
i 

 

 

ADVANCEMENTS IN INTERSTITIAL 

BRACHYTHERAPY 
 

 

 

 

 

 

 

 
 

 

 

 
SUBMITTED BY 

 

SHAHID BASHIR AWAN 

 

 

 

 

DEPARTMENT OF PHYSICS 

 

UNIVERSITYOF THE PUNJAB 

 

LAHORE, PAKISTAN 

 

 

2010 
 



ii 

ADVANCEMENTS IN INTERSTITIAL 

BRACHYTHERAPY 
 

 

 

 

 

A RESEARCH THESIS SUBMITTED TO  

UNIVERSITY OF THE PUNJAB IN PARTIAL FULFILLMENT OF 

THE REQUIREMENT FOR THE AWARD OF DEGREE 

OF 

DOCTOR OF PHILOSOPHY PHYSICS 

 

 
 

 

 
SUBMITTED BY 

 

SHAHID BASHIR AWAN 

 

 

 

DEPARTMENT OF PHYSICS 

UNIVERSITYOF THE PUNJAB 

LAHORE, PAKISTAN 

2010 

  



iii 

 

 
TITLE:  ADVANCEMENTS IN INTERSTITIAL 

BRACHYTHERAPY 
 

 

 

 

 

 

 

 

SUPERVISOR:  

 

 

1. Dr. Manzoor Hussain  

Professor (R),  

Department of Physics  

University of the Punjab,  

Lahore, Pakistan. 

 

 

CO-SUPERVISORS:  

 

1. Dr. Ali S Meigooni,  

Professor,  

Department of Radiation Medicine,  

Kentucky University,  

Lexington, KY, USA 

 



iv 

CERTIFICATE 

 

 

This is to certify that the research work presented in this thesis is completed by Mr. 

Shahid Bashir Awan, PhD student at Department of Physics, University of the Punjab, 

Lahore, Pakistan. Research work of this thesis is carried out at Department of Radiation 

Medicine, University of Kentucky USA.  Thesis is approved for submission.  

 

 

Supervisor 
 

Dr. Manzoor Hussain,                                 ____________________________ 

Professor (R),  

Department of Physics  

University of the Punjab,  

Lahore, Pakistan. 

 

 

 

Co-Supervisor 

Dr. Ali S Meigooni,                                    _______________________________ 

Professor,  

Department of Radiation Medicine,  

Kentucky University,  

Lexington, KY, USA 

 

  



v 

 

STATEMNT 
 

This thesis is submitted at Department of Physics, University of the Punjab, Lahore, 

Pakistan for the award of Ph.D degree. Research work of this thesis is carried out at 

Department of Radiation Medicine, University of Kentucky USA and does not contain 

any material that has been submitted for the award of any other degree or diploma in any 

other University. List of publication and presentations is given in Appendix. 

 

 

 

 

 

 

 

         Shahid Bashir Awan 

  



vii 

ABSTRACT  
 

In recent years, interstitial brachytherapy implantation has become the treatment 

of choice for early stage prostate cancer patients. The popularity of this modality is due to 

the fact that five-and ten-year disease control rates using brachytherapy are equal to those 

of surgery, whereas, the toxicity and side-effects are perceived to be lower. Recently, a 

true linear source model RadioCoil™
103

Pd has been introduced to overcome the 

shortcomings of traditional ―seed‖ type interstitial prostate brachytherapy implants, such 

as migration and clumping of the seeds. However, the existing prostate treatment 

planning systems and TG-43U1 have not been updated to perform dose calculation and 

parameterization respectively, for implant with linear sources greater than 1.0cm in 

length.  Due to these limitations, the innovative design of RadioCoil™103Pd could not be 

fully implemented for clinical applications. 

In this research, treatment planning aspect of elongated RadioCoil™
103

Pd sources 

is investigated. In addition, accuracy of existing TG-43U1 recommended dosimetric 

parameters in polar coordinate systems, a modification in radial increment to improve the 

accuracy and modification of TG-43U1 parameterization in to cylindrical coordinate 

systems is also investigated.  

This work resulted in a calculational method and modification in TG-43U1 

parameters for accurate dose calculation around elongated sources.  Experimental, 

Thermolumenance Dosimetry TLD and Monte Carlo simulation techniques were 

employed in this investigation. This work was successfully completed and led to a new 

Task Group, TG-143 from American Association of Medical Phyicists in Medicine, 

AAPM,   to provide guidelines for clinical application of elongated sources and extend 

our findings for other elongated sources. 
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CHAPTER 1 

PROSTATE CANCER AND ROLE  

OF IMAGING TECHNOLOGIES 

 

Prostate Cancer is an increasingly common diagnosis in men > 50 years old. In the 

mid to late 1980s only one third of prostate cancers were diagnosed at curable stages 

(Smith, et al, 1999, Hoedemaeker, 2000). Introduction of the prostate specific antigen 

(PSA) has made earlier detection of this disease possible and now around 80% of prostate 

cancers are staged clinically as organ-confined and potentially curable. As a consequence, 

a decrease in mortality rate over the past few years has been observed (Bartsch, et al, 

2000, Etzion, et al, 1999).  

 

1.1 Prostate 

 

The term "prostate," originally derived from the a Greek word prohistani, which 

means "to stand in front of," and has been attributed to Herophilus of Alexandria who 

used this term in 355 BCE to describe the small firm gland located in front of the rectum 

(Kirby, et al 1996). In adult men, normal prostate gland (Figure 1-1) is of the size of a 

walnut (1½ inches long and weighs around 1 once), located inbetween urinary bladder 

and rectum, surrounding the upper part of the urethra (Kiyoshima, et al, 2004). The main 

function of the prostate gland is to secrete a milky, alkaline fluid (one of the components 

of semen) into the urethra at the point of ejaculation (Mauroy, et al, 2003, Jochen, et al, 

2007). 

  

(a) (b) 

Figure 1-1: Structural view of the prostate gland (a), Side view of the prostate gland 

showing anatomical location as compared to rectum and bladder (b). 
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In the adult, prostate gland size is maintained through a homeostatic balance 

between the process of cell renewal (proliferation) and cell death (apoptosis). This 

balance is regulated by hormones secreted by the endocrine system, mainly androgens, of 

which testosterone is the major circulating form. The prostate gland is divided into sub 

zones (Myers, et al, 2006) as described below. 

 

1.2 Zonal Anatomy of Prostate 

 

McNeal first described prostatic zonal anatomy, dividing the gland into peripheral, 

central, and transitional zones based on differences in structural and functional 

characteristics (McNeal, 1968, McNeal, 1981). These glandular zones are best described 

as per their relationship to the urethra and the surround ejaculatory ducts (Lee, et. al. 

1989).  

The central zone is a conical region and constitutes about one quarter of the gland 

volume. This cone of glandular tissue envelops the ejaculatory ducts, continuing from the 

seminal vesicles and vasa deferentia, as well as their accompanying blood vessels and 

lymphatics. Technically, the prostate capsule does not sheath these ducts and vascular 

structures continue on their course through the surrounding glandular tissue of the central 

zone.  

The peripheral zone of the prostate gland surrounds the prostate gland and 

constitutes about 80% of the prostate volume. Around 80% of prostate cancer originates 

from the peripheral zone of the prostate gland (Bartsch et al, 2000). It comprises the 

posterior, lateral, and distal parts of the prostate gland bordered at its lower anterior face 

by the capsule. Tumors in this region can readily escape the prostate into the trapezoid 

area.  

The inner most part of the prostate gland surrounding the urethra is termed as the 

transition zone and makes up about 5% of the glandular volume. The transition zone, 

along with the central zone, begins to enlarge as men pass 40 years of age. Around 10% 

of prostate cancers are found in this region. It is separated posteriorly from the peripheral 

zone and superiorly from the central zone by the surgical capsule. Because of the 

immediate proximity to the urethra, the enlargement of this part of the gland can cause 

difficulty in urination or ejaculation (Jochen, et al, 2007).  Enlarged gland with increased 
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prostate specific antigen (PSA) is an indicator of prostate cancer. Depending upon 

histopathology examinations, prostate cancer can be divided into three parts.  

 

1.3 Types of Prostate Cancer  

 

Depending upon histopathology and originating cells, there are three main types 

of the cancer found in prostate cancer, (a) adenocarcinomas, (b) Leiomyosarcoma, and (c) 

rhabdomyosarcoma.   

 

1.3.1 Adenocarcinomas 

Ninety-five percent of prostate cancers are adenocarcinomas which arise from 

glandular tissue.  Adenocarcinoma is the type of cancer developed from epithelial cells. 

Epithelial cells compose the inner and outer surface of organs so that things stay separate 

and generally useful (Barry et al, 2001).  Microscopic passageways in a prostate gland are 

lined by epithelial cells which in fact produce the prostate contribution to the ejaculate 

and large amount of prostate specific antigen (PSA) (Mauroy, et al, 2003, Jochen, et al, 

2007).  

Epithelial cells need to replace themselves because like all things that provide a 

useful function, they wear out and die. New prostate cells are produced by maturation and 

division of certain cells (basal cells) which lie beneath the epithelial cells. Cancer starts 

when the dividing mechanism is disturbed somehow and the cells multiply, not to serve 

as useful replacements, but just grow uncontrolled (Penson, et al, 2003). In the case of 

cancer, the cells start dividing and multiplying at rate faster than they are needed. They 

are no longer law-abiding prostate cells serving the needs of the prostate and the general 

good of the body. They accumulate in bunches and no longer form the tubules that they 

were supposed to. They are now outlaw carcinoma (cancer) cells. 

As the tumor grows it takes up a larger portion of the prostate and eventually may 

spread outside the border of the prostate (the "capsule") and eventually into adjacent 

organs (local spread).  Prostate cancer cells may infiltrate into the blood stream and 

thereby gain access to other parts of the body. This may lead to the formation of tumors in 

distant parts of the body, a process called metastasis (Coley et al, 1997). 

 

http://www.malecare.com/
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Figure 1-2:  Cross-sectional view of Prostate (a), Prostate containing cancer (b). 

