the Labview Software (Versions 2015 and 2017; National 

Instruments Corporation, Austin, TX) which was designed to display the voltage 

readings in real time. 
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Figure 1. Illustration of a NanoFOD – scintillator pallet attached at the tip of 

an optic fiber [4] 

 

 

Figure 2. The demonstration of the NanoFOD system. [4] 

 

2.3.2 Previous Work with Real Time Acquisition 

Previous study by Rokni et al. has tested the potential of the NanoFOD system 

for verification of treatment in real time in a simple solid water phantom [4]. 
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The solid water phantom consisted one or two HDR catheters, a flexi needle, 

three pieces of solid water and some bolus. The setup is shown in the figure below. 

Catheter 1 was placed approximately 1.5cm from the NanoFOD to simulate using a 3cm 

cylinder stump. Catheter 2 was place on the same plane as Catheter 1. [4] 

 

Figure 3. Simple solid water phantom with 2 HDR catheters and NanoFOD 

embedded at a specific position [4] 

First, the setup was imaged with CT and imported into the treatment planning system 

(TPS) for NanoFOD positioning and treatment planning. The dose distribution extracted 

from TPS were then extracted, along with the previously obtained distance-based 

calibration curve of the NanoFOD, to generate expected detector signal using MATLAB. 

The generated expected voltage values were import into the Labview platform, which 

allows the measurement to be overlaid on top of the expected signal. 

Then, both correct and incorrect treatments were delivered, and real time measurements 

were taken and displayed on the platform.  

When the treatment was delivered according to the original plan, there was a strong 

agreement between expected and measured detector signal (Figure. 4). 
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Figure 4. Measurement (red) v.s. expected signal (white) when the treatment 

was correctly delivered for a single- and dual-channel plan [4] 

When errors were introduced to the system, there was a great discrepancy noticed 

(Figure 5). The upper figure shows when source guide tube was connected to the wrong 

catheter, and the lower graph shows when two source guide connections were switched. 
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Figure 5.The Labview interface showing the expected voltage curve (in white) 

and the measured voltage (in red) when the treatment was incorrect [4] 

 

2.4 Specific Aims and Goals of Project 1 

Previous studies showed that the NanoFOD system has the capability of real 

time verification of treatment delivery in simple setups. Further research should be done 

to test the system’s limitation in error detectability in clinical setting. The goals of project 
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1 are: 1) to improve the agreement between the expected voltage signal and 

measurement values when the correct treatment is delivered; 2) to find the limitation of 

detectability of the NanoFOD system with various clinical applicators, and; 3) to 

establish simulation-based ability of the NanoFOD system to capture gross errors in 

clinical settings. 

 

2.5 Improved NanoFOD Calibration 

Due to its energy dependency, voltages measured by the NanoFOD vary as a function of 

source to detector distances (SDD). Previous studies of the NanoFOD system have 

developed a calibration process for SDDs range from 3 mm to 90 mm. Using this 

distance-based calibration curve and the source and NanoFOD locations extracted from 

the treatment planning system (TPS), an expected detector signal plot can be generated 

and overlaid on top of the real-time measurement. However, the reproducibility of this 

calibration process is not ideal due to uncertainties from the experiment setup and the 

unique characteristics of the NanoFOD. Therefore, this section will discuss the original 

process, an improved calibration setup and process, as well as the verification of the 

improvement. 

2.5.1 Methods and Materials 

Since the NanoFODs were hand-manufactured in the Chemistry Lab at Duke University, 

the characteristics of each NanoFOD can vary. Performing a calibration is necessary for 
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each individual NanoFOD before conducting experiments. The calibration setup is 

demonstrated in Figure below.  

a)  

b)  

Figure 6. a) Demonstration of the Calibration Setup, inside of the HDR treatment 

room. b) Demonstration of the water tank setup. [4] 

To calibrate the NanoFOD, the NanoFOD and source holder were submerged in water 

inside of the Wellhofer scanning water tank to simulate tissue-equivalent environment 
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and ensure adequate scattering conditions. The diode was placed in the lead pig to 

avoid scatter and stray radiation being detected by the diode. The HDR Iridium Source 

Holder (REF 70044 Standard Imaging) was taped onto a stack of solid water while the 

NanoFOD is mounted on the mechanical arm of the scanning system (Figure 7). 

 

Figure 7. NanoFOD and Source Holder positioning during the calibration process [4] 

 

The active detection point of the NanoFOD is where the scintillator power was formed 

into pallet, and it is not at the very end of the NanoFOD tip. To take into account this 

small distance, mammogram images were taken to measure the distance from the tip of 

the NanoFOD to the scintillator (Figure 8). 
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Figure 8. Mammography image of the S2 fiber to provide measurement of length of 

the tip to scintillator [4] 

The true SDDs are the summation of measured distances, the tip to scintillator length 

and the thickness of holder wall (Figure 9). 
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Figure 9. True SDD is calcualted as the sum of the measured distance, tip length of 

the NanoFOD and the thickness of the holder wall [4] 

By moving the NanoFOD from 3 mm to 90 mm and measuring voltage at each location, 

voltage signals at different position were obtained. A response curve was generated by 

fitting the data to an equation y=aXb. An example of the NanoFOD response curve is 

shown below. 

 

Figure 10. The response curve of S2 Fiber after taking into account the length 

of the tip and the thickness of the wall [4] 

Improvements: 

Orignally, the source holder was taped to the solid water phantom directly using gorrila 

tape (Gorilla Glue Inc. Sharonville, Ohio). The source holder had a tendency to move 

when the whole setup was submerged in water. To eliminate the uncertainty caused by 

souce holder movement, a jig was used to secure the source holder (Figure 11). 
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Figure 11.The source holder was placed inside the jig which was then taped down to 

the solid water stack 

When source travels in and out through the source guide tube, tensions are generated 

and can potentially pull or push the source holder. The tension can cause some 

movement of the souce holder, leading to positioning uncertainties. Scotch® vinyl 

electrical tape (Minnesota Mining and Manufacturing Company,  Maplewood, MN) 

were used to alleviate the tension. 

The NanoFOD also had the potential to move when the mechanical arm moved because 

the detector holder was not designed for the NanoFOD. Therefore 3M tapes that mold to 

the holder was added to make sure the NanoFOD did not tip up or down when 

mechanical arm moved.  

Initially, calibration was done only once for each NanoFOD until evidence was found 

that the calibration was expired. However, this frequency of calibration is not high 
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enough to provide accurate measurement results. In the modified process, before each 

experiment, a calibration is performed to ensure the experiement results are accurate. 

2.5.2 Results and Discussion 

a)  

b)   

Figure 12. Variation in signals at the same location in the a) original setup and in the b) 

improved setup 

Figure 12 shows the signal detected during the centering process by the NanoFOD at the 

same location (same SDD) and the measurements were repeated for three times. Using 

the original setup (FIG.12 a) ), the signal at the same locations shows a decreasing trend, 

indicating there was some source holder movement involved. Using the improved setup 
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(FIG. 12 b)), the variability in the signal at the same location is greatly reduced and the 

signal at the center of the dwell is reproduceble from measurement to measurement. 

 

a)  

b)  

Figure 13. Agreement between expected signal (white) and measured signal (red) in 

the a) original setup and in the b) improved setup (Different plans were used). 

Figure 13 shows there an improvement in agreement between expected signal and 

measured signal. Note that in Figure 13 a) and b), different plans were used. Originally, 

(Figure 13a) 8% and 16% PD was noticed at dwells that are closest located from the 
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NanoFOD tip. Using the modified setup, the PD dropped to 3.4% and 3.7% at dwells 

closest to NanoFOD tip, with an average of 4.5% over all dwells. 

 

2.6 Real Time HDR Cylinder Test and TPS-based Simulation of 
Treatment Errors 

Previous studies have tested the use of NanoFOD for real time measurements in a 

simple solid water setup with no immediate clinical application. The next step is to test 

if the system can be used with a real clinical HDR cylinder-type applicator. This section 

will focus on testing the limitation of detectability of the NanoFOD system in real-time 

in a 3cm diameter cylinder stump (GM11004140, Varian Corp., Charlottesville, VA). 

TPS-based simulations of treatment errors were also performed and the results were 

compared to experiment-based data. 

2.6.1 Methods and Materials 

All measurements and simulations were performed based on Varian applicators, source 

guide tubes and a GMPiX afterloader. Simulations were performed in BrachyVisionTM 

(Varian Medical Systems, Palo Alto, CA). 

Experiment Setup 

A flexi needle was taped 1.5cm from the tip of a 3cm-diameter vaginal cylinder 

applicator to host the NanoFOD. A CT image was taken for the vaginal cylinder with the 

flexi needle and imported into the TPS for localization of the NanoFOD tip position. The 

cylinder was then placed upright in a small water tank (Figure 14). The small water tank 
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does not provide adequate scattering condition, so the small water tank was then placed 

in the Wellhofer scanning water tank (Iba Dosimetry, Germany) (Figure 15).  

 

Figure 14. 3.0 cm diameter Varian Stump Cylinder Applicator in a small water 

tank. Flexi needle is taped on cylinder surface to host the NanoFOD. 
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Figure 15. Small water tank placed in the big water tank and submerged in 

water for adequete scattering condition.  

The cylinder insert was conneted to a Varian GammaMed Plus afterloader (Varian Corp., 

Charlottesville, VA) through a 320 mm source guide tube. The water tank was then 

covered with towels to alleviate background noise.  

 

Voltage Measurements and Conversion to Dose 

A 9-dwell cylinder plan based on the institution’s template was used in this study to 

simulate a clinical case. The previously obtained distance-based calibration curve along 

with the localization and dose distribution information extracted from the TPS were 

imported into MATLAB (see Appendix A) to generate the expected detector signal and 

dose rate at each dwell position. The expected detector signal was then read in the 
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LabVIEW platform. First, the correct plan was delivered, and the real time 

measurements were overlaid on top of the expected detector signal on the Labview 

platform. The raw detector signal was recorded and converted to dose rate using the 

calibration curve (EQ.1) and TG 229 (EQ.2) where the relationship between distance and 

dose rate is established.  

 

 

In the equations above, nominal voltage refers to the signal strength for a 10 Ci source. 