 

The extent to which the cancer spreads is determined by a variety of tests 

including the digital rectal exam and imaging studies (ultrasound, MRI, bone scan, CT, 

PET, etc). These modalities help to classify the extent of the disease. On the other hand, 

the grading of the tumor is a measure of the aggressiveness of the tumor as it appears 

under the microscope. The clinical stage of a malignant tumor of the prostate is typically 

classified using the 2002 American Joint Committee on Cancer (AJCC) Tumor, Node, 

and Metastasis (TNM) Staging System for Prostate Cancer (Quintal et al, 2002).  

 

1.3.2 Leiomyosarcoma 

Leiomyosarcoma belongs to a group of cancers called soft tissue sarcomas. 

Sarcomas are the cancers that develop in the supporting or connective tissues of the body 

(such as muscle, fat, nerves, blood vessels, bone, and cartilage). This type of the cancer is 

developed from the involuntary muscles. These muscles are found in walls of blood 

vessels, heart, stomach etc and we have no control on the movement of these muscles. 

This is a very rare type of cancer and most people with leiomyosarcoma will be over the 

age of 50 (Schaeffer, et al, 2000). Another type of cancer found in prostate is known as, 

Rhabdomyosarcomas. This type of cancer is rarely found in the prostate gland. 

Rhabdomyosarcoma belongs to a group of cancers called soft tissue sarcomas that grow 

in the active muscles of the body.  

Prostate cancer is a normally slow growing tumor and prior to the introduction of 

Prostate Specific Antigen (PSA) most prostate cancer patients were diagnosed at Stage 

III; a contributing factor to increased mortality and complications. Recent advances in 

prevention and early detection, refinements in surgical technique and improvements in 

adjuvant radio-therapy and chemotherapy have reduced the complications associated with 

 

 

 
(a)  (b) 
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this disease. Baade et al, 2004 recently reviewed international trends in prostate cancer 

mortality and reported significant reductions in prostate-cancer mortality in the UK, USA, 

Austria, Canada, Italy, France, Germany, Australia and Spain with downward trends in 

the Netherlands, Ireland and Sweden (Baade et al, 2004). Early detection of this disease, 

as a consequence of introduction of the prostate specific antigen (PSA) has been 

acknowledged by the National Cancer Institute (NCI) as one factor contributing to 

lowering the mortality rate over the past few years (Bartsch, et al, 2000, Etzioni, et al, 

1999, Hankey, et al, 1999).   

 

1.4 Role of Imaging Technologies to Monitor Prostate Cancer 

 

Imaging is becoming increasingly important in the diagnosis and monitoring of 

the regression of prostate tumor after treatment. Imaging modalities plays a key role in 

selection of treatment type, as well as treatment planning and staging since the 

development of radiography of the axial skeleton. The menu of available imaging options 

is continuously evolving in response to changes in clinical care, scientific discoveries, and 

technologic innovations. At present, transrectal ultrasound, (TRUS), Magnetic Resonance 

Imaging (MRI), computer assisted Tomography (CT), radionuclide bone scanning, and 

Positron Emission Tomography (PET) are the available tools employed at different levels 

in the treatment and detection of prostate cancer. Each modality has advantages, 

disadvantages, and specific indications associated with it (Gilligan, et al, 2002). In the 

following sections, the role of these modalities in the detection of prostate cancer, local 

and distant staging, and tumor monitoring is discussed.  

 

1.4.1 Transrectal US 

The introduction of the 7-MHz ultrasound probe proved a major advance in the 

detail and reproducible imaging of prostate gland. Its superior sensitivity in comparison to 

digital rectal examination (DRE) in identifying abnormalities of the prostate gland gave 

initial hope that it would prove to be the definitive prostate imaging modality (Scardino, 

1989). A major strength of the transrectal ultrasound study (TRUS) is its ability to 

distinguish the zonal anatomy of the prostate gland.  
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Figure 1-3: Ultrasound images of prostate gland showing hypo echoic cancer nodule in 

left peripheral zone. Black arrows on the images point the lesion in the axial (a) and 

transverse slice (b) images are taken from (Hricak, 1998). 

 

In order to evaluate sensitivity and specificity of ultrasound in detection of 

prostate cancer, many investigators have compared ultrasound examination with 

pathology seen in tissue specimens. (Shinohara, et al, 1989, Miller, 1989, Hamper et al, 

1990, Lile, et al, 1990, Shinohara et al, 1989). The peripheral zone, where most prostate 

cancers arise, is made up of fairly uniform glands producing a finely stippled ultrasound 

echo pattern. The presence of tumor with crowded cells and compressed or disrupted 

acini reduces these microscopic interfaces, producing a relatively hypoechoic region. The 

more poorly differentiated the tumor (the more cellular and less glandular), the more 

hypoechoic the ultrasound appearance. The borders of the tumor will be infiltrative, with 

mixed normal and malignant elements and result in a relatively iso-echoic region 

(Shinohara et al 1989). Shinohara et al, compared 98 prostatectomy specimens with the 

corresponding preoperative ultrasounds (Shinohara et al 1989). They reported that 66 of 

the cancers were hypo-echoic and were distinguished by ultrasound, whereas, 31 out of 

98 cases were isoechoic and could not be seen on preoperative ultrasound.  

Various investigators reported that, some palpable cancers are not visible at US, 

and some visible cancers are not palpable (Chang et al 1990, Cooner et al, 1991, Scardino 

et al, 1989).  As a diagnostic test for cancer, transrectal US without biopsy is as accurate 

as DRE and complements the physical examination. Many cancers detected at biopsy are 

not visible at US (low sensitivity) and many hypoechoic areas do not prove to be 

malignant at biopsy (low specificity); therefore, transrectal US alone, without the addition 

of biopsy, has limited value in the detection of prostate cancer. However, Transrectal US 

is used to measure the volume of the prostate gland (Stilmant, et. al, 1993), an important 

factor in computing ―PSA density‖ (serum PSA level in nanograms per milliliter divided 

by the volume of the prostate in cubic centimeters).  
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US play a major role in the management of prostate cancer, not least because of its 

wide availability and relatively low cost. Of course, the advantages of transrectal US 

(flexibility and relatively low cost) are balanced by its limited ability to define the 

prostate cancer in situ.  

 

1.4.2 CT Imaging 

In the past CT has widely been used in patients with newly diagnosed prostate 

cancer. CT‘s low sensitivity in differentiation among different type of soft tissue, CT has 

virtually no role in detection of prostate cancer or primary tumor staging. Various 

investigators reported varying level of sensitivity of CT for the detection of lymph node 

metastases. Wolf et. al, published sensitivity of CT in the range of 36% (Wolf et. al, 

1995). In another study, Walsh et al, reported 85% sensitivity and 67% specificity 

(Walsh, et al, 1980), whereas, Rorvik et al reported specificity as low as 25% (Rorvik , et 

al, 1998). Using a size criterion of 0.6cm or larger, Oyen et al found a sensitivity to 

be78% and a specificity of 97% by (Oyen et al, 1994). The same study also reported a 

specificity of 100% for CT combined with CT-guided fine-needle aspiration biopsy. CT 

is found to be useful as a baseline examination in high-risk patients with clinically 

apparent, grossly advanced local disease. However, the majority of patients with newly 

diagnosed localized prostate cancer are at low risk for metastases, and the diagnostic yield 

of CT is low in these patients (Wolf, et al, 1995). In the past CT has also been used to 

monitor bone metastases, but bone scanning and MR imaging has been found to be 

superior to CT in the diagnosis of bone metastases (Taoka, et al,2001, Traill, et al,1999).    

 

1.4.3 MR Imaging 

MR imaging plays an important role in detection of prostate cancer and tumor 

regression after the implication of certain treatment modality. MR imaging is 

recommended only if cancer is suspected despite negative transrectal US and biopsy 

findings. MR imaging also contributes in local and distant staging and has gone through 

several phases of popularity.  

At present, optimal MR imaging of prostate cancer for detection and local staging 

requires the use of an endo-rectal coil in conjunction with a pelvic phased-array coil on a 

mid- to high- field-strength magnet. Thin (3.0mm) sections and a small (14.0cm) field of 

view are required to obtain sub-millimeter resolution T2-weighted images (Hricak et al, 

1994).  Detection of prostate cancer at MR has been most effective for tumors located in 
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the peripheral zone. A recent study evaluated the performance of two experienced readers 

of prostate MR images in the detection of transition zone tumors with endo-rectal MR 

imaging; sensitivity and specificity were 75% and 87%, respectively, for reader 1 and 

80% and 78%, respectively, for reader 2, and detection improved significantly when 

tumor volume was 0.77 cm
3
 or greater (Akin, et al, 2006). It has been found that post 

biopsy hemorrhage may hamper tumor detection in the prostate, leading to either under- 

or over estimation of tumor presence and local extent. The imaging appearance depends 

on the length of time between the biopsy and MR imaging at present has a longer delay of 

6–8 weeks recommended (Qayyum, et al, 2004). MR imaging has shown significant 

incremental value to both DRE and transrectal US-guided biopsy for each in cancer 

detection and localization in the prostate (Mullerad, et al, 2005). Two studies (Mullerad,et 

al,  2004, Wang , et al, 2004) of the same patient population that used pathologic findings 

from a radical prostatectomy specimen as the standard of reference found that endo-rectal 

MR contributed significant incremental value to clinical variables in the prediction of 

ECE. Reports of the accuracy of MR imaging in staging prostate cancer have ranged from 

54% to 93% (Schnall , et al, 1991, Rifkin, et al, 1990, Bernstein , et al, 2000), raising 

concerns about interobserver variability. On the whole, the accuracy of endorectal MR in 

local staging has improved with time, most likely due to the maturation of MR 

technology (eg, faster imaging sequences, more powerful gradient coils, and post 

processing image correction), better understanding of morphologic criteria used in 

diagnosis and increased reader experience. Prostate MR spectroscopic imaging adds 

specificity to MR imaging in the detection of prostate cancer and allows assessment of 

tumor metabolism. MR spectroscopic imaging displays the relative concentrations of 

chemical metabolites within a small volume of interest or voxel.  

 

1.4.4 Radionuclide Bone Scanning 

Radionuclide bone scanning has no role in prostate cancer detection or local 

staging; however, bone metastases is a common complication associated with prostate 

cancer, and bone scanning continues to be the mainstay of diagnosis of initial spread of 

cancer to bone. Spread of prostate cancer is less in patients with PSA level less than 10 

ng/mL and it has been found that chances of a positive bone scan are less than 1% (Lin et 

al, 1999). However, if PSA level is 10–50 ng/mL, the incidence of a positive bone scan 

increases to about 10%, and with PSA level above 50 ng/mL, it increases to about 50%. 

The radionuclide bone scan is a sensitive method for detecting osseous metastases, 
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especially osteoblastic metastases. The most common appearance is of a focal area of 

increased tracer uptake, usually in the axial skeleton, related to host osteoblastic bone 

response to tumor invasion. In the evaluation of 1403 patients with prostate cancer, bone 

scans were 28% more sensitive than conventional radiographs in detection of metastatic 

skeletal lesions (Palmer, et al, 1996). Radionuclide bone scanning can also be used to 

assess the response to treatment, as uptake usually decreases after chemotherapy, 

hormone therapy, or radiation therapy if a response is obtained. In recent years, positron 

emission tomotherapy is increasingly evolving in radiation therapy. Many radiation 

oncology centers are now equipped with CT, PET scanners to evaluate the regression of 

tumor as an outcome of certain treatment modality.  

 

1.4.5 PET Imaging 

Role of Positron imaging tomography in detection of prostate cancer is limited. 

PET uses compounds labeled with positron-emitting radioisotopes to detect pathologic 

processes (Phelps, et al, 2000). Most clinical PET studies to date have been performed 

with the glucose analogue fluorine 18 (18F) fluorodeoxyglucose (FDG). Cancers have 

increased metabolism and use the less-efficient glycolytic pathway, both of these lead to 

increased glucose analogue uptake (Weber, 1977). The magnitude of the elevated FDG 

uptake and accumulation in tumors is commonly expressed by the standardized uptake 

value, defined as the ratio of activity per unit mass in the lesion to the administered 

activity per unit mass in the patient. In the evaluation of prostate cancer, various 

investigators reported that there is no difference in tracer uptake between benign prostate 

hyperplasia and prostate carcinoma (Delbeke, et al, 1999, Effert, et al, 1996, Hofer, et al, 

1999). In support of the value of FDG PET Oyama, et al, reported an 83% sensitivity for 

the detection of primary prostate cancer. This study was performed in patients with 

advanced clinical stage and more aggressive cancers (Oyama, et al, 2002). Until recently, 

one of the limitations of PET for prostate cancer has been the use of filtered back-

projection algorithms for image reconstruction, which causes streak artifacts arising from 

the FDG-filled bladder and, hence, poor image quality. Newer iterative image 

reconstruction techniques, with noise-reduced segmented attenuation correction, may help 

to eliminate this problem.  

Basic prostate function and development can be easily investigated in laboratories 

using mouse and mouse studies. In addition, the key events in development and progress 

of prostate pathophysiology can be identified in these investigations.  
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CHAPTER 2 

GOAL OF THE PROJECT 

 

2.1 Initial Project 

 

Basic prostate function and development can be easily investigated in laboratories 

using mouse models.  There are some similarities between the human and mouse prostate 

which support the use of mouse models for studies. In addition, the key events in 

development and progress of prostate pathophysiology can be identified in these 

investigations. As the mouse does not spontaneously develop prostate malignancy, 

different transgenic strategies for in vivo tumor induction have been developed. In this 

regard several transgenic mouse models have recently been established for use in prostate 

cancer studies. 

Mouse models of prostate cancer not only provide the mechanism to conduct 

direct genetic tests on the contributions of selected factors from initiation through 

progression of tumor, but also allow the study of various pharmacological and diagnostic 

studies.  One key to realizing the full potential of such mouse models is the development 

of noninvasive imaging strategies with sufficient sensitivity and resolution to detect and 

monitor the early growth and therapeutic responses of tumors in an organ that is normally 

only a few millimeters in size. 

Currently, tumor image contrast is developed through the use of T2 relaxation. 

Prostate cancer is typically seen as an island of low signal intensity (indicative of a 

shorter T2 relaxation time constant for tumor) enclosed by high signal intensity (longer 

T2) from surrounding benign peripheral tissue (Schiebler, et al, 1989, Berman, et al, 

1998). However, MRI typically requires a long spin echo time (TE) to obtain sufficient 

cancer-to-normal prostate contrast because of a limited relaxation time constant 

differential between benign and neoplastic tissue (Berman, et al, 1998). The result is 

decreased signal-to noise ratio and loss of image definition, which in turn increases inter 

observer variance. T2-weighted MRI provides sufficient sensitivity for the detection and 

monitoring of large prostate tumors in mice, i.e., those with diameters greater than several 

millimeters (Abdulkadir, et al, 2001). An alternative to T2-weighted MRI is to develop 

image contrast. DWI has been used in both clinical and research settings for detecting 

cerebral (Sotak, et al, 1999, Rowley, et al, 1999, Provenzale, et al, 1999, Beaulieu, et al, 
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1999), as well as cancer-related pathologies (Gibbs, et al, 2001, Maier, et al, 1997, Gupta 

, et al, 2000, Chenevert, et 2000, Galons, et al, 1999). 

 

 

2.2 Advancements in Interstitial Brachytherapy 

 

During the last two decades, tremendous advancements in interstitial prostate 

brachytherapy have been observed. Despite these enormous improvements in the 

technical aspects of brachytherapy source design and treatment delivery, there remained 

several shortcomings in linear source dosimetry and treatment planning techniques.    

Although implants with the flexible 
192

Ir wires long exist and are widely used in 

Europe but no simple and unified treatment planning technique was adapted for isodose 

calculations for these sources.  To make the dose calculation more practical and unified, 

in 1995 the Task Group 43 of the American Association of Physicists in Medicine 

introduced two protocols (Nath et. al, 1995, Rivard et. al, 2004) (i.e. TG-43 and TG-

43U1).  The linear source approximation model of the AAPM Task Group 43 (TG43) 

protocol was implemented in commercially available treatment planning systems. 

However, both the original and updated protocols are based on experiences with 

conventional seed type sources with active lengths less than 1.0cm. Several investigators 

(Schaart et al, 2001, Meigooni et al, 2004, Meigooni et al, 2005) presented the limitations 

in the practical applications of elongated sources with the existing protocols.  

Recently, RadioCoil™ 
103

Pd sources (1.0cm to 6.0cm) have been introduced by 

RadioMed™ corp. to eliminate problems associated with seed type sources. Dosimetric 

characteristics of these sources were determined by Meigooni et. al (Meigooni et al. 

2004). They obtained dosimetric parameters of (0.5cm and 1.0cm) long sources following 

TG-43U1 recommendations (Rivard et. al, 2004). However, due to limitations of TG-

43U1 in defining 2D anisotropy function and unavailability of NIST calibration system 

(Meigooni et al, 2005) for brachytherapy sources greater than 1.0cm in length, they 

tabulated dosimetric parameters in along and away format for sources 2.0cm to 5.0cm in 

length (Meigooni et al, 2004). Since most of the commercially available treatment 

planning systems utilize TG-43U1 parameters for calculation of dose distribution around 

brachytherapy sources, dosimetric parameters of sources < 1.0cm in length could not be 
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utilized for treatment planning with commercially available treatment planning systems 

(Meigooni et al, 2005).  

The goal of this project is to introduce treatment planning procedure for interstitial 

brachytherapy implants with elongated sources. To achieve an accurate and more 

practical solution for elongated sources, various techniques have been examined. A brief 

description of these steps is given below. 

 

2.2.1 Treatment Planning with Elongated Sources an Interim Solution  

As an interim solution for treatment planning with elongated brachytherapy 

sources, two novel models have been introduced (Meigooni et al, 2005). Both of these 

models utilize TG-43U1 based parameters of 0.5cm or 1.0cm long sources in 

commercially available treatment planning systems to approximate dose distribution 

around elongated sources and are explained below.   

 

2.2.1.1 Linear Segmented Source Model(LSS Model) 

Dose distribution around an elongated linear source can obtained by superposition 

of the dose distributions from a series of 0.5cm or 1.0cm long source segments using line 

source approximation or 2D dose formalisms in prostate treatment planning systems.   

 

2.2.1.2 Point Segmented Source Model(PSS Model) 

As per this treatment planning model, dose distribution around a linear source can 

be calculated by superposition of dose distributions from a series of point sources with 

0.5cm or 1.0cm center to center spacing.  In these calculations, 1D dosimetric parameters 

(particularly the anisotropy function) of 0.5cm and 1.0cm long sources were used.  

Validity of these models and dose calculation methodology is explained in detail in 

Material and Method section of this dissertation.   

 

2.2.2 Adaptation of TG-43U1 Parameterization for Elongated Sources 

Pitfalls in TG-43U1 in defining 2D-anisotropy function and limitations of NIST 

calibration system for elongated brachytherapy sources were the main hindrances for 

clinical implemented of RadioCoil™ 
103

Pd sources. Therefore, in this project, attempts 

were made to resolve these pitfalls and introduce advancement in treatment planning of 

implants with elongated brachytherapy sources. In this pathway, some other 

shortcomings, such as the calibration of elongated sources had to be resolved.  Recently, 
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(Meigooni et. al, 2006) introduced an interim solution for calibration of elongated 

brachytherapy sources. The findings of these investigations eliminated one of the 

hindrances in experimental determination of TG-43U1 parameters for elongated 

RadioCoil™ 
103

Pd sources and led further advancement in parameterization and treatment 

planning with these source types. The following sections briefly describe various 

techniques employed in dosimetric parameterizations and treatment planning aspects of 

elongated brachytherapy sources.  