The source to detector distance (SDD) was calculated based on voltage, and then used to 

calculate the dose rate per dwell position for a 10 Ci source. The dose delivered from 

each dwell position was obtained by multiplying the dose rate and dwell time. 

Then, errors were manually introduced in the setup or during the process of delivery to 

simulate human or mechanical errors that could occur in clinic. The errors were 

categorized into five groups and they included wrong step size, wrong cylinder size, 

wrong template, wrong source guide tube (SGT) length, and wrong catheter insert 

positioning. Finally, to compare the dose generated from experiments to TPS calculation, 

the percentage difference (PD) between the expected and measured dose per dwell 

position for each treatment was calculated as followed: 
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Each treatment was repeated for three times and the PD in voltage values from three 

runs was averaged and used to calculate the dose at each dwell position.  

Error simulation in TPS 

In addition to experiments, treatment errors were simulated in TPS system. To resemble 

the five categories of errors tested in the previous section, the applicator parameters 

were modified accordingly. Then, plan generated based on the incorrect applicator 

parameters were exported from the TPS and read in the MATLAB to produce the 

voltage signal. The voltage values based on incorrect plans were then converted to dose 

which were compared with the expected dose obtained from the correct plan.  

To parallel the incorrect step size during delivery, in the TPS, the step size of the 

applicator was changed to 1 cm from 0.5 cm. The applicator size and NanoFOD tip 

position were modified in the TPS to mimic wrong cylinder size during treatment 

delivery. Figure below shows the change in cylinder size and NanoFOD tip postion for 

correct and incorrect plan. 
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Figure 16. a) NanoFOD position indicated by “nanoFODw” with correct 

cylinder size and B) by “NanoFOD” with incorrect cylinder size. 

For wrong template simulation in TPS, the applicator parameters remained the same, 

but the dwell time was changed. The incorrect plan was intended to deliver fewer doses, 
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so the duration of treatment was shorter. The following figure shows the difference in 

dwell time between correct and incorrect plan. 

 

 

Figure 17. Dwell time from a) the correct template and b) the incorrect template 

For wrong SGT, simulations were done from 0.5 cm to 7 cm longer than the correct 

length with a 0.5 cm increment. The errors were introduced to the system by changing 

the first and last source position. The correct source position was from 0 cm to 4.4 cm, so 
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the incorrect source positions are 0.5 cm to 4.9 cm, 1 cm to 5.4 cm, 1.5 cm to 5.9 cm… 7 

cm to 11.4cm. 

Interpretation of Percentage Differences 

Previous studies have determined the uncertainties of total dose for the NanoFOD 

system in HDR treatments is within 20% (Table 2).  The overall uncertainty of the system 

is 15.7% based on an end-to-end prostate phantom test [4]. Belly et.al also showed that in 

HDR T&O and Cylinder treatments, the measurement made by NanoFOD is within 20% 

of the TPS system [8,9]. Therefore, this study uses the 20% threshold value to determine 

if the NanoFOD system can or cannot capture the treatment errors being introduced.  

Table 2. Uncertainty analysis of the NanoFOD system [4] 

 

 

2.6.2 Results and Discussion 

Table 3. Description of parameters used for the correct and the wrong treatments 

 Correct 

Treatment 

Five Categories of Treatment Errors 

Wrong 

Step Size 

Wrong 

Cylinder 

Size 

Wrong 

Template 

Wrong 

SGT 

length 

Wrong 

Insert 

positioning 

Total 

Prescription 

500 cGy 500 cGy 500 cGy 400 cGy 500 cGy 500 cGy 
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Duration of 

treatment 

246.8 

seconds 

246.8 

seconds 

246.8 

seconds 

197.5 

seconds 

246.8 

seconds 

246.8 

seconds 

Step Size 0.5 cm 1 cm 0.5 cm 0.5 cm 0.5 cm 0.5 cm 

Cylinder 

Size 

3.0 cm 3.0 cm 3.5 cm 3.0 cm 3.0 cm 3.0 cm 

SGT Length 980 mm 980 mm 980 mm 980 mm 1050mm 980 mm 

 

Catheter 

Insert 

Position 

Inserted all 

the way to 

the end 

Inserted 

all the 

way to the 

end 

Inserted 

all the way 

to the end 

Inserted all 

the way to 

the end 

Inserted 

all the way 

to the end 

Away 

from the 

end by 

0.5cm, 1cm 

and 1.5cm 

 

Table 3 shows the plan parameters for the correct and incorrect plans. The entries in red 

are representing what was changed in the incorrect plans. 

 

Experimental Data 

When the correct plan was delivered, there was a strong agreement between measured 

and expected voltage signal strength (Figure 18). Table 4 shows the dose converted from 

the voltage measurements and calculated by TPS. The PD in dose at each dwell position 

was lower than the 20% threshold when the treatment was correctly delivered. 
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Figure 18. Labview Platform showing the measured voltages (red) overlaid on 

top of expected detector signal (white) when the correct treatment is delivered.  

Table 4. NanoFOD measured dose versus TPS dose for correct plan 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 122.71 136.64 -10.20 

2 187.14 204.55 -8.51 

3 148.52 167.36 -11.26 

4 60.68 70.35 -13.74 

5 7.80 9.44 -17.32 

6 6.75 7.82 -13.68 

7 25.65 29.74 -13.77 

8 42.16 46.33 -9.01 

9 47.52 48.62 -2.27 

 

When errors were introduced into the system, large discrepancies were noticed between 

the measurements and expectations. With a wrong step size, we started to see large 

discrepancies between measured and expected signal at the 3rd dwell (Figure 19, Table 

5). For example, the dose delivered when the source moved to the third dwell position 

was 51% lower than TPS dose.  
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Figure 19. Labview platform showing the signal discrepancies noticed when a 

wrong step size is used. A large discrepancy is detected at 3rd dwell  

Table 5. NanoFOD measured dose versus TPS dose for wrong step size (Source 

activity = 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 120.65 136.64 -11.71 

2 172.71 204.55 -15.56 

3 82.30 167.36 -50.83 

4 22.73 70.35 -67.69 

5 2.62 9.44 -72.20 

6 2.15 7.82 -72.56 

7 8.62 29.74 -71.01 

8 14.62 46.33 -68.44 

9 16.69 48.62 -65.67 
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Figure 20. Labview platform showing the signal discrepancies noticed when a 

wrong cylinder size is used.  

Table 6. NanoFOD measured dose versus TPS dose for wrong cylinder size (Source 

activity = 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 122.71 71.61 71.35 

2 187.14 105.89 76.74 

3 148.52 95.04 56.28 

4 60.68 46.41 30.75 

5 7.80 7.27 7.30 

6 6.75 6.79 -0.60 

7 25.65 27.63 -7.18 

8 42.16 45.56 -7.48 

9 47.52 49.93 -4.84 

 

For a wrong cylinder size, using 3.5-cm cylinder as the correct size and 3.0-cm cylinder 

as the incorrect size, the PD in dose was significantly high until the 5th dwell (Figure 20, 

Table 6). 
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a)  

b)  

Figure 21. A section of the treatment plan report of the a) correct template and 

b) incorrect template  
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Figure 22. Labview platform showing the signal discrepancies noticed when a 

wrong template is used.  

Table 7. NanoFOD measured dose versus TPS dose wrong template (Source activity = 

5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 96.22 136.64 -29.58 

2 144.02 204.55 -29.59 

3 116.11 167.36 -30.63 

4 42.44 70.35 -39.67 

5 6.28 9.44 -33.48 

6 5.23 7.82 -33.13 

7 19.71 29.74 -33.72 

8 32.48 46.33 -29.89 

9 36.17 48.62 -25.61 

 

Figure 21 shows the differences in total dose delivered and total treatment time between 

the correct and incorrect treatment template. When a delivery was based on a different 

template, the voltage signal was not significantly different at all dwells since the 

applicator parameters except time remain the same (Figure 22). However, according to 
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Table 7, doses were significantly lower than TPS planned doses starting at the first 

dwell, which was a strong indication that the treatment was not delivered correctly. 

 

 

Figure 23. Labview platform showing the signal discrepancies noticed when a 

wrong SGT is used.  

Table 8. NanoFOD measured dose versus TPS dose for incorrect SGT (Source activity 

= 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 11.42 136.64 -91.64 

2 12.88 204.55 -93.70 

3 9.78 167.36 -94.16 

4 4.48 70.35 -93.63 

5 0.74 9.44 -92.12 

6 0.77 7.82 -90.20 

7 3.89 29.74 -86.92 

8 7.65 46.33 -83.48 

9 9.95 48.62 -79.54 
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The SGT (GM1000340, Varian Corp, Charlottesville, VA) for 320mm and 250mm 

applicators are often used together as it is common to use a cylinder with extra needle 

applicators for HDR treatments. The wrong SGT used was 70mm longer than the 

original SGT. Since the source only travels 1300mm to reach the end of the catheter 

insert, the source did not go all the way to reach the end of the insert, but stopped when 

it was still 70mm away from the end of the applicator. It was anticipated that the signal 

strength to be significantly lower than expected values. Figure 23 and Table 8 agreed 

with the prediction as the measured voltages and dose values at all positions were 

significantly lower than TPS planned values.  

When the catheter insert in the vaginal cylinder was pulled out by 0.5cm (Figure 24 b) 

and Table 9), 1cm (Table 10) and 1.5cm (Figure 24 a) and Table 11), the PD did not 

become significant until 3rd , 2nd and 1st dwell position, respectively.  