As a next step toward advancement in treatment planning with elongated 

brachytherapy sources adaptation of TG-43U1 parameters for treatment planning with 

elongated brachytherapy sources has been investigated. A detailed description for 

determining TG-43U1 parameters for elongated sources and using these parameters for 

dose calculation around elongated brachytherapy sources is explained in forthcoming 

chapters.  In addition, linear interpolation and polynomial interpolation techniques for 

extraction of data points for calculation of dose distribution has also been investigated to 

improve accuracy of dose calculation. 

 

2.2.3 Modification in Dosimetric Parameterization for Elongated Sources  

Dose distribution around elongated brachytherapy source is cylindrical in shape 

and dictates that adaptation of spherical coordinates based dosimetric parameters for dose 

calculation is not logical. As a next step to the advancement in interstitial treatment 

planning with elongated sources, application of TG-43U1 parameters modified in 

cylindrical coordinate system has been investigated for parameterization and dose 

calculation around elongated brachytherapy sources. Description of modified TG-43 

parameters in cylindrical coordinate system and their use for calculation of dose 

distribution around elongated brachytherapy is explained in forthcoming chapters.  

Inaddition, application of the linear segmented source (LSS) model in conjunction 

with the TG-43U1 parameters modified in cylindrical coordinate system has also been 

evaluated. Description of this methodology is described in detail in latter chapters. Use of 

TG-43U1 modified parameters with LSS model will lead to user friendly treatment 

planning system with minimum data required for treatment planning with various source 

lengths.  
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CHAPTER 3 

INTERSTITIAL PROSTATE BRACHYTHERAPY 

 

The word brachytherapy means short range therapy. It can be more appropriately 

defined as the treatment of abnormalities with ionizing radiation using sealed radioactive 

sources (Amico et al, 1996, Blasko, 2000). In this treatment modality sealed radioactive 

sources in the form of seeds, ribbon, needles or wires are inserted directly into the tumor 

(Interstitial Brachytherapy) or placed adjacent to the tumor in natural body cavity 

(Intracavatory Brachytherapy) (Syed and Feder 1977, Syed et al 2001). Low energy 

photon emitting (in the range of KeV) or high energy pure beta particle emitting radio 

nuclides  are suitable for brachytherapy applications in order to deliver high radiation 

dose to the tumor while minimizing radiation hazards to the adjacent normal tissue. 

Within the last decade, brachytherapy treatments have been widely expanded for the 

management of various tumor sites such as prostate, breast, and cervix.  

The prostate gland is located close to the intra perineal skin that it can be easily 

accessed by brachytherapy needles. All these features make the prostate ideal for 

interstitial brachytherapy (Middleton, 1995, Soga et al, 2007). The fundamental objective 

of the interstitial prostate brachytherapy is to use specially constructed sealed sources to 

obtain maximum therapeutic effect with minimum exposure to the patient‘s surrounding 

healthy tissue. Based on activity, dose rate, treatment techniques and energy of radio 

nuclides, brachytherapy implants of prostate can be divided into sub branches of 

permanent seed implantation and temporary high dose rate (HDR). 

 

3.1 Permanent Implants 

 

Prostate brachytherapy with permanent radioactive sources is becoming an 

increasingly popular treatment of choice for the patients with early stage prostate cancer 

(Hilaris, 1976; Holm, 1983; Woolsey et al., 2003).  Such interstitial therapy is attractive 

to patients (Rivard MJ and Nath R, 2006) due to the fact that it is an outpatient procedure 

and in many cases has been associated with lower long-term risks of urinary incontinence 

and impotence when compared to radical prostatectomy or cryotherapy (Mouraviev, et al, 

2006). The implantation of seeds is also less technically challenging for the physicians as 

compared to radical prostatectomy, and the procedure is better tolerated by the patients.  
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An important advantage of permanent implants is the rapid fall-off radiation 

around the radioactive sources that provide a steep dose gradient between prostate and 

surrounding tissues, e.g. rectum, and bladder. In addition, appropriate placement of 

radioactive sources within the prostate gland also reduces high radiation dose to the 

urethra. Another advantage of permanent prostate implants is that organ motion has no 

significant influence on the dose distribution, since the radioactive sources move along 

with the prostate. 

Although treatment of prostate cancer with radiation began in 1913 the cancer 

control rate was very low due to non uniform dose coverage and limitation of adjacent 

organs such as urethra, rectum and bladder etc. Due to these factors brachytherapy 

remained in decline until the developments of ultrasound (US). Introduction of ultrasound 

made it possible to visualize the prostate gland to determine the volume and place sources 

in order to deliver the required dose to the gland.  In 1983, Holm et al described the 

technique for transperineal implantation of seeds within the prostate gland using 

transrectal ultrasonography (Holm et al. 1983). The seeds were deposited within the 

prostate gland using needles inserted into the prostate through a perineal template, which 

standardized the implantation procedure.  

Recent developments in interstitial prostate brachytherapy are MRI guided 

prostate implant techniques, which have the advantage of more accurate prostate 

delineation as compared to ultrasound. However, practical problems occur such as not 

enough space in the MR scanner to perform the implant. Therefore, the patient has to be 

moved in and out of the scanner, which is time consuming (Schenck et al., 1995; Jolesz, 

1997).  

 

3.1.1 Patient Evaluation  

Interstitial brachytherapy is suited to the patients with a diagnosis of clinically 

localized prostate cancer; by definition all cancer is limited to the prostate gland. 

Therefore, the patients selected for seed implant as mono-therapy must have strong 

clinical, radiographic, and laboratory evidence of organ-contained disease as well as a 

correspondingly low risk of microscopic extra capsular metastases. Patient selection 

criteria for prostate brachytherapy can be divided into two groups.  
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3.1.2 Patient Factors Including Prostate Anatomy  

In the first group are factors which portend to influence significantly the side 

effects and morbidity associated with prostate brachytherapy. Large prostate size is 

believed to be a relative contraindication to brachytherapy due to concerns that 

implantation may be hampered by pubic arch interference and that such patients are at 

increased risk for urinary morbidity. Therefore, patients with a prostate volume of greater 

than 50 cc are often recommended not to proceed with brachytherapy or are placed on 

neo-adjuvant androgen ablation (Nag et al, 1999). 

 

3.1.3 Tumor Factors  

Tumor factors such as stage, grade, and prostate-specific antigen (PSA) are the 

key factors in selection of brachytherapy as a treatment for prostate cancer. The patients 

with a biopsy Gleason sum of less than 7, a pretreatment PSA level of less than 10 

ng/mL, and a clinical stage of less than T2b (Bostwick, et al, 1994, Quintal, et al, 2006) 

are recommended for interstitial brachytherapy alone as mono-therapy. However, for 

patients who are determined to be at risk for pelvic micro-metastases, a combination 

therapy (external beam radiation therapy and seed implantation) has been shown to 

improve long term biochemical disease free survival (Wadasaki et al, 2007). In the case 

of combination of external beam radiation and interstitial brachytherapy, typically 45Gy 

is given in 25 fractions as external beam radiation therapy and 108Gy or 98Gy with 

interstitial brachytherapy using 
125

I or 
103

Pd sources respectively. At present, the 

American Brachytherapy Society (ABS) recommends mono-therapy for patients with 

stage T1 to T2a, PSA 10 ng/ml or less, and Gleason score 6 or less (Nag, et al, 1999, 

Quintal, et al, 2006). Other factors, such as the presence or absence of perineural invasion 

also contribute in decision making for selection of treatment for prostate cancer.  

 

3.1.4 Implantation  

Dose planning is vital for the delivery of ionizing radiation to the prostate while 

minimizing the radiation exposure to the adjacent normal tissue. Currently there are two 

widely used techniques for permanent seed implantation. TRUS-guided brachytherapy is 

accomplished by preplanned or intra-operative planned techniques (ITP). However 

regardless of the technique used, both have the same goal to deliver a high radiation dose 

to the prostate gland while minimizing the radiation dose to adjacent structures. In both 

techniques, the patient is placed with his legs in the lithotomy position (Figure 3.1 (a)) 
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and an ultrasound (US) probe is placed in the rectum to obtain transversal and sagittal US 

images.  

  

 Figure 3-1: Shows planning images taken with TRUS at 5 mm intervals from base 

through apex. Most proximal image is 0.0 plane (zero plane) usually including base 

and/or start of seminal vesicles. 

 

3.1.5 Preplanning 

This approach is based on two stages; the initial visit consisting of a Transrectal 

ultrasound (TRUS) prostate examination acquiring images of prostate at 5-mm intervals 

from base to apex Figure 3-2(b).  

During TRUS examination, a urethral catheter filled with aerated jelly is passed 

through the urethra to allow for its identification. The volume study using TRUS, 

generating cross-sectional images of the prostate at 5-mm intervals are utilized for 

calculation of dose distribution around the prostate gland. The aggregate area represents 

the target volume, the perimeter of which will receive the prescribed minimum peripheral 

dose. Each of the cross sectional image is imported into the treatment-planning computer 

program, which creates a 3-dimensional model of the gland. The software allows 

interactive virtual placement of seeds within the prostate and superimposes the resultant 

planar isodose curves over all the images of the prostate‘s cross sections (Figure 3-2). 

Seeds are placed to ensure adequate coverage of the target volume while limiting the 

radiation dose to critical structures, such as bladder, rectum, and intraprostatic urethra 

In this technique, the plan for the placement of seeds within the prostate volume is 

created a few days or weeks before the implant procedure. When the patient returns, he is 

positioned similarly (Figure 3-1(a)) and preplanned images are approximated and the 

predetermined seed distribution is followed. The seeds are calibrated and preloaded into 
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the needles prior to the implant. The patient returns to the hospital 2–4 weeks later for the 

implantation of the radioactive sources. 

Preplanning volume study allows determination of prostate volume ahead of 

implant procedure. In case of prostate glands >50ml, hormone therapy, luteinizing 

hormone releasing hormone (LH-RH) analogue, for at least 3 months prior to 

implantation can be given to the patient to reduce the prostate volume to avoid any 

hindrance during the implantation procedure (Kucway, et al, 2002).  