 

Table 9. NanoFOD measured dose versus TPS dose for 0.5 CM incorrect insert (Source 

activity = 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 145.19 136.64 6.25 

2 177.48 204.55 -13.23 

3 118.13 167.36 -29.42 

4 43.61 70.35 -38.01 

5 5.72 9.44 -39.37 

6 4.80 7.82 -38.55 

7 19.35 29.74 -34.94 

8 32.92 46.33 -28.94 

9 38.32 48.62 -21.19 

 



 

35 

Table 10. NanoFOD measured dose versus TPS dose for 1 CM incorrect insert (Source 

activity = 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 142.07 136.64 3.97 

2 147.18 204.55 -28.05 

3 89.26 167.36 -46.67 

4 32.92 70.35 -53.20 

5 4.31 9.44 -54.31 

6 3.86 7.82 -50.58 

7 16.21 29.74 -45.48 

8 28.34 46.33 -38.84 

9 33.62 48.62 -30.86 

 

Table 11. NanoFOD measured dose versus TPS dose for 1.5 CM incorrect insert 

(Source activity = 5.022 Ci) 

Dwell Measurement (cGy) TPS (cGy) PD (%) 

1 105.89 136.64 -22.51 

2 97.79 204.55 -52.19 

3 59.14 167.36 -64.66 

4 22.63 70.35 -67.83 

5 3.15 9.44 -66.59 

6 3.07 7.82 -60.79 

7 12.96 29.74 -56.41 

8 23.62 46.33 -49.02 

9 28.73 48.62 -40.92 
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a)  

b)  

Figure 24. Labview platform showing the signal discrepancies noticed when a) 

catheter insert is pulled back by a)1.5cm and b) 0.5cm. 

 

TPS Simulation Data 

Predicted percentage differences in dose from TPS simulation are compared to 

that of the experiment for wrong step size, wrong cylinder size, wrong template, wrong 

SGT and wrong insert positioning. The differences between TPS and experiments are 

calculated by subtracting experiment PD from TPS PD. 
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Table 12. Percentage differences calculated in simulation and experiment for wrong 

step size 

Dwell Position Simulation-based 

PD 

Experiment-based 

PD 

Difference 

1 -47.20 -11.71 -35.49 

2 -44.78 -15.56 -29.21 

3 -53.77 -50.83 -2.94 

4 -64.12 -67.69 3.57 

5 -70.08 -72.20 2.11 

6 -73.22 -72.56 -0.67 

7 -75.16 -71.01 -4.16 

8 -76.05 -68.44 -7.61 

9 -75.19 -65.67 -9.52 

 

When step size error was simulated in the TPS, the system predicted high PD in dose at 

the first dwell of the treatment. However, the experiment only showed small 

discrepancies at the first two dwell positions. Beginning at 3rd dwell, the difference 

between PD from TPS simulation and experiments became smaller.  

Table 13. Percentage differences in dose calculated in simulation and experiment for 

wrong cylinder size 

Dwell Position Simulation Experiment Difference 

1 90.81 71.35 19.46 

2 93.17 76.74 16.43 

3 76.10 56.28 19.82 

4 51.57 30.75 20.82 

5 29.78 7.30 22.48 

6 15.15 -0.60 15.75 

7 7.64 -7.18 14.82 

8 1.69 -7.48 9.17 

9 2.70 -4.84 7.53 
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When the wrong step size was used, both TPS simulation and experiments agreed that 

the NanoFOD can catch this error at the first dwell position. TPS simulation generated 

similar PD in dose to the experiment. 

For incorrect template, both the experiments and the simulation suggested PD to be 

higher than 20% starting at the first dwell.  

Table 14. Percentage differences (%) in dose calculated in simulation and 

experiment for wrong template 

Dwell Position Simulation Experiment Difference 

1 -57.82 -29.58 -28.24 

2 -58.36 -29.59 -28.77 

3 -54.39 -30.63 -23.76 

4 -47.11 -39.67 -7.44 

5 -37.51 -33.48 -4.03 

6 -29.82 -33.13 3.31 

7 -25.75 -33.72 7.97 

8 -21.75 -29.89 8.14 

9 -18.31 -25.61 7.30 

 

In TPS simulations, wrong SGT lengths varied from 0.5cm to 7cm longer than the correct 

SGT. Only the results from the 7cm-longer-SGT were compared to that of the correct 

SGT (Table. 13). For the rest of the SGT lengths, only TPS simulations were done to 

evaluate the PD from correct and incorrect lengths (Table 15 and Figure 25). 

Table 15. Percentage differences calculated in TPS simulation at each dwell position 

 Dwell Positions 

1 2 3 4 5 6 7 8 9 

0.5 -28.0 -32.9 -34.2 -31.7 -27.5 -23.0 -19.7 -16.0 -13.1 

1 -25.1 -35.6 -40.5 -40.9 -38.5 -34.8 -31.5 -28.1 -24.8 
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1.5 -28.0 -41.8 -48.6 -49.9 -48.0 -44.5 -41.4 -37.7 -33.1 

2 -35.0 -49.6 -56.4 -57.6 -55.7 -52.5 -49.2 -44.6 -42.0 

2.5 -43.7 -57.3 -63.1 -63.9 -62.0 -58.8 -54.9 -52.0 -47.8 

3 -59.6 -69.2 -73.1 -73.2 -70.8 -68.3 -64.8 -61.8 326.9 

3.5 -65.6 -73.6 -76.7 -76.2 -74.7 -71.4 -68.9 253.3 -60.9 

4 -65.6 -73.6 -76.7 -76.2 -74.7 -71.4 -68.9 253.3 -60.9 

4.5 -70.5 -77.2 -79.3 -79.3 -77.2 -74.7 188.0 -67.6 -64.7 

5 -74.5 -79.7 -82.0 -81.4 -79.8 133.6 -73.6 -70.7 -68.6 

5.5 -77.3 -82.4 -83.8 -83.6 86.5 -78.6 -76.2 -74.0 -70.6 

6 -80.3 -84.1 -85.7 52.0 -82.9 -80.7 -78.8 -75.7 -72.7 

6.5 -82.3 -86.0 32.4 -86.1 -84.6 -82.8 -80.2 -77.4 -74.8 
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Figure 25. The surface plot showing the PD values at each dwell position with 

different incorrect insert length 

According to the table and figure above, when the SGT length was 0.5cm longer than the 

correct length, the system predicted large discrepancy between correct and incorrect 

treatment starting at the first dwell position. The longer the SGT length, the greater the 

PD was at the first dwell position. For the same SGT length, PD increased and then 

decreased as it moved from first dwell to the last dwell. 

Table 16. Percentage differences in dose calculated in simulation and experiment for 

wrong SGT length = 7cm 

Dwell Position Simulation Experiment Difference 

1 -93.62 -91.64 -1.98 

2 -95.18 -93.70 -1.48 

3 -95.63 -94.16 -1.47 

4 -95.38 -93.63 -1.76 

5 -94.76 -92.12 -2.64 

6 -93.36 -90.20 -3.16 

7 -91.87 -86.92 -4.95 

8 -90.25 -83.48 -6.77 
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9 -88.75 -79.54 -9.20 

PD calculated from TPS simulation is similar to PD obtained from experiment according 

to the table above for wrong SGT. TPS simulation also predicted a high PD starting at 

the first dwell, which agreed with the experiment measurements. 

Comparison between experiment measurements and TPS prediction with wrong 

catheter insert positioning is shown below. 

Table 17. Percentage differences in dose calculated in simulation and experiment for 

wrong insert positioning = 0.5cm 

Dwell Position Simulation Experiment Difference 

1 -38.63 6.25 -44.88 

2 -44.78 -13.23 -31.54 

3 -46.23 -29.42 -16.82 

4 -43.23 -38.01 -5.22 

5 -38.00 -39.37 1.37 

6 -32.13 -38.55 6.42 

7 -27.76 -34.94 7.18 

8 -22.85 -28.94 6.10 

9 -18.83 -21.19 2.36 

 

Table 18. Percentage differences in dose calculated in simulation and experiment for 

wrong insert positioning = 1.0cm 

Dwell Position Simulation Experiment Difference 

1 -34.93 3.97 -38.90 

2 -47.88 -28.05 -19.83 

3 -53.77 -46.67 -7.10 

4 -54.24 -53.20 -1.04 

5 -51.39 -54.31 2.92 

6 -47.04 -50.58 3.54 

7 -43.02 -45.48 2.46 

8 -38.72 -38.84 0.11 

9 -34.48 -30.86 -3.63 
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Table 19. Percentage differences in dose calculated in simulation and experiment for 

wrong insert positioning = 1.5cm 

Dwell Position Simulation Experiment Difference 

1 -38.59 -22.51 -16.07 

2 -55.18 -52.19 -2.99 

3 -62.73 -64.66 1.93 

4 -64.12 -67.83 3.70 

5 -62.07 -66.59 4.52 

6 -58.23 -60.79 2.56 

7 -54.74 -56.41 1.67 

8 -50.54 -49.02 -1.52 

9 -44.97 -40.92 -4.06 

 

For wrong catheter insert positions, at the first two dwell positions (the dwell positions 

that are closest to the source), we found disagreement (highlighted in red in Table 17 

and 18) between TPS-based and experiment-based PD in dose, however, this 

discrepancy decreases as the wrong insert length increases as well as the source moves 

to further dwell positons. 

2.7 TPS simulation for T&O-based Applications 

 Potential treatment errors were further simulated in the TPS using two clinical 

T&O-based patient plans and results compared with expected NanoFOD dose at each 

dwell to determine the limits of detection for more complex HDR applications.  

2.7.1 Methods and Materials  

For more complex HDR brachytherapy gynecological treatments, consisting of a 

tandem-and-ovoid (T&O)-type system, potential treatment errors were simulated in the 
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TPS. Two representative clinical T&O plans with two extra needles was used for 

simulations to determine the limits of error detectability. Both patients received external 

beam treatments followed by a brachytherapy boost which prescribed 5 fractions of 

brachytherapy with 550 cGy per fraction. In the simulation, the NanoFOD location was 

manually placed on one of the vaginal balloons to mimic placement in a real clinical 

case. Figure 26 shows an example of placement of NanoFOD. This location was 

intentionally chosen to test the detectability of the NanoFOD in a region that is affected 

by multiple applicators.  

 

Figure 26. Location of the NanoFOD tip in the treatment planning system 

 

The plans with treatment errors were generated and imported into MATLAB to 

calculate the dose rate that NanoFOD should read when errors exist. Then, the amount 
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of dose from each dwell positon was calculated by multiplying dose rate with dwell 

time. The dose value per dwell based on incorrect plans was compared to those based on 

the clinical plan in tables. The dose rate the NanoFOD should detect at each dwell 

position was calculated for all five applicators for: 1) the clinical plan; 2) wrong 

treatment lengths (TL range from 5mm to 70mm); 3) wrong connection from the 

applicator to afterloader; 4) wrong digitization direction; and 5) wrong step size. The 

percent differences (PD) between doses based on clinical and incorrect plans were 

compared to the previously determined threshold value of 20%, which represents the 

total uncertainty of the NanoFOD detection in HDR brachytherapy [4,8,9]. 

 

2.7.2 Results 

The two T&O plans were selected to be representative of departmental clinical cases, 

however differing in number of needles and the relative ovoid loading . Figure 27 shows 

coronal views through each of the considered implants for: a) Patient A, T&O+ 2 

interstitial needles, similar ovoids loading, and b) Patient B,  T&O+ 3 interstitial needles, 

different weighting of the two ovoids.  
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a) b)  

Figure 27. Screenshots of TPS interface showing for a) patient A and b) patient B, the 

dose distribution and applicators orientation for the two patients’ plans.  

 

Figure 28 and 29 give more detailed information about the two patient plans. For Patient 

A, the two ovoids were similarly loaded while for Patient B, the right ovoid had doubled 

the dwell time to the left ovoid. 
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Figure 28. Brief report of the clinical plan for patient A (BrachyVisionTM, Varian 

Medical Systems, Palo Alto, CA)  

 

Figure 29. Brief report of the clinical plan for patient B 
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Using the dose distribution from TPS, the distance-based calibration curve for the 

NanoFOD, as well as the along and away table from TG-229 [25], MATLAB code was 

able to generate real-time dose rate curve that parallel to the Labview interface. The 

figures below are showing the dose rate difference between the clinical plan and the 

error-contained plans. Because for all correct and incorrect plans, the dwell time 

remained unchanged, in this case, the PD in dose is equivalent to the PD in dose rate. 

Therefore, the 20% threshold also applied to dose rate. 

a)  
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b)  

c)  

Figure 30. Dose rate expected from each dwell position for the clinical plan (blue line) 

and different wrong treatment for Patient A with wrong SGT length  
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a)  

b)   
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c)  

Figure 31. Dose rate expected from each dwell position for the clinical plan (blue line) 

and different wrong treatments for Patient B with wrong SGT length  

 Figures 30 and 31 show the dose rate curve for the clinical plan and incorrect 

plans where wrong SGT length were used in the tandem, ovoids and needles for both 

patients. The wrong SGT lengths for tandem, ovoids and needles were from of 0.5cm to 

7cm, 0.5cm to 1.5cm and 0.5cm to 4cm. In both Figure 30a) and Figure 31a), the 0.5cm 

wrong SGT in tandem did not change the dose rate curve too much at the first few 

dwells. On the contrary, Figure 30b)-c) and 31b)-c) shows only 0.5cm wrong SGT in 

needle or ovoid had a great effect on dose rate. In addition, we can see that the dose rate 

can be either higher or lower than the clinical dose rate when the wrong TL gets longer 

for applicators. This is because when wrong TL increased, the applicator of interest 

could be moved either closer to or further away from the detector, causing the dose 

being detected became higher or lower than the clinical plan. Similar pattern in change 
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of dose rate was found in the other patient as well. The table lists the dose rate values at 

each dwell position for calculation of PD in dose rate for both patients. 

Table 20. Percentage difference (%) in dose at each dwell position for all 

incorrect treatment length of Tandem 

Patient A Wrong Treatment Length (cm) 

Dwell 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 

1 12.5 26.8 49.1 78.8 106.9 163.2 231.0 359.6 507.7 736.1 965.7 1299.5 1514.5 1226.9 

2 11.4 29.3 55.5 87.5 131.1 205.0 288.1 450.4 608.9 892.6 1087.4 1227.2 1231.7 859.3 

3 15.8 36.8 65.2 111.9 173.0 269.7 367.2 554.9 733.5 1002.0 1069.6 967.5 843.5 557.6 

4 17.7 38.2 80.8 141.2 218.2 336.2 435.5 637.7 789.0 947.8 849.9 652.0 514.4 326.2 

5 16.7 49.7 102.5 176.8 259.1 390.3 489.6 658.2 716.8 716.5 572.6 387.6 285.4 176.2 

6 26.3 67.1 131.8 218.1 303.6 451.6 523.1 598.5 569.7 483.7 354.6 216.3 149.4 81.7 

7 31.6 76.7 147.8 234.0 319.8 450.7 457.0 438.9 358.0 265.4 176.9 94.7 50.9 13.4 

8 36.3 82.4 152.7 231.5 300.3 383.1 322.8 256.3 182.2 113.6 64.4 15.9 -9.8 -30.5 

9 38.6 81.0 153.8 210.6 236.0 251.7 181.1 112.4 63.9 23.5 -5.5 -32.1 -46.5 -56.9 

10 38.8 78.5 137.0 154.5 142.2 122.1 69.3 21.7 -6.0 -29.4 -45.1 -59.5 -67.5 -73.5 

11 42.6 70.9 100.6 81.5 58.0 31.9 0.0 -28.6 -44.8 -58.1 -66.8 -74.7 -79.5 -83.3 

12 38.3 45.8 48.8 18.3 -5.0 -24.4 -42.2 -58.1 -67.3 -75.0 -79.7 -84.0 -87.3 -89.2 

13 28.8 15.1 1.0 -25.4 -41.3 -54.0 -64.5 -73.9 -79.3 -83.9 -86.5 -89.6 -91.3 -92.7 

Patient B               
1 12.8 26.4 39.0 61.3 80.5 97.2 122.0 140.5 210.5 329.4 488.6 769.0 1174.9 1714.2 

2 11.4 23.1 43.4 62.0 80.6 102.3 117.9 183.5 290.4 428.7 628.9 949.8 1428.0 1836.9 

3 10.1 27.6 45.3 63.8 86.8 98.1 155.4 256.0 393.4 561.3 797.4 1159.6 1561.8 1679.3 

4 14.9 30.3 47.2 68.2 84.1 130.5 222.2 351.1 519.2 719.3 982.8 1280.3 1486.5 1285.7 

5 12.9 24.4 45.0 61.4 108.5 179.9 282.4 438.5 612.2 877.8 1107.8 1222.3 1140.4 841.3 

6 10.8 26.5 41.6 87.8 156.7 244.1 370.0 562.9 760.1 1015.9 1117.5 1000.3 773.0 538.9 

7 15.5 27.7 70.9 137.2 229.3 336.3 483.4 743.4 898.1 1048.2 946.2 722.9 509.9 333.2 

8 11.5 47.8 107.8 189.2 298.1 417.3 580.9 856.5 881.3 849.5 663.3 466.9 298.0 183.9 

9 32.2 88.0 165.4 270.4 404.4 532.2 672.4 874.0 739.0 619.6 436.8 288.5 173.8 100.4 

10 40.8 101.2 181.2 282.3 431.9 514.4 572.8 596.2 426.9 316.6 210.7 121.4 60.6 21.4 

11 42.6 104.3 178.0 265.2 392.7 390.6 363.7 304.2 191.6 124.1 66.2 22.5 -9.2 -30.1 

12 42.0 100.6 171.4 225.4 283.9 227.7 177.3 114.8 56.4 19.7 -9.4 -31.4 -48.1 -59.1 

13 36.7 95.3 143.6 158.2 144.9 91.0 51.6 14.8 -16.9 -34.7 -49.1 -60.7 -69.6 -75.4 

14 31.3 71.8 90.7 68.5 40.0 5.4 -18.4 -38.9 -54.4 -63.5 -71.1 -77.3 -81.9 -85.4 

15 21.9 38.2 25.0 -1.5 -23.7 -42.8 -56.1 -66.5 -74.2 -79.2 -83.2 -86.4 -89.2 -91.0 

According to Table 20, when the incorrect treatment length was only 0.5cm, PD in dose 

values were not greater than 20% until 6th dwell and 9th dwell for patient A and B, 

respectively. When incorrect treatment length was more than 1cm, PD values became 

higher than 20% starting at first dwell position. 

Table 21. Percentage Difference (%) in dose at each dwell position for incorrect 

treatment length of ovoids 

                                         Incorrect Treatment Length (cm) 

  Dwell 0.5 1.0 1.5 

Patient 

A 

 

Left 

Ovoid 

1 20.4 51.4 96.5 

2 21.9 60.6 109.7 

3 27.3 67.7 115.2 

4 -87.4 65.4 70.4 
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5 26.7 34.5 12.8 

 

Right 

Ovoid 

1 30.5 73.2 139.5 

2 33.3 77.0 139.9 

3 31.6 68.1 97.3 

4 28.6 38.8 29.5 

5 10.1 -0.2 -24.6 

Patient 

B 

 1 30.9 71.4 129.3 

2 30.3 76.2 119.1 

3 31.2 67.3 78.7 

4 2.4 3.3 -10.9 

5 1.2 -5.3 -28.9 

According to Table 21, even the smallest length (5mm) can be captured at the first dwell 

position by the NanoFOD for both patient A and patient B. 

Table 22. PD values (%) in dose at each dwell position for incorrect treatment length 

of needle 6 

                                          Incorrect Treatment Length (cm) 

Dwell 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

 

 

A 

1 14.1 30.9 33.1 52.1 90.2 147.2 204.3 280.4 

2 14.8 35.7 60.1 97.6 133.2 190.4 263.4 353.0 

3 17.4 41.4 69.7 114.3 152.7 216.6 284.4 324.6 

4 19.5 46.2 78.8 131.9 166.8 225.7 259.0 242.9 

5 21.1 50.3 89.2 147.9 166.5 200.5 194.9 146.8 

6 23.2 56.1 98.4 156.7 143.2 142.1 114.3 1559.3 

 

 

 

B 

1 18.4 51.3 88.4 145.5 228.5 349.9 545.6 818.9 

2 25.7 57.0 104.6 179.6 285.4 444.0 692.8 1044.8 

3 22.7 60.5 118.2 208.7 341.9 532.7 814.4 1135.9 

4 27.5 74.6 146.6 264.4 433.9 658.8 905.0 1053.5 

5 31.7 89.6 176.9 322.3 517.5 714.4 772.6 688.7 

6 34.5 106.8 207.3 368.6 536.2 583.1 465.2 337.5 

7 34.6 123.5 236.7 369.2 423.3 335.0 211.3 124.2 
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According to Table 22, the NanoFOD detected a higher than 20% PD at first dwell when 

incorrect treatment length was equal to or greater than 1cm. When the incorrect 

treatment length is 0.5cm, the system only detected the error at later dwell positions. 