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3-2:  2D images of prostate gland obtained using transrectal ultra sound (a). 

Contoured images for prostate gland, rectum and urethra for treatment planning(b), 

Placement of sources in different images(c), isodose distribution around the prostate 

gland(d) 
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3.1.6 Intra Operative Plan 

Improvements in the imaging technique and the introduction of computers in the 

operation room make it possible to plan the needles and the seeds distribution during the 

implantation, the so-called intra-operative plan (Nag et al., 2001). Intra operative 

planning is done in the operating room (OR). The patient is positioned in a similar 

manner as preplanning volume determination study. The major difference between the 

preplanning and intra-operative planning is that in the latter case the probe is not moved 

between the volume study and the seed insertion procedure. In case of intra-operative 

preplanning, creation of a plan is done in the OR just before the implant procedure, with 

immediate execution of the plan. This extends the operative time, as computerized 

dosimetry planning is performed following TRUS and under anesthetic. The advantages 

are that it does not require the patient to be placed in the exact position of the preplanned 

TRUS and minimizes the variations associated with this adjustment (Nag et al, 1999). 

Intra-operative planning is currently used in many centers. This technique helps overcome 

many of the limitations of the preplanning technique. Dosimetric feedback based on 

imaged needle positions can be used to modify the intra operative treatment planning.  

 

Figure 3-3:  Placement of sources within the prostate gland using transrectal ultrasound 

probe. 

 

 With all the techniques mentioned above, seeds are placed through 

percutaneously placed 18-G needles in the prostate, passing through the perineal template 

under TRUS guidance to observe 3D placement.  
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A catheter or aerated jelly once again identifies the urethra. Irrespective of implant 

technique, seed distribution within the prostate can be classified into two categories, each 

with its own advantages. Uniform seed distribution places a larger number of seeds 

evenly throughout the prostate. However, there is a higher central dose that could increase 

urethral complications. A second method of implantation involves a peripheral 

distribution, with a lower dose in the central region. For example, a typical peripheral 

loading technique for source placement involves 75–80% source distribution in the 

periphery and 20–25% source distribution centrally (Nag et al, 1999). This is a more 

precise technique, and small variations in seed location can significantly change the 

radiation dose. A smaller number of seeds are needed, and there is the benefit of reduced 

radiation to the urethra. 

During the procedure, the TRUS imaging helps to guide the physician during the 

placement of the needles. The seed placement, on the other hand, may be guided 

exclusively by x-ray fluoroscopy or by saggital TRUS imaging. Fluoroscopy imaging, 

typically oriented to provide A-P views of the prostate, provides information about the 

depth at which the seeds are placed. 

 

3.2 Evaluation and Quality Assurance  

 

The goal of any implant is to achieve the prescribed dose throughout the prostate. 

Several studies have documented better biochemical control in patients treated with 
125

I 

monotherapy who achieved a dose > 130-140 Gy as compared with patients whose dose 

fell below this range. Various studies support the hypothesis that higher-quality implants 

result in better cancer control (Nag et al, 1999). As brachytherapy has become more 

popular, many technical improvements have been added increasing the consistency and 

quality of the procedure (Nag et al, 1999, Rivard and Nath, 2006). Slight differences in 

techniques are in practice as many physicians perform this procedure and have made 

some technical advances. The developments in these techniques make it continuous 

evaluation necessary. Therefore, post implant dose calculations are needed to evaluate the 

quality of the prostate implants. The American Brachytherapy Society (ABS) has 

presented a guideline to measure the quality of permanent prostate implants in terms of 

the dose to 90% of the prostate volume (D90) (Nag et al., 1999). Stock et al. (1998) found 

that patients with a D90 > 140 Gy had a better treatment outcome than patients with D90 
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< 140 Gy. Although significant improvements have been observed in interstitial prostate 

brachytherapy during the last decade, certain limitations still exist with loose seed 

implants, such as seed migration and seed embolization (Nag et al, 1995, Older et al, 

2001). Moreover, clumping of loose seeds during the implant results in under-dosed or 

over-dosed regions in the prostate volume (Roberson et al, 1997, Dawson et al, 1994). 

Visibility of existing seeds under ultrasound has also been an issue for many years (Davis 

et al, 2003). In order to minimize the problems associated with conventional seed type 

brachytherapy sources, various advancements in interstitial brachytherapy have been 

made and are discussed in detailed in the forthcoming chapter.  

 

3.3 High-Dose Rate (HDR)  

 

The first interstitial use of ionizing radiation to treat prostate cancer was done by 

Pasteau in 1911 (Pasteau, 1911). He temporary placed radium needles into the prostate 

gland through transurethral (Prestidge, et al, 1998, Peneau et al, 1999). This technique 

could not be tolerated and widely accepted because of its crude nature. At present high 

radiation dose to the prostate is delivered prostate by placement of very tiny plastic 

catheters into the prostate gland, and then giving a series of radiation treatments through 

these catheters. A computer-controlled machine pushes a single highly radioactive 

iridium seed into the catheters one by one.  Since the dose rate from this tiny sources is 

high enough (235 - 469 Gy/hr at 1.0cm), it is termed as high dose rate brachytherapy 

(HDR). Placement of this source at different locations within the catheter and time of stay 

at particular place is controlled by computer to deliver the prescribed to the target 

volume. This technique allows delivery of high radiation dose to the tumor, helping to 

ensure that the urethra and rectum will receive a lower dose.  

Typically High-dose rate after loading machine uses a high activity (185 - 370 

GBq [5 - 10Ci]) 
192

Ir source to traverse in and around the tumor volume following a series 

of preprogrammed steps, irradiating the tumor with a very high dose rate (235 - 469 Gy/hr 

at 1.0 cm) in a short period of time. Typically the patient receives 3 to 6 treatments over a 

one to two week period. The benefits of this type of therapy include: (1) patients may 

receive this treatment as outpatients (improving patient comfort and quality of life), (2) 

the device may be used to treat several patients in one day, and (3) more elaborate 

treatment plans (e.g., external beam followed by HDR and then more external beam) may 
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be employed ensuring a higher probability of cure. In addition radiation hazards to the 

staff are minimal as compared to Low dose rate brachytherapy.  

In HDR brachytherapy, the radiation source leaves the patient at the end of each 

treatment session, it is termed as ―temporary‖ brachytherapy. Since it is not possible to 

deliver enough radiation with this technique in a single setting, several applications are 

required. Problems inherent with the HDR technique include difficulty in verifying tumor 

volume for each treatment and in stabilizing the catheters within the patient during 

treatment, and increased patient discomfort and inconvenience. Because of these and 

other concerns, including a lack of long term data regarding HDR brachytherapy in 

prostate cancer, very few centers in USA practice ―temporary‖ brachytherapy using the 

iridium 192 source (Prestidge, 1998, Nag et al, 1999, Rivard MJ and Nath R, 2006). 
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CHAPTER 4 

ADVANCEMENTS IN INTERSTITIAL PROSTATE 

BRACHYTHERAPY  

 

In recent years, interstitial brachytherapy implantation has become the treatment 

of choice for early stage prostate cancer patients (Prestidge, 1998, Bratt, 2006, Sylsvester 

et. al, 2001). Popularity of this modality is most likely due to the fact that five-and ten-

year disease control rates of brachytherapy are equal to those of the surgical and external 

radiation therapy, whereas, the toxicity and side-effects are perceived to be lower (Tward 

et al 2006). It has been estimated that up to 50% of patients with early stage prostate 

cancer are now treated with ultrasound-guided transperineal interstitial brachytherapy 

(Kaye, 1991, Aronowitz, 2002, Ding et. al, 2005, Guedea et. al., 2006, Machtens et. al, 

2006, Carey B, Swift S, 2007) with 
125

I or 
103

Pd radioactive seeds. The principal 

advantage of this technique is that the seeds can deliver a substantially higher radiation 

dose to the prostate and less radiation dose to the surrounding tissue compared with 

external beam irradiation (Ling, et al, 1995). Iodine-125, Pladium-103, and most recently 

introduced Cs-131 are the most suitable radiation sources for this treatment modality. 

These sources emit low energy photons and the dose falls quickly with distance and 

therefore the seeds deliver lower dose to the adjacent rectum and bladder (Nag et al, 

1995, Nag et al, 1999, Rivard et al, 2007).  

 

4.1 Historical Background of Prostate Brachytherapy 

 

First use of radiation for the treatment of prostate cancer was reported by Pasteau 

and Degrais in 1909. They reported that radiation use for the treatment of prostate cancer 

was carried out at the Biological Laboratory of Radium in Paris (Pasteau, et al. 1914) by 

insertion of a radium capsule into the prostatic urethra through a catheter.  

Later, in 1915, a new technique for the treatment of prostate cancer was 

introduced by Barringer at New York‘s Memorial Sloan–Kettering Cancer Center 

(MSKCC) (Barringer BS, et al. 1917). This interstitial implantation technique involved 

insertion of radium needles into the prostate gland. They inserted 4 to 6 inches long 

(radium) needles through the perineum into the prostate. A finger in the rectum of the 

patient was used to guide the needles. This treatment technique was named as 
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Brachytherapy in 1930 by Forssell in Sweden (Forssell, et al, 1931). Earlier this technique 

was limited to only Radioum-226. Quimby from New York introduced dose rate tables 

for calculation dose (Quimby, et al. 1932). Later, Paterson and Parker from Manchester 

introduced radiation dose tables (Paterson, et al. 1932).  

Although, brachytherapy at that time was very crude and limited to insertion of 

radium/radon seeds into the prostate gland, prostate cancer did show good response to this 

treatment technique. However, brachytherapy did not gain popularity due to 

complications associated with high energy emissions from radium, like irritation to the 

bowel. In addition, structural rigidity of radium needles resulted in excessive personnel 

radiation doses to the physicians and their support staff (Quimby 1956, Simon 1965) that 

worked as de-motivating factor to accept this treatment modality. Due to these reasons, 

during mid-20th century clinical brachytherapy practices were mainly limited to 

gynecological brachytherapy procedures at that time, other interstitial brachytherapy 

remained in decline till early 1950s. 

Flocks et al from Iowa State University (Flocks at, el, 1960) introduced a new 

source, Au-198 (radioactive gold), for the treatment of prostate cancer in 1951. He 

injected Au-198 in the form of colloidal solution directly into the prostate gland.  

Although this technique showed a low mortality and morbidity, it was not widely used by 

radiation oncologists and they remained inclined to treat prostate cancer with the 

emerging megavoltage external beam radiation therapy (Bennett et. al, 1968). 

During 1960s and 1970s several technological advancements such as, after 

loading of radioactive sources, nuclear reactor produced radio-nuclides as the substitutes 

for radium, and the introduction of computers in medicine contributed to the re-

emergence of brachytherapy. In the early 1960s, Donald C Lawrence (Lawrence et al 

1966) introduced 
125

I source encapsulated in titanium for interstitial brachytherapy. The 

isotope was contained in miniature, sealed titanium cylinders tailored to fit into and be 

administered by needles. Treatment of prostate cancer with these sources involved open 

surgery to achieve retro pubic exposure of the prostate and to allow pelvic lymph node 

dissection. The prescribed dose of radiation was based on a nomogram derived from 

external beam and early brachytherapy planning concepts. The needles containing the 
125

I 

seeds were inserted ―free-hand‖ into the prostate without any imaging device for 

guidance.  However, the index finger of one of the operator‘s hands in the rectum was 

used to verify the depth of the needle. Conceptually, a highly confined dose of radiation 

was delivered to the prostate gland. But, both free-hand needle and seed placements often 
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resulted in inconsistent dose distributions of seeds within the target volume. That often 

resulted in too hot and too cold spots with the prostate gland.  

Dr. Holm (Holm et al 1983) introduced transrectal ultrasound to visualize the 

prostate gland in 1983. With this technique 
125

I radioactive seeds loaded in needles were 

inserted through the perineum directly into the prostate gland. This technique increased 

the accuracy of needles and seed placement and resulted in relatively uniform dose 

distribution of seeds throughout the prostate volume. Transrectal ultrasound served as the 

foundation for new interstitial prostate brachytherapy that also allowed computerized 

treatment planning of the implant rather than using nomograms and look up-tables. This 

technique ensures the proper number, strength, and positioning of radioactive sources for 

the uniform and prescribed distribution within the target volume. The significance of this 

technique was shown by a research study at the Seattle Prostate Institute by comparing 

this technique with the previous one. This study showed that patients treated between 

1988 and 1990 achieved significantly better 10-year disease free control than did identical 

patients treated at the same institute by the same physicians group during 1986 and 1987 

(Blasko et al 1993). These studies dictated that higher-quality implants results in better 

outcome. Since the mid 1980s, the transrectal ultrasound-guided, template-guided 
125

I 

implantation procedure has become the treatment of choice for the patients with early 

stage prostate cancer (Grimm, et al, 1994, Morton et. al, 1998).   

Initial dose rate from 
125

I prostate implant is 7-10 cGy/hr, it was assumed that this 

dose rate is close to the threshold of the prostate cancer.  In 1990 a new radioactive 

source, 
103

Pd source was introduced. This source has a half life of 17 days and provides 

an initial dose rate of about 4 times larger than 
125

I.  

 

4.2 Radioactive Sources and Their Use in Interstitial Brachytherapy 

 

Brachytherapy is one of the oldest techniques of radiation therapy for prostate 

cancer. Since its emergence various radioactive sources in different shapes and sizes have 

been employed for interstitial prostate brachytherapy. Very first implication for the 

treatment of prostate cancer was insertion of radium through catheter in prostatic urethra.  

In 1921, Denning et al published a series of 100 cases treated using this technique 

(Deming, et al, 1922).  Although short-term local control of the disease was surprisingly 
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good for this crude method, the complications were significant, occurring in about 15 to 

20 percent of patients. 

Au-198 in the form of colloidal solution was the second radioactive source 

utilized for the treatment of prostate cancer (Flocks, et al. 1960) in 1951. This technique 

involves interstitial injection of colloidal solution of radioactive gold directly into the 

prostate gland. Over 500 patients with non operable prostatic cancer were treated with 

this technique. Although the published results with this technique showed a low mortality 

and morbidity, the technique was not widely used. Later, Au-198 seeds were developed to 

provide simpler handling and easier placement. Gold 198 has a short half-life (2.7 days) 

and a maximum energy of 1.2 MeV. The theoretical advantage of a gold 198 implant was 

the delivery of radiation at a very high dose rate. It was assumed that this helped to avoide 

some of the radiobiologic problems associated with radium. The higher energy of the 

source, however, results in less sparing of adjacent normal tissue that limits low 

prescription dose to the prostate in order to avoid complications to the other organs. An 

additional disadvantage of these two isotopes, Ra-226 and Au-198 was the risk of 

radiation exposure to staff performing the implantation. Because of the radiation 

protection problem use of gold-198 for prostate permanent implant was not widely 

accepted.   

John Russell introduced 
103

Pd source (17.0-day half-life and 22 keV mean 

energy), for interstitial brachytherapy in 1987 by activation of palladium-102 in a nuclear 

reactor to transform a portion of palladium-102 to an amount of X-ray emitting 

palladium-103. Pd-103 in the form of two beads was sealed into the capsule to avoid 

direct contact of radioactive material to patient‘s body fluid and tissue. In addition, a non 

radioactive cylindrical as an x-ray marker made of high atomic mass was added in 

between the two beads as and a non radioactive cylindrical as an x-ray marker made of 

high atomic mass. These sources were designed 5mm in length and 0.8mm in outer 

diameter. Radge et al performed the first 
103

Pd prostate seed implantation in the US at 

Northwest Hospital and established a national brachytherapy implant course (Radge et al, 

2000).  

The main difference between the two isotopes is half-life. The half-life, in turn, 

affects the initial dose rate of the implants: 
125

I, with a half-life of 60 days, emits radiation 

at 8 to 10 cGy per hour at the time of the actual implant. 
103

Pd, with a half life of 17 days 

starts out at 20 to 24 cGy per hour. Based on animal models and radiobiological 

principles protocols 
103

Pd is recommend for higher grade (Gleason score, greater than 6) 
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tumors, although this concept has never been validated clinically. Recent evidence 

suggests that 
125

I and 
103

Pd have equal effect through the range of Gleason grades (Radge 

et al, 2000).  

 

 
(a) 

 
(b) 

Figure 4.1: Schematic drawings of initial a) I-125 source design introduced by Lawrence 

and colleagues in 1966 and b) Pd-103 source introduced by John Russell in 1987. Please 

note that these drawings are not scaled. 

 

Cesium-131 was initially proposed by Lawrence and Henschke (Henschke and 

Lawrence 1965) but has only recently become available commercially for interstitial 

brachytherapy (Murphy et al 2004). Cesium-131 is produced by radioactive decay from 

neutron irradiated naturally occurring Ba-130 (natural Ba comprises about 0.1 % Ba-130) 

or from enriched barium Ba-130, which captures a neutron, becoming Ba-131. Ba-131 

then decays with an 11.5-day half-life to Cesium-131, which subsequently decays with a 

9.7-day half-life to stable xenon-130 with prominent photon peaks energies in the 29 keV 

to 34 keV regions.  

Schematic diagram of 
131

Cs source introduced by IsoRay, Inc. (Richland, 

Washington, USA 99352) is shown in Figure 4-2. This source is composed of a titanium 

tube which has an outer diameter of 0.8 mm with a wall thickness of 0.05 mm. The center 

x-ray marker is a 0.25 mm diameter gold wire. The wire is surrounded by a glass and 

ceramic tube with nominal dimensions of 0.4 mm inside diameter and 0.65 mm outside 

diameter. The overall lengths of the seeds are 4.7 mm. The core length is 4.2 mm to allow 

clearance inside the tube for fit-up and welding.  
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Figure 4-2: Schematic diagram of Cs-131 source introduced by IsoRay, Inc. (Richland, 

Washington, USA 99352). 

 

Dr. Korb and Dr. William Ellis, from UW Medical Center, first time implanted 

cesium-131 (
131

Cs) brachytherapy sources in 2006 for the treatment of prostate cancer. 

These sources have a shorter half-life and deliver faster radiation. Outer dimensions of 

these sources being similar to the commercially available 
125

I and 
103

Pd sources allowed 

them to utilize same implantation procedure as employed for 
125

I and 
103

Pd sources. Dr. 

Korb predicted that due to the shorter duration of treatment with 
131

Cs, side effects such 

as incontinence, urinary urgency or pain may be lessened. Although, the recent 

radiobiological data strongly suggests that the shorter the half-life i.e., (higher dose rate) 

of the radionuclide the more effective it is for the treatment of prostate cancer. The 

American Brachytherapy society (ABS) does not recommend one isotope over the other 

(Nag et. al. 2000). 

At present various manufacturers are involved in the production of 
125

I and 
103

Pd 

brachytherapy sources (Walace, et. al, 1992, Meigooni et al, 2002, Monro, et. al, 2002) 

are involved in the development of seed type brachytherapy sources. The majority of 

these sources are less than 0.5cm in length and 0.8mm in diameter (Nath et al, 1995, 

Rivard et al, 2004). Inner structure and design have been changed to improve the 

symmetric dose distribution around the source.  Figure 4-3 shows some of commercially 

available seed type sources available for interstitial prostate brachytherapy.  

Original prostate implant techniques, which are still used in many centers, involve 

placement of individual, or ―loose,‖ seeds into the prostate gland (Yu. et al, 1992). 

Spacing between the sources is accomplished in preloaded needles by absorbable spacers 

or, with the Mick applicator (Mick® Radio-Nuclear Instruments, Inc., Mount Vernon, 

NY) by mechanically depositing the seed at the required distance from the other seeds 

(Nag et al, 1995, Davis, et al, 2000, Shanahan et. al, 2002). Different source designs are 

currently employed for the treatment of prostate cancer. Some of the commercially 

available source designs for the treatment of prostate cancer are shown in Figure 4-3. 
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Figure 4-3: Schematic diagrams of some of the commercially available brachytherapy 

sources for interstitial prostate brachytherapy. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-4: Distribution of seed types sources in: a) Pre-planned volume study, b): post 

plan CT, and c) post implant X-ray indicating bunching of sources. 