When the connections from the applicators to the afterloader were swapped, doses were 

also significantly affected. Figures below show the dose rate curves for all possible ways 

of misconnections between applicators and the afterloader. 

 

Figure 32. Dose rate at each dwell position for the clinical plan (blue line) and wrong 

connections from the applicators to afterloader for Patient A 
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For patient A, when the connections from applicators to the afterload were 

swapped, all the dose rate curves were shifted with regard to the clinical dose rate curve 

except when the two ovoids were swapped (Figure 32). For patient B, all the wrong 

connections caused dose rate curve shift, including the wrong connection between the 

two ovoids. 
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Figure 33. Dose rate at each dwell position for the clinical plan (blue line) and wrong 

connections from the applicators to afterloader for Patient B 

 

Table 23. Percentage difference (%) in dose for patient A when connections 

were swapped 

 
Dwell Needles Ovoids Left 

Needle 

and Left 

Ovoid 

Tandem 

and 

Ovoids 

Tandem 

and 

Needle 

 

 

 

 

Tandem 

(#1) 

1 0.0 0.0 0.0 -36.4 298.1 

2 0.0 0.0 0.0 -28.2 179.1 

3 0.0 0.0 0.0 -20.9 19.6 

4 0.0 0.0 0.0 -19.8 -23.6 

5 0.0 0.0 0.0 -25.7 -59.0 

6 0.0 0.0 0.0 106.4 -75.9 

7 0.0 0.0 0.0 161.8 24.4 

8 0.0 0.0 0.0 217.6 66.8 

9 0.0 0.0 0.0 231.9 88.9 

10 0.0 0.0 0.0 247.2 104.5 

11 0.0 0.0 0.0 245.6 101.8 
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12 0.0 0.0 0.0 115.3 -57.8 

13 0.0 0.0 0.0 12.9 -47.6 

 

Left 

Ovoid 

(#2) 

1 0.0 7.1 -75.3 149.2 135.5 

2 0.0 6.3 -87.3 11.8 107.6 

3 0.0 -2.3 -95.8 -48.5 96.8 

4 0.0 -5.9 -97.6 -73.5 -79.4 

5 0.0 2.7 -98.8 -84.5 -80.7 

 

Right 

Ovoid 

(#3) 

1 0.0 -6.7 -96.6 0.0 -15.0 

2 0.0 -6.0 -34.1 0.0 -32.4 

3 0.0 2.4 -28.6 0.0 -41.3 

4 0.0 6.2 -24.9 0.0 -44.2 

5 0.0 -2.6 -29.9 0.0 -56.1 

 

 

Needle 

#4 

1 43.1 0.0 269.3 0.0 232.8 

2 135.1 0.0 85.0 0.0 1395.3 

3 25.0 0.0 227.3 0.0 2574.0 

4 22.6 0.0 265.8 0.0 2694.8 

5 -6.2 0.0 343.7 0.0 2656.8 

6 2.1 0.0 342.0 0.0 1774.8 

Needle 

#5 

1 -47.3 0.0 0.0 0.0 0.0 

2 -53.8 0.0 0.0 0.0 0.0 

 

Table 24. Percentage difference (%) in dose for patient B when connections 

were swapped 

 
Dwell Needles Ovoids Left 

Needle 

and Left 

Ovoid 

Left 

Needle 

and Right 

Ovoid 

Tandem 

and Left 

Ovoid 

Tandem 

and Right 

Ovoid 

Tande

m and 

Left 

Needle 

 

 

 

 

 

 

 

Tandem 

(#1) 

  

1 0.0 0.0 0.0 0.0 -44.1 4.9 -39.6 

2 0.0 0.0 0.0 0.0 -36.8 14.3 -23.3 

3 0.0 0.0 0.0 0.0 -16.3 45.2 2.1 

4 0.0 0.0 0.0 0.0 3.8 74.7 124.5 

5 0.0 0.0 0.0 0.0 148.3 334.5 362.3 

6 0.0 0.0 0.0 0.0 2516.7 1363.9 621.4 

7 0.0 0.0 0.0 0.0 2872.6 1777.4 725.9 

8 0.0 0.0 0.0 0.0 2201.0 1824.9 985.8 

9 0.0 0.0 0.0 0.0 2299.4 2390.5 1232.1 

10 0.0 0.0 0.0 0.0 785.1 2097.4 1251.8 

11 0.0 0.0 0.0 0.0 335.4 885.1 1243.7 
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12 0.0 0.0 0.0 0.0 154.0 731.8 1158.3 

13 0.0 0.0 0.0 0.0 5.2 298.1 85.8 

14 0.0 0.0 0.0 0.0 -69.0 84.8 5.9 

15 0.0 0.0 0.0 0.0 -84.9 -44.8 -17.9 

 

Left 

Ovoid 

(#2)  

1 0.0 87.5 96.4 0.0 -77.3 -28.0 363.7 

2 0.0 81.0 113.1 0.0 -86.9 -55.2 315.5 

3 0.0 73.6 68.9 0.0 -88.6 -71.2 -79.7 

4 0.0 68.3 89.8 0.0 -88.6 -85.2 -83.9 

5 0.0 75.0 -6.6 0.0 -91.1 -90.5 -85.1 

 

Right 

Ovoid 

(#3)  

1 0.0 -46.7 2.4 1.5 0.0 -88.9 -69.8 

2 0.0 -44.7 -46.2 7.7 0.0 -93.3 -75.2 

3 0.0 -42.4 -66.8 -13.3 0.0 -93.8 -82.4 

4 0.0 -40.6 -51.8 -20.3 0.0 -93.6 -88.1 

5 0.0 -42.9 -62.5 -48.1 0.0 -94.8 -94.6 

 

 

 

 

 

 

Needle 

#5 

1 3.0 0.0 2639.3 975.2 0.0 0.0 26.7 

2 -10.8 0.0 2579.3 494.0 0.0 0.0 35.3 

3 63.6 0.0 55.0 -7.6 0.0 0.0 343.8 

4 3.2 0.0 -19.6 -52.2 0.0 0.0 110.0 

5 44.6 0.0 -5.5 -40.7 0.0 0.0 92.2 

6 60.8 0.0 -42.4 8.0 0.0 0.0 18.6 

7 92.0 0.0 -37.9 12.4 0.0 0.0 -22.5 

8 -82.3 0.0 -36.8 9.7 0.0 0.0 -27.8 

9 -80.8 0.0 -40.2 0.6 0.0 0.0 -30.7 

10 -83.3 0.0 -49.9 -12.4 0.0 0.0 -56.6 

 

 

 

Needle 

#6 

1 193.0 0.0 244.9 244.9 0.0 0.0 120.2 

2 140.0 0.0 299.7 299.7 0.0 0.0 48.9 

3 31.5 0.0 1188.8 1468.4 0.0 0.0 -3.0 

4 24.3 0.0 961.0 1052.1 0.0 0.0 -35.6 

5 20.0 0.0 561.5 553.8 0.0 0.0 -57.1 

6 7.9 0.0 261.5 234.6 0.0 0.0 -72.5 

7 2.6 0.0 85.6 67.7 0.0 0.0 -81.9 

 

Table 23 and table 24 offer the quantitative comparison of the difference in dose per 

dwell. All the wrong connections produce a higher than 20% PD in dose at certain dwell 

positions, except for switching the connections between the two ovoids for patient A. 
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This is because the two ovoids were almost identically loaded, switching them did not 

changed the dose rate per dwell, but only slightly changed the dwell time. For patient B, 

switching the connections between two ovoids, left needle and left ovoid, tandem and 

left ovoid, tandem and left needle were noticed at first dwell (Table 24). However, the 

wrong connections between two needles, left needle and right ovoid, and tandem and 

right ovoid did not produce greater than 20% PD until the 3rd, 5th and 3rd dwell, 

respectively.  In addition, if the wrong connection happened at earlier channels (such as 

in tandem which is in channel 1), all the subsequent dwells will be affected. 

 

Figure 34. Dose rate curves for the a) clinical plan, wrong digitization direction in b) 

tandem, c) left ovoid and d) left needle for Patient A.  
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Figure 35. Dose rate curves for the a) clinical plan, wrong digitization direction in b) 

tandem, c) left ovoid and d) needle #6 for Patient B.  

Figure 34&35 show the dose rate when the digitization direction is incorect. When the 

digitization direction was reversed, the signal coming from the applicator became too 

low to be detected by the NanoFOD. Therefore in the figures above, the dose rate from 

the applicator of interest were missing, which was a strong indication of incorrect 

treatment. 