 

There are certain problems associated with loose seed implants, such as seed 

migration (Older, et al, 2001) and seed embolization (Steinfeld et. al, 1991, Tapen et. al, 

1998). Moreover, clumping (Dawson, et. al, 1994, Roberson, et. al, 1997) of loose seeds 

during the implant results in under-dosed or over-dosed regions in the prostate volume 

(Muzio et al, 2003).  

Recent studies demonstrated that 18% to 55% of patients treated with loose seeds 

via the Mick applicator experienced seed migration to the lungs whereas studies of 

preloaded loose seeds have reported 10% to 22% patients with lung migration (Davis, et 

al, 2000, Shanahan et. al, 2002). 
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In order to minimize problems associated with conventional seed type 

brachytherapy sources (0.45cm in length and 0.8mm in diameter), various pseudo-linear 

or stranded source models, such as Rapid Strand
TM

 (Oncura, 401 Plymouth Road, Suite 

130, Plymouth Meeting, PA), Readi-Strand
TM

, and Vari-Strand
TM

 (Advanced Care 

Medical, inc. 115 Hurley Road Oxford, CT 06478) have been introduced (Figure 4-5). 

These pseudo-linear source models are constructed by connecting a series of seeds in a 

linear fashion using a dissolvable tissue equivalent material (Qaisieh, et al, 2004, Fuller et 

al, 2004).  

   
Figure 4-5: Figure a:) shows comparison of a commercially available seed type source 

and one penny, b and c show two different type of stranded sources. 

 

Seattle group reported seeds migration to lungs in 0.7% of patients treated with 

stranded seeds, whereas such migration was noted in 11% of the patients implanted with 

loose seeds (Grimm, et al., 2003). An updated study based on 1000 patients treated at the 

Seattle Prostate Institute demonstrated that 24% of patients implanted with loose seeds 

experienced seed migration to the lung versus 2% of patients treated with seeds stranded 

in Vicryl suture (Grimm, et al., 2003). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 4-6: 3D view of Pre implant Volume study and post implant CT. Indicating a well 

planned uniform distribution of sources in volume study (a) and post implant study (b) 

while using stranded sources, (c) an implant with stranded sources. 
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Similarly, Al-Qaisieh et al. carried out a study based on 238 patients and 

confirmed that the use of 
125

I stranded seeds for prostate brachytherapy reduces evidence 

of seed embolization to zero (Al-Qaisieh, et. al, 2004). 

In addition to reduction in seed migration and embolization, multiple studies have 

demonstrated improved dosimetry with seeds stranded in Vicryl suture versus loose 

seeds. Lee and colleagues compared 20 loose seed implants with their first 20 connected 

seed implants (RAPID Strand) and found significantly improved postoperative dosimetry 

on dose-volume histogram (DVH) analysis: V100 of 86.5% with loose seed implants and 

V100 of 96.1% with stranded seed implants (Lee et al, 2002). Fagundes also showed 

significant improvement in DVH dosimetry when he switched from using loose seeds and 

the Mick applicator to after loading the Mick applicator needles with seeds stranded in 

Vicryl suture (Fagundes  et al, 2003). The Seattle Prostate Institute noted improved dose 

homogeneity and lower V150 and slightly better (not statistically significant) V100s on 

DVH analysis with stranded seeds versus loose seeds. 

In a comparative study to investigate the usefulness of stranded sources over loose 

seed type implants, as a part of this project we performed a comparison of patients treated 

using loose seed type implants versus stranded seeds(Awan et al, 2005).  We found large 

variation in seed placement in post plan studies as compared to preplan for the patients 

implanted with loose seeds (Awan et al, 2005).  In addition, it was found that 

approximately 50% of the patients implanted with loose seeds required additional seeds at 

the time of implantation, in order to achieve the pre-planned coverage. Similarly, Lin 

compared loose seed implants with stranded seed implants and found significantly 

improved postoperative dosimetry on dose-volume histogram (DVH) analysis (Lin et al, 

2007).  

Encouraging clinical results (Tapen et al, 1998) of the stranded seeds attracted 

vendors to develop true linear sources. RadioMed™ Corporation (One Industrial Way, 

Tyngsboro, MA) introduced a linear 
103

Pd source called RadioCoil
™103

Pd (Meigooni et. 

al, 2004). These sources have been introduced for interstitial brachytherapy implants 

(Awan et al 2006, Dini et al, 2000).  

The design of this source model is that of a coiled ribbon in the form of a dense 

helix.The mechanical design of this source is drastically different from conventional 4.5 

mm x 0.85 mm ―seed‖ source models. These sources are fabricated from a ribbon of high 

purity rhodium, which is bombarded with protons (
103

Rh (p, n)
103

Pd) in a cyclotron to 

produce radioactive palladium-103. The palladium activity (approximately 1%) is 
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uniformly distributed throughout the coil. The new design of the RadioCoil™ sources 

have 0.8 mm diameter. The coiled structure of the source enhances the ultrasonic 

visibility of the source and provides a better grip within the implanted tissue which 

reduces the chance of seed migration and embolization. The targeted activity of these 

sources can range from 0.1 and 13 mCi/cm per linear centimeter (0.13-16.8 U/cm).  

  

Figure 4-7: Schematic diagram of RadioCoil™
103

Pd brachytherapy source. RadioCoil™ 
103

Pd source, c) auto radiograph of RadioCoil™
103

Pd source. 

 

During the last two decades, tremendous advancements in interstitial prostate 

brachytherapy have been observed. Despite these enormous improvements in the 

technical aspects of brachytherapy source design and treatment delivery, there remained 

several shortcomings in the linear source dosimetry and treatment planning techniques.    

Although, the implants with the flexible 
192

Ir wires have long existed and are 

widely used in Europe no simple and unified treatment planning technique was adapted 

for isodose calculations for these sources.  To make the dose calculation more practical 

and unified, in 1995 the Task Group 43 of the American Association of Physicists in 

Medicine has introduced two protocols (Nath et. al, 1995, Rivard et. al, 2004) (i.e. TG-43 

and TG-43U1).  The linear source approximation model of the AAPM Task Group 43 

(TG43) protocol has been implemented in the commercially available treatment planning 

systems. However, both the original and updated protocols are based on experiences with 

conventional seed type sources with active lengths less than 1.0cm. Several investigators 

(Schaart et al, 2001, Meigooni et al, 2004, Meigooni et al, 2005) presented the limitations 

in the practical applications of elongated sources with the existing protocols. Following 

are some limitations in clinical application of RadioCoil™103Pd source due to 

shortcomings of TG-43 and TG-43U1 such as: 

1. These protocols recommend that the dose rate constant, Λ, of brachytherapy 

sources be determined using experimental and Monte Carlo simulation 

techniques.  Experimental determination of dose rate constant is based on the 

NIST calibrated air kerma strength of the source.  However, the presently 

available NIST standard is designed for calibration of sources with active 
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lengths ≤1.0cm.  Therefore, this system is unable to provide calibration for 

elongated sources.  

2. TG-43U1 recommends that 2D anisotropy functions, F(r,θ), for 
103

Pd and 
125

I 

sources to be tabulated at a minimum for radial distances of 0.5, 1.0, 2.0, 3.0, 

and 5.0cm. For an elongated brachytherapy source, some of the TG-43U1 

recommended radial distances may fall inside the source itself and there is no 

clear recommendation on how to handle this situation.   

3. In addition, linear interpolation technique recommended by TG-43U1 is only 

valid for seed type sources.  

 

4.3 Goal of this Project  

 

As mentioned above that most of the commercially available treatments planning 

systems use point source approximations for calculation of dose distribution around 

elongated brachytherapy sources and are not capable of calculating dose distribution 

around elongated brachytherapy sources. Due to these short comings concept of 

RadioCoil™103Pd sources could not be fully utilized.  Goals of this project are as 

follows.  

 

4.3.1 Treatment Planning with Elongated Sources an Interim Solution  

As an interim solution for treatment planning with elongated brachytherapy 

sources, initially two novel models have been introduced. Both of these models utilize 

TG-43U1 based parameters of 0.5cm or 1.0cm long sources in commercially available 

treatment planning systems to approximate dose distribution around elongated sources 

and are explained below.   

 

4.3.1.1 Linear Segmented Source Model (LSS Model) 

Dose distribution around an elongated linear source can obtained by superposition 

of the dose distributions from a series of 0.5cm or 1.0cm long source segments using line 

source approximation or 2D dose formalisms in prostate treatment planning systems.   
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4.3.1.2 Point Segmented Source Model (PSS Model) 

As per this treatment planning model, dose distribution around a linear source can 

be calculated by superposition of dose distributions from a series of point sources with 

0.5cm or 1.0cm center to center spacing.  In these calculations, 1D dosimetric parameters 

(particularly the anisotropy function) of 0.5cm and 1.0cm long sources were utilized.  

Validity of these models and dose calculation methodology is explained in detail in 

Material and Method section of this dissertation.   

 

4.3.2 Adaptation of TG-43U1 Parameterization for Elongated Sources 

Pitfalls in TG-43U1 in defining 2D-anisotropy function and limitations of NIST 

calibration system for elongated brachytherapy sources were the main hindrances for 

clinical implemented of RadioCoil™ 
103

Pd sources. Therefore, in this project, attempts 

were made to resolve these pitfalls and introduce advancement in treatment planning of 

implants with elongated brachytherapy sources. In this pathway, some other 

shortcomings, such as the calibration of elongated sources had to be resolved.  Recently, 

(Meigooni et. al, 2006) have introduced an interim solution for calibration of elongated 

brachytherapy sources. The findings of these investigations eliminated one of the 

hindrances in experimental determination of TG-43U1 parameters for elongated 

RadioCoil™ 
103

Pd sources and lead further advancement in parameterization and 

treatment planning with these source types.  Following sections, briefly describe various 

techniques employed in dosimetric parameterizations and treatment planning aspects of 

elongated brachytherapy sources.  