 When incorrect step size was used (Figure 36 & 37), PD was not greater than 20% 

until few dwell positions into the treatment for tandem and ovoids according to Table 25 

& 26. For tandem, wrong step size was not noticable until the 3rd dwell for both patient 

A and B. Wrong step size in ovoids was captured at second dwell for both A and B while 

in needle, the PD was higher than 20% starting at 1st dwell.   
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Figure 36. Dose Rate at each dwell position for the clinical plan (blue line) and wrong 

step size for Patient A 

 

Figure 37. Dose Rate at each dwell position for the clinical plan (blue line) and wrong 

step size for Patient B 
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Table 25. Percentage difference (%) in dose for patient A for wrong step size 

 Dwell Tandem Left 

Ovoid 

Needle  

 

 

 

 

Tandem 

(#1) 

1 0.0 0.0 0.0 

2 11.7 0.0 0.0 

3 34.9 0.0 0.0 

4 72.3 0.0 0.0 

5 154.4 0.0 0.0 

6 279.0 0.0 0.0 

7 389.0 0.0 0.0 

8 314.3 0.0 0.0 

9 115.0 0.0 0.0 

10 -8.8 0.0 0.0 

11 -59.6 0.0 0.0 

12 -80.8 0.0 0.0 

13 -89.7 0.0 0.0 

 

Left 

Ovoid 

(#2) 

1 0.0 0.0 0.0 

2 0.0 36.8 0.0 

3 0.0 106.0 0.0 

4 0.0 82.9 0.0 

5 0.0 -34.8 0.0 

 

Right 

Ovoid 

(#3) 

1 0.0 0.0 0.0 

2 0.0 0.0 0.0 

3 0.0 0.0 0.0 

4 0.0 0.0 0.0 

5 0.0 0.0 0.0 

 

 

Needle 

#4 

1 0.0 0.0 0.0 

2 0.0 0.0 20.7 

3 0.0 0.0 59.9 

4 0.0 0.0 124.0 

5 0.0 0.0 249.3 

6 0.0 0.0 382.0 

Needle 

#5 

1 0.0 0.0 0.0 

2 0.0 0.0 0.0 
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Table 26. Percentage difference (%) in dose for patient B with wrong step size 

 Dwell Tandem Left 

Ovoid 

Right 

Ovoid 

Needle  

 

 

 

 

 

 

 

Tandem 

(#1) 

 

 

1 0.0 0.0 0.0 0.0 

2 11.1 0.0 0.0 0.0 

3 25.8 0.0 0.0 0.0 

4 40.8 0.0 0.0 0.0 

5 52.2 0.0 0.0 0.0 

6 144.6 0.0 0.0 0.0 

7 337.8 0.0 0.0 0.0 

8 648.9 0.0 0.0 0.0 

9 875.8 0.0 0.0 0.0 

10 456.1 0.0 0.0 0.0 

11 124.5 0.0 0.0 0.0 

12 -8.9 0.0 0.0 0.0 

13 -59.9 0.0 0.0 0.0 

14 -80.8 0.0 0.0 0.0 

15 -90.3 0.0 0.0 0.0 

 

Left 

Ovoid 

(#2) 

 

1 0.0 0.0 0.0 0.0 

2 0.0 37.4 0.0 0.0 

3 0.0 78.4 0.0 0.0 

4 0.0 23.5 0.0 0.0 

5 0.0 -49.9 0.0 0.0 

 

Right 

Ovoid 

(#3) 

 

1 0.0 0.0 0.0 0.0 

2 0.0 0.0 34.3 0.0 

3 0.0 0.0 67.0 0.0 

4 0.0 0.0 -12.8 0.0 

5 0.0 0.0 -50.5 0.0 

 

 

 

 

 

 

Needle 

#5 

1 0.0 0.0 0.0 0.0 

2 0.0 0.0 0.0 0.0 

3 0.0 0.0 0.0 0.0 

4 0.0 0.0 0.0 0.0 

5 0.0 0.0 0.0 0.0 

6 0.0 0.0 0.0 0.0 

7 0.0 0.0 0.0 0.0 

8 0.0 0.0 0.0 0.0 

9 0.0 0.0 0.0 0.0 

10 0.0 0.0 0.0 0.0 
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Needle 

#6 

1 0.0 0.0 0.0 81.5 

2 0.0 0.0 0.0 160.5 

3 0.0 0.0 0.0 306.6 

4 0.0 0.0 0.0 607.9 

5 0.0 0.0 0.0 837.9 

6 0.0 0.0 0.0 381.5 

7 0.0 0.0 0.0 72.2 
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3. Project 2 – Investigation of Contour-based 
Deformable Image Registration (cbDIR) of pre-
brachytherapy MRI (pbMRI) for target definition in HDR 
cervical cancer treatments 

3.1 Motivation 

At Duke University, MRI-guided brachytherapy is implemented to guide the 

HDR brachytherapy portion of the treatment of patients with locally advanced cervical 

cancer. In the clinical flow, patients have a pre-brachytherapy MRI taken and have both 

MRI and CT taken with applicator in situ for each of the prescribed HDR brachytherapy 

fractions. However, although MRI-guided brachytherapy has been recommended as the 

gold standard for treating cervical cancer patients, the use of MRI in the U.S., and even 

more so in many parts of the world, is limited by practical factors [6]. Therefore, using 

the target defined on 1st fraction MRI as a gold standard, in the second part of thesis 

investigates the role of contour-based deformable image registration of the pbMRI in 

target definition for HDR cervical cancer treatments. 

3.2 Brachytherapy for cervical cancer  

Cervical cancer refers to a malignant epithelial tumor that locates in the uterine 

cervix. Ideally, through human papilloma virus (HPV) vaccination, routine screening 

and precancerous treatment, the majority of cervical cancer cases can be precluded [11]. 

However, due to limited medical resources such as adequate screening protocols in 

developing countries, cervical cancer is still one of the most common cancers in women 
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[11, 12]. The main cause of death among women with cervical cancer is uncontrolled 

disease within the pelvis [12]. To increase the dose of radiation in pelvic disease, for 

locally advanced cervical cancer, the standard of care consists of pelvic external beam 

radiation therapy (EBRT) with concurrent chemotherapy and brachytherapy [11]. This 

standard treatment provides a way to boost pelvic dose and improve local control of 

pelvic disease, but it also requires good treatment plans to ensure escalated dose 

delivery to the disease region only as the cervix is surrounded by dose-limiting normal 

tissues which will have severe late complications with too much dose. 

Historically, cervical cancer brachytherapy planning followed the Manchester 

intracavitary system dated back in 1938 which makes dose prescription base on point A 

[13,14]. The point A is defined at the crossing of uterine vessels and ureter, which forms 

a pyramidal shaped area and is the main dose limiting region. By planning based on 

point A, the same dose-rate will be delivered to the pyramidal area to form a classic 

pear-shape dose distribution regardless of the applicators design, loading techniques 

and arrangement [13, 14]. This is the first system to quantify and calculate dose to the 

normal tissues. Because of its simplicity and compatibility at the time with limited 

imaging modalities, point A prescription was soon adapted in clinical practice. Later on, 

the definition of point A was revised to accommodate the improvement of imaging 

modalities (using orthogonal radiographs), but the essence of point A dose prescription 

remained the constancy of dose rate at the point A [15].  
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The point A prescription, however, does not take into account the actual location 

and of the tumor and OARs in relation to the applicator, since orthogonal radiographs 

do not provide good soft tissue contrast and the pelvic region is filled with body tissues 

and organs. CT scans became heavily involved with brachytherapy planning because its 

high availability and better soft tissue contrast than traditional radiographs. Target 

volume can be defined on CT and brachytherapy was moved from 2D radiograph based 

to 3D CT based [15]. Soft tissue imaging is the best with MRI. In addition, unlike EBRT, 

brachytherapy calculation relies on inverse square law which does not need CT for 

electron density information. Because of its superior soft tissue visualization and ability 

to detect subtle abnormalities, in 2005, the GEC-ESTRO working group led by Haie-

Meder proposed using MRI for high-risk clinic volume (HRCTV) assessment before and 

during the brachytherapy [6]. This HRCTV has considered the risk of recurrence and has 

been used to substitute point A for planning purposes. Several studies has investigated 

MRI-guided brachytherapy treatments for cervical cancer and provided evidence in 

support of the GEC-ESTRO guidelines. The EMBRACE studies suggested that MRI-

guided brachytherapy leads to excellent local control, pelvic control, overall survival 

rate and cancer specific survival rate [24,25,26].  

Current international recommendations suggested using 3 tesla (3T) MR with T2-

weighted, fast-spin-echo (FSE) or turbo-spin echo (TSE) sequences to assist target 

delineation. Gross tumor appears as high signal intensity masses with such sequences 
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and HRCTV can be contoured with ease [16]. Clinical outcomes have proved that MRI 

guided brachytherapy allows dose escalation to the HRCTV while sparing OARs [17, 

18]. Retrospective studies in 2017 and 2019 showed that for two large cohorts of patients 

with locally advanced cervical cancer treated with MRI-guided brachytherapy, low rates 

of severe acute or late toxicity and excellent rates of local control were found [17, 18]. 

3.3 Practical issues with MRI IGBT 

 The use of MRI during brachytherapy is restricted by many factors. In the 2014 

survey carried out by the American Brachy Therapy, obtaining an MRI continues to be a 

challenge for many centers. The survey also points out that, many centers, even though 

have access to some forms of 3D imaging, continue to use point A for final dose 

specification. This suggests that many centers are not ready to switch over to volumetric 

dose prescription because they are more likely to be treating small volumes [6]. In 

addition, having an MRI scan will increase the cost of the treatment and also increase the 

duration of the treatment. 

3.4 Specific aims and goals  

While so many practical factors restrict the wide use of MRI with each 

brachytherapy fraction, a pre-brachytherapy MRI (pbMRI) scan is almost always 

feasible. This project proposes a modified workflow that can be implemented for centers 

without MRI access in the radiation oncology department. The aims of this project is to 

1) study the HRCTV generated by the alternative workflow, 2) compare the HRCTV 
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generated to the original HRCTV drawn by physicians and 3) understand the feasibility 

of using the new HRCTV for planning purposes (not detailed here) [19]. 

 

3.5 DIR- based HRCTV study 

At Duke, a pbMRI is taken close to the end of the external beam treatment, before 

the brachytherapy boost. Then at each fraction of brachytherapy, a CT and a MRI scan 

are taken with the applicator in situ for planning. While a pbMRI can be highly available, 

a MRI scan at each fraction with applicators in situ is not possible in many clinics. 

Therefore, this retrospective project will investigate the possibility of generating 

HRCTVs through deformable image registration (DIR) using the diagnostic MRI and the 

CT of the first HDR fraction.  

There are two types of DIR algorithms involved in this study:  intensity and 

contour-based. Intensity-based DIR calculates squared error, correlation or mutual 

information between each pixel of the source and target images. By minimizing squared 

error or maximizing either correlation or mutual information, the two image sets are 

matched [20]. Intensity-based DIR is easy to implement due to simple calculation. 

However, it is better for the same imaging modality as intensity of voxel would vary 

intensively among different modalities. In addition, the pelvic region is crowed with soft 

tissue such as rectum, prostate and bladder, it will be difficult to deform using intensity-

based DIR [21]. Therefore, cbDIR is chosen for this project. Contour-based DIR matches 
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one contour of the source image to another on the target image by minimizing the 

difference between two contours (such as sum of square of distances from each point on 

one contour to the nearest point on the other contour) [20]. According to MIM technical 

support, while MIM 6.7.3 uses cbDIR, which is  based on selecting landmark points on 

the surface of the contours, hcbDIR in MIM 6.8.11 implemented hybrid of contour-based 

and intensity-based DIR using all the points on the contour surface.  

3.5.1 Materials and methods 

At Duke, a subset of patients with locally advanced cervical cancer treated with 

T&O applicators were studied in this project. A pbMRI was taken to assess tumor 

regression and location after EBRT. For each HDR fraction, after applicators insertion, 

both a CT and a MRI scans was taken. The MRI scans were performed on a Siemens 3T 

scanner (Skyra, Siemens Healthcare, AG, Germany), located in the Radiation Oncology 

Department at Duke, using a thorax phased array coil.  After a localization scan, two 

sequences were used: 1) an axial T1 weighted 3D spoiled gradient recalled (spgr) 

sequence to be used for applicator-based registration with CT (FOV = 30 cm, 1 mm 

isotropic voxels, TR= 3.7 msec, TE = 1.33 ms); 2) an axial T2 weighted 3D sequence for 

HRCTV delineation (FOV = 30 cm, 3mm slices, TR = 2000 msec, TE = 121 msec). Three –

dimensional coronal and sagittal reconstructions are generated from the ax T2W scan, 

through the plane of the uterus.  
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Figure 38. The workflow used to generate dHRCTV using two DIR methods 

Applicators digitization is performed on CT while contouring of HRCTV and OARs was 

performed on MRI of the day. To generate HRCTV based on pbMRI and CT, the 

following process was followed (Figure 38). First, a uterus contour was drawn on both 

pbMRI and the CT of the first fraction. This is a structure that can be easily identified 

and contoured on both MRI and CT. It is used to facilitate the contour-based DIR 

process. HRCTV was also defined on pbMRI by physicians for each patient. Next, both 

pbMRI and CT were import into MIM (MIM software Inc., v6.7 and v6.8) for contour-

based DIR and hybrid-contour-based DIR. A rigid image registration (RIR) based on the 

uterus contour on both image sets was performed to roughly align the image sets. Then, 

a contour-based and a hybrid of intensity-based and contour-based DIR (cbDIR and 

hcbDIR) was performed to further match the uterus and bring the HRCTV on pbMR 
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image set to the CT image set. After this step, a new HRCTV (pbHRCTV) was 

transferred from the MRI to the CT image. 

The strength of this study is that we have a true HRCTV (gtHRCTV) contoured 

on the 1st fraction MRI that was used as a reference. To compare dHRCTV versus 

gtHRCTV, Dice Similarity Coefficients (DSC) and Hausdorff Distance (HD) were 

calculated. The uterus contour deformed during the process was also compared to the 

uterus contour on the MRI of the day using DSC and HD.  DICE is calculated as 

followed: 

 

The DSC [22] range from 0 to 1, where 0 indicates there is no overlap between the two 

contours, 1 indicates a total overlap, and anything between 0 and 1 indicates partial 

overlap (Figure 38). 
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Figure 39 – The DSC for no overlap, partial overlap and total overlap [22] 

The HD is calculated as 

 

The HD is evaluating the maximum length of the shortest distances from one point on a 

contour to the point on the other contour [22]. The higher the HD, the worse the 

mismatch is on the boundaries of the contours.  

To study the feasibility of using dHRCTV for planning, new plans were 

generated by physicians based on dHRCTV and then were evaluated against the clinical 

plans, as well as the plans based on CT only, using D98 (dose to 98% of the volume) and 

D90 (dose to 90% of the volume) to HRCTV, as well as D2cc (dose to 2cc of the organs) 

to organs at risk (OARs). This part of the investigation was performed by an MD 

resident and the detail is not included here [19]. 

Customized workflows in MIM v6.7 and v.6.8 were designed to perform all the 

registration and deformable metrics calculations. The difference in DSC and HD 

between contour-based DIR and hybrid-contour-based DIR was studied. The end 

products of the registration workflow can vary from user to user based on individual’s 

experience and from time to time for the same user. Therefore, using a subset of patients, 

this project also studied: 1) the inter-user variability by having two users performing the 

registration process; 2) the intra-user variability by performing DIR twice by the same 

user.  
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Student t-test was used to exam the difference between two groups/approaches, 

and Bland-Altman plots were generated using MedCalc (MedCalc Software, 

https://www.medcalc.org/download.php) to visualize the agreement between users and 

between trials. On a Bland-Altman plot, the average of two groups is on the x-axis and 

the difference of the two groups on y-axis.  

 

3.5.2 Results and discussion 

Thirty-four patients were analyzed in this study. The pbMRI scan was acquired 

on average 5.9+/-3.8 days before first HDR fraction. 

Generation of dHRCTV and dUterus 

The figures below show examples of acceptable and substandard deformation of 

dHRCTV. Figure 40 shows that uterus on CT (yellow) and pbMRI (purple) was used as 

an aiding structure for RIR and DIR. The six panels from top to bottom, left to right are 

1) 1ST fraction CT, 2)pbMRI, fusion of CT and pbMRI 3)before RIR, 4)after RIR, 5)before 

DIR and 6)after DIR. For an accurate deformation, DSC was high, and HDwas low. The 

volumes of dHRCTV and gtHRCTV were similar. 
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Figure 40. An example of acceptable deformation of dHRCTV. The uterus was 

contoured on bCT1 and pbMRI. HRCTV was contoured on pbMRI as well.  

 

Figure 41. An example of substandard deformation of dHRCTV. The uterus was 

contoured on bCT1 and pbMRI. HRCTV was contoured on pbMRI as well.  

For substandard deformation (Figure 41), after the workflow the dHRCTV had 

small DSC; indicating the overlap between dHRCTV and gtHRCTV contours was 

limited. The HD was high since there was more mismatch at the boundaries. However, 

the volumes of dHRCTV and gtHRCTV remained similar.  
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Evaluation of dHRCTV and dUterus using DSC and HD 

The tables below include statistics about dHRCTV and dUterus. DSC for uterus 

structure and HRCTV increased slightly from cb-DIR to hcb-DIR. There was also an 

improvement of HD for uterus structure using the hybrid method, however, the median 

HD max for HRCTV got a little worse. 

Table 27. DSC and HD statistics for the HRCTV_deformed and Uterus_deformed 

through contour-based DIR 

dHRCTV vs gtHRCTV  dUterus vs gtUterus  
Median DSC 0.64(IQR 

0.52-0.71) 

Median DSC 0.90(IQR 

0.88-0.93) 

Median HD_Max 1.37cm 

(IQR 1.1-

2.3cm) 

MedianHD_Med 0.09 cm 

(IQR 0.08-

0.1cm) 

 

Table 28. DSC and HD statistics for the dHRCTV and dUterus through hybrid-

contour-based DIR 

dHRCTV vs gtHRCTV  dUterus vs gtUterus  
Median DSC 0.68(IQR 

0.52-0.71) 

Median DSC 0.93(IQR 

0.92-0.94) 

Median_HD_Max 1.39 cm(IQR 

1.1-1.6cm) 

Median HD_Med 0.08 cm(IQR 

0.06-0.09cm) 

 

Figure 42 plots the median DSC and HD_Max for the uterus using cbDIR. A poor 

registration resulted in both a low DSC and a high HD_Max metric. Using patient 16 as 
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an example, for dHARCTV, higher DDC value corresponded to lower median HD value 

(Figure 43). 

 

Figure 42 DSC and maximum HD for uterus (cbDIR) 

 

Figure 43. DSC and maximum HD for HRCTV (cbDIR) 
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cbDIR versus hcbDIR 

 

Figure 44. A Bland-Altman plot showing DSC values for uterus between two DIR 

methods 

Figure 44 is showing the the DSC values for uterus generated by two DIR methods by 

the same user. Most of the DSC values are scattered around 0.9 and there is a 0.03 

increase from hcbDIR to cbDIR in terms of DSC. 
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Figure 45. A Bland-Altman plot showing DSC values for HRCTV between two 

DIR methods 

Figure 42 shows the DSC for HRCTV between cbDIR and hcbDIR. The DSC generated 

using cbDIR is on average lower than that of hcbDIR, indicating there is a small 

improvement from cbDIR to hcbDIR. 

 

Inter-user and intra-user variability 
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Figure 46. A Bland-Altman plot showing the DSC values for HRCTV generated by 

two users. 

 

Figure 47. Results showing the DSC values for HRCTV generated by two trials 

of cbDIR by the same user 

According to Figure 46 and Figure 47, mean differences between two users or 

two trials by the same users were very small. This indicates that the process was 

relatively user-independent. The following figures (Figure 48 a) to c)) are showing the 
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deformation outcome by a) user 1 using cbDIR; b) user 2 using cbDIR and c) user 2 using 

hcb DIR. As it is shown in the figures, the deformations are almost identical. 

a)  

b)  
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c)  

Figure 48. Examples of comparing the deformation product between users and trials. 

a) User 1 with cbDIR; b) User 2 with cbDIR; c) User 2 with hcbDIR.  

To further understand if there’s an improvement in DIR using the hybrid 

method, student t-tests were performed on DSC obtained from both versions. The p-

value for DSC is 0.18 and 0.00007 for HRCTV and uterus. These values indicate that DSC 

generated for HRCTV using hybrid-contour-based DIR is not statistically significant 

different from DSC using contour-based DIR.  However, for uterus, the improvement is 

significant.  

Student t-tests were also performed to exam inter- and intra-user variabilities. 

The results shown in the table below suggested that there was very limited inter- or 

intra-user variability found in DSC because all p-values are not statistically significant 

(Table 29).  

Table 29. P-values from student t-tests on dice similarity coefficient 

 Inter-User Intra-User 
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Variability Variability 

dHRCTV V.S. 

gtHRCTV 

P=0.53 P=0.77 

dUterus V.S. 

gtUterus 

P=0.46 P=0.70 

 

Plan evaluation 

Investigators in the same group conducted a further study to investigate the use of 

dHRCTV for planning purposes and compare to a CT_based HRCTV and clinical plans 

[19]. Based on D90 and D98, the dHRCTV based plans provide a similar coverage to the 

true plan. The CT-based plans have lower coverage on the target in general. 

 

Figure 49. Comparison of D90 between clinical plans and dHRCTV-based 

plans 
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Figure 50. Comparison of D90 between clinical plans and CT-based plans 

 

According to Figure 49and 50, the difference in terms of D90 between clinical plan and 

dHRCTV-based plans is smaller than that between clinical and CT_based plans. The 

mean coverage of clinical plans is slightly lower than that of dHRCTV plans, but is much 

higher than CT-based plans. In addition, we found a linear decreasing pattern on both 

plots. The trend indicates that while the clinical plans have a relatively stable D90, D90 

from CT-based and dHRCTV-based plans varied significantly. Similar trend was found 

in D98 as well; the dHRCTV-based plans are more comparable to clinical plans and 

provide better coverage. 
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4. Conclusions 

4.1 Project 1 

Real Time HDR Cylinder Test and TPS-based Simulation of Treatment Errors 

Using the 20% error detection threshold, the NanoFOD system was able to detect errors 

when the wrong cylinder size, wrong SGT and wrong template were used, all at the first 

dwell position. For subtle errors such as small incorrect catheter insertions, the real-time 

system can detect errors starting with the second or third dwell position. Overall, the 

nanoFOD can catch potential gross errors in clinical HDR. 

The Labview interface is a good tool to use for real time tracking of the delivery. When 

the treatment is correct, the agreement between predicted and measured signal strength 

is very strong. When errors exist, the system can display large discrepancies at very 

early stage of the treatment.  

In general, the TPS simulation is a good representative of the experiment results. TPS 

simulation predicted comparable discrepancies to PD obtained from experiment 

measurements when wrong cylinder size and wrong source guide tube was used. For 

step size errors and catheter insertion errors, the discrepancies predicted from TPS 

simulations did not agree with the PD based on measurements at the first and second 

dwell positions. The discrepancy got smaller for later dwell positions. For wrong insert 

positioning scenarios, the uncertainty in positioning the insert during experiment 
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significantly affect the outcome. This uncertainty is the main reason that simulation-

based PD did not agree with experiment-based PD.  

The discrepancies at dwell positions closest to the source can be due to the small size of 

the NanoFOD. Even with the smallest slice thickness of CT acquisition, it was hard to 

determine the exact location of the NanoFOD tip. This uncertainty at closest dwell 

positions will only be greater in more complex experimental setups; therefore only TPS-

based simulations were performed to help us understand the limits of detectability of 

the NanoFOD system in more complicated settings in the following section. 

 TPS Simulation for T&O-based Applications 

Using the 20% error detection threshold, the NanoFOD can capture all simulated gross 

errors within the first few dwells into the treatment, indicating it is capable of real-time 

verification of T&O HDR brachytherapy. The only error that the system couldn’t catch is 

the wrong connection between two similarly loaded ovoids applicators, which is an 

error that could happen in clinic, but would not have as much as influence as other 

mistakes. Although the two plans are different in planning and positioning of 

applicators, the NanoFOD was able to capture the all the errors for both patients and 

even at similar dwell positions regardless of the differences. This indicates the 

positioning of the NanoFOD is ideal because it makes the detectability of the system 

relatively independent of the applicator orientations. 
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4.2 Project 2 

Overall, generating HRCTV based on pbMRI can be a good alternative to MRI-guided 

HDR brachytherapy planning because and it can serve as a good starting point for 

HRCTV definition for HDR planning in the absence of MRI with applicators in-situ. The 

mean and median DSC based on uterus contours in both DIR methods are both high, 

indicating uterus is a robust intermediator that can be used to aid DIR process. In 

addition, limited inter-user variability and intra-user variability were found during the 

contour-based DIR, indicating this workflow relatively user independent.  
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Appendix A – MATLAB CODE 

%% Single Channel: Convert TPS Coordinates to Voltage vs Time 

Plot 

% Author: Michelle Rokni 

% This code takes reference point and dwell coordinates and 

converts them 

% to a NanoFOD signal (V) vs time plot.  

% Modified 10/09/2018. Added ballester table option and changed 

final 

% equation for dose rate -- Sydney 

% Modified 10/23/2018. Edited the dose rate equation and re-

defined along 

% and away in the system. 

clear all 

close all 

  

%Ask user for number of dwells used and calibration factors 

%  prompt = 'How many dwells are used in this treatmnet?'; 

%  dwells = input(prompt); 

dwells=9; 

%Ask user for current source strength 

%  prompt = 'What is source strength?'; 

%  Activity = input(prompt); 

Activity=6.531; 

% %Ask user for calibration factors for the NanoFOD 

%  prompt = 'What is the Calibration Factor A for NF1 ?'; 

%  A = input(prompt); 

%  prompt = 'What is the Calibration Factor B for NF1?'; 

%  B = input(prompt); 

 A = 0.5911; 

 B = -0.738; 

%Either TG-229 or Ballester are used for the dose rate vs 

distance.  

%Our treatment planning system uses Ballester. 

%Values from TG-229 (distance to dose rate curve) 

%  xx=12.55;  

%  yy=-1.991; 

%Values from Ballester. 

xx=12.814 

yy=-2.011 

  

%Import TG-229 Along and Away Table (Table XVII) 

%Units in cGy/hr/U 

% TG229=xlsread('TG229'); 

% along=xlsread('along'); 

% away=xlsread('away'); 
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   % RefPointCount=0; 

   % x = 0; 

   % y = 0; 

   % z = 0; 

   % time=0; 

   % RefPointMatrix=[]; 

     

%Import Ballester Along and Away Table  

%Units in cGy/hr/U 

TG229=xlsread('Ballester'); 

along=xlsread('along_ballester'); 

away=xlsread('away_ballester'); 

    RefPointCount=0; 

    x = 0; 

    y = 0; 

    z = 0; 

    time=0; 

    RefPointMatrix=[]; 

     

     

%Import Varian Information from fle 'NanoFOD.txt' 

    text=textread('Plan_WrongCylinder.txt','%s','delimiter','\n'); 

  

%Find point coordinates from TPS file for reference point and 

each dwell 

for ind = 1:size(text,1) 

    % moves to each line 

    currentLine = text{ind,1}; 

    % see if each line includes the following strings, if so, add 

the 

    % numbers after it into a matrix 

    if     strfind(currentLine,'$RefPointX : ') 

        RefPointCount=RefPointCount+1; 

        

RefPointMatrix(RefPointCount,1)=str2double(currentLine(14:end-3));   

    elseif strfind(currentLine,'$RefPointY : ') 

        

RefPointMatrix(RefPointCount,2)=str2double(currentLine(14:end-3));      

    elseif strfind(currentLine,'$RefPointZ : ') 

        

RefPointMatrix(RefPointCount,3)=str2double(currentLine(14:end-3));      

    elseif strfind(currentLine,'$PlanCalibrationStrength : ') 

        %Plan Calibration Strength 

        aks=str2double(currentLine(27:end-12));  

    elseif strfind(currentLine,'$DwellCoordinateX : ') 

       x=x+1;  

       dwellcoordinatex(x)=str2double(currentLine(20:end)); 

    elseif strfind(currentLine,'$DwellCoordinateY : ') 
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       y=y+1;  

       dwellcoordinatey(y)=str2double(currentLine(20:end));    

    elseif strfind(currentLine,'$DwellCoordinateZ : ') 

       z=z+1;  

       dwellcoordinatez(z)=str2double(currentLine(20:end));    

    elseif strfind(currentLine,'$DwellTime_s : ') 

       time=time+1;  

       dwell_time(time)=str2double(currentLine(15:end));  

    end 

end 

  

%determine the time for each dwell based on treatment activity 

dwell_time=dwell_time*(10/Activity); 

    refpointx=RefPointMatrix(1,1); 

    refpointy=RefPointMatrix(1,2); 

    refpointz=RefPointMatrix(1,3); 

  

%     refpointx=-4.92; 

%     refpointy=-1.58; 

%     refpointz=0.18; 

%determine along and away value of reference point 

r_ref=sqrt(refpointx^2+refpointy^2); 

  

TG229value=[]; 

%Calculate dose rate for each dwell 

for i=1:dwells 

    %determine along and away value of each dwell 

    r(i)=sqrt((refpointy-dwellcoordinatey(i))^2+(refpointz-

dwellcoordinatez(i))^2); 

    z(i)=dwellcoordinatex(i)-refpointx;   

    %Determine TG-229 value in units of cGy/hr/U 

    TG229value(i)=interp2(away, along, TG229, r(i), z(i));   

    %calculate dose rate for each dwell in units of cGy/s 

    DoseRate(i)=TG229value(i)*aks*2.78*10^-4; 

end 

  

%calculate total time (good for one needle only) 

sumt= sum(dwell_time); 

SampleTime=sumt; 

  

%% Determine dose rate for every second of treatment time (s) 

t=round(dwell_time(1)*100); 

TimePoints = round(100*dwell_time(1))*ones(t,1); 

DoseRates=DoseRate(1)*ones(t,1); 

for i = 2:dwells 

    z= round(100*dwell_time(i)); 

    DoseRates = cat(1, DoseRates, DoseRate(i)*ones(z,1)); 

end 
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mstime=round(sumt*100); 

  

TimePoints=[]; 

for i=1:mstime-1 

    TimePoints(1,i+1) = i; 

end 

  

DosevsTime=[]; 

DosevsTime(:,1)=TimePoints/100; 

DosevsTime(:,2)= DoseRates; 

  

%Plot calculated Dose Rate vs Times 

SS=10/Activity; 

plot(TimePoints/100, DoseRates) 

 xlabel('Time (s)') 

 ylabel('Dose Rate (cGy/s)') 

  

%Calculate treatment signal (V) from dose rate values 

  

Treatment_Signal=abs(((((DoseRates/xx).^(1/yy))/A).^(1/B))/SS); 

  

VoltagevsTime(:,1)=TimePoints/100; 

VoltagevsTime(:,2)=Treatment_Signal; 

  

%Plot voltage vs time plots 

figure(3) 

plot(TimePoints/100, Treatment_Signal) 

    xlabel('Time (s)') 

    ylabel('Voltage (V)') 

  

%Write calculated voltage and time values to a file 

%dlmwrite('exp_truth.txt', VoltagevsTime,'delimiter','\t'); 
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