As a next step towards advancement in treatment planning with elongated 

brachytherapy sources, adaptation of TG-43U1 parameters for treatment planning with 

elongated brachytherapy sources has been investigated. A detail description for 

determining TG-43U1 parameters for elongated sources and utilizing these parameters for 

dose calculation around elongated brachytherapy sources is explained in Material and 

Method section of this dissertation.   

Adaptation of TG-43U1 parameters for dose calculation around elongated sources 

have shown up to 30% discrepancies in dose calculation around elongated brachytherapy 

source. Although these discrepancies were reduced to 10% by utilizing 2D anisotropy 

function recommended by (Awan et al. 2006), the results could not be improved any 

further without increasing the dosimetric data. As a next step to the advancement in 

interstitial treatment planning with elongated sources, application of TG-43U1 parameters 
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modified in cylindrical coordinate system has been investigated for parameterization and 

dose calculation around elongated brachytherapy sources. TG-43 parameters modified in 

cylindrical coordinate system have been explained by Awan et al (Awan et al, 2007) in 

Appendix D. Description of determining modified TG-43 parameters in cylindrical 

coordinate system and their utilization for calculation of dose distribution around 

elongated brachytherapy has been explained in Material and Method section.  

 

4.3.3 Modification in Dosimetric Parameterization for Elongated Sources  

Various investigators examined the pattern of dose distribution around an 

elongated source is cylindrical in nature and can better be approximated by dosimetric 

parameters in cylindrical coordinate systems (Patel et. al, 2001, Patel et. al, 2004, Awan 

et. al, 2007). It has been demonstrated in forth coming chapters that TG-43U1 parameters 

modified in cylindrical coordinate system reproduce Monte Carlo simulated dose profiles 

to within 5% and are more suitable for dose calculation around elongated sources. In 

order to ease dosimetric evaluation and treatment planning with elongated sources, 

application of the linear segmented source (LSS) model in conjunction with the TG-43U1 

parameters modified in cylindrical coordinate system has been evaluated. Description of 

this methodology has been described in detail in Material and Method section. Use of 

TG-43U1 modified parameters with LSS model will lead to user friendly treatment 

planning system with minimum data required for treatment planning with various source 

lengths.  
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CHAPTER 5 

MATERIAL AND METHODS 

 

RadioCoil™
103

Pd sources were introduced to eliminate shortcomings of seed type 

brachytherapy sources, but due to the limitations of dosimetric parameterization for 

elongated brachytherapy sources and shortcomings of treatment planning systems, these 

sources could not be fully implemented for clinical applications. In these investigations, 

treatment planning aspect of elongated RadioCoil™
103

Pd sources has been investigated 

and various techniques have been introduced to obtain dose distribution around these 

sources. Dose profiles around a single, multiple RadioCoil™
103

Pd sources were obtained 

using Monte Carlo simulation techniques. In these investigations dosimetric parameters 

and dose rate distribution around various RadioCoil™
103

Pd sources have been determined 

using experimental and Monte Carlo simulation techniques.   

 

5.1 Material 

 

5.1.1 RadioCoil
™103 

Pd Source 

Palladium-103 has been used for interstitial brachytherapy since the late 1980's. 

Mean energy of emitted photons from Palladium-103 is 30% less than that emitted from 

I-125 (21keV vs. 28keV). Palladium-103 has a shorter half life (17 days) relative to I-125 

(60 days).  Therefore, it takes delivers 80% of the prescription dose, 3-4 times faster than 

Iodine-125. Photon spectrum and their abundance per disintegration are shown in Table 

5.1 (Rivard et al, 2004).  

RadioCoil™
103

Pd, a second generation linear brachytherapy source has recently 

been introduced by RadioMed™ Corporation (RadioMed™ Corporation: One Industrial 

Way, Tyngsboro, MA) and received FDA 510k clearance in December 2001 (Meigooni et 

al, 2004). The mechanical design of this source is drastically different from conventional 

4.5mm x0.85mm ―seed‖ source models (Meigooni et al, 2005). These sources are 

fabricated from a ribbon of high purity rhodium, which is bombarded with protons 

(103Rh (p, n)
103

Pd) in a cyclotron to produce radioactive palladium-103 (Awan, et. al. 

2006). The palladium activity (approximately 1%) is uniformly distributed throughout the 

coil. These sources are available in integral lengths ranging from 1.0cm to 6.0cm. The 

targeted activity of these sources can range from 0.1mCi and 13mCi/cm per linear 
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centimeter (0.13-16.8 U/cm). The coiled structure of the source enhances the ultrasonic 

visibility of the source and provides a better grip within the implanted tissue which 

reduces the chance of seed migration and embolization (Meigooni et al, 2005). A 

description of the methods for determining the dosimetry of these and the other, 

commercially available source lengths is continued in the sections following. 

 

5.1.2 Solid Water™ Phantom Material 

The experiment and theoretical measurement were performed in epoxy-based 

substitutes for water, Solid Water™, introduced by Gammex-RMI (Radiation 

Measurements Inc., RMI, Middleton, WI).  

 

Table 5.1: Elemental Composition and Their Presence as Percentage by Mass in 

Solid Water™ Phantom. 

Element Presence as percentage of 

mass 

Hydrogen (H) 8.09 

Carbon (C) 67.22 

Nitrogen (N) 3.40 

Oxygen (O) 19.84 

Chlorine (Cl) 0.13 

Calcium (Ca) 2.30 

Density of Solid Water™ 1.03g/cm
3
 

 

Solid Water™ is one of the most commonly used phantom materials in radiation 

dosimetry, particularly for the measurement of dose distributions around brachytherapy 

sources.
 
Solid Water™ scatters and attenuates diagnostic and radiotherapy range x-rays 

the same way as water without the charge storage problems. Solid Water™ is virtually the 

same as that of liquid water for the same depth and exposure duration. Custom designed 

Solid Water™ sheets were utilized for the experimental measurement of dosimetric 

characteristics of RadioCoil™
103

Pd source (Figures, 5-4, 5-5, and 5-6). Chemically 

composition and atomic mass density of the Solid Water™ phantom is tabulated in 

 Table 5.1.  

 

5.1.3 Thermoluminesce Dosimeters TLDs  

The most widely used TLD phosphors LiF:Mg,Ti (TLD-100) developed by the 

Harshaw Chemical Company (Harshaw/Bicron 6801 Cochran Rd., Solon, OH 44139) 
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was utilized in these investigations to verify the brachytherapy source and phantom 

geometry utilized in Monte Carlo simulations. LiF TLDs are, when irradiated, a minute 

fraction of the absorbed energy gets stored in LiF crystal lattice. The energy stored in the 

irradiated TLD is recovered as visible light. TLD-100 glow curve decay at room 

temperature with an approximate half-life of 5 min (peak 1), 10 h (peak 2), 0.5 year (peak 

3), 7 years (peak 4), and 80 years peak 5 (Horowitz, 1981). 

 

   

Figure 5-1: (a) LiF TLD chips, rod and Powder, (b) TLD reader, (c) TLD reader and 

linked with computer system. 

 

The peaks with longer half-life are the most stable and potentially the most 

suitable for radiation dosimetry (Horowitz, et al, 1981). The peaks with longer half-life 

are the most stable, and potentially the most suitable for radiation dosimetry. The peaks 

with shorter half-life are undesirable signals, which can be removed by various 

techniques like reading TLDs after 24 hours, pre- and post irradiation annealing 

(Meigooni et al, 1995). In these investigations two different types (size) of TLDs were 

used; small (1x1x1mm
3
) TLD and large (3x3x1mm3) TLD chips. The TLD signal was 

read individually using a commercial TLD reader system (model 3500), Harshaw, Solon, 

OH by heating TLD up to 250 °C in 50s. Later, each TLD measurement was corrected for 

background and chip factor (Meigooni et al, 1995). TLD annealing and determination of 

chip factor is explained in Method section of this chapter. 

 

5.1.4 Monte Carlo Code 

5.1.4.1  Monte Carlo Code 

PTRAN Version 7.43 Monte Carlo code, developed by Williamson and described 

in detail in several publications, was used in fewer investigations (Williamson, 1988, 

Meigooni et al, 2004). These publications have shown that by introducing the precise 

internal and external geometric and chemical compositions of the source to the PTRAN 

Monte Carlo code, one can accurately reproduce the experimental data for any 



39 

 

brachytherapy source. The PTRAN code simulates photoelectric absorption followed by 

K and L shell characteristic X-ray emission as well as coherent and incoherent scattering. 

The photon cross section used in these simulations was DLC-99 (Data Library Code-99) 

that was distributed by the Radiation Sciences Information Computing Center (RSICC) at 

Oak Ridge National Laboratory (Meigooni et al, 2004). The mass energy absorption 

coefficients used were obtained from Hubbell and Seltzer (Hubbell and Seltzer, 1995). 

With this code, one can calculate the collisional kerma at a point located in the phantom 

material in units of cGy/mCi-hr. In these calculations, the activity of a given isotope is 

estimated by dividing the total number of photons that was used in the simulation to the 

number of photons per disintegration. A quotient of the calculated collisional kerma in a 

medium to air eliminates the role of source activity in these calculations, and the final 

dose rate at a given distance is expressed in units of cGy h
-1

U
-1

 ,where 1U=1cGy cm2h
-1

. 

For low-energy emitters such as 
103

Pd and 
125

I, charged particle equilibrium can be 

assumed at the point of the calculation. This assumption implies that the collisional kerma 

closely approximates absorbed dose.  

 

5.1.4.2 MCNP 5 Monte Carlo Code 

The Monte Carlo N-Particle MCNP code, version 5, was used to determine the 

relevant dosimetric parameters. MCNP has its foundations as a neutron transport code 

beginning in the early days of the Manhattan Project (X-5 Monte Carlo Team, 2000). 

Later, the photon/ electron transport in MCNP have been made to ‗‗make MCNP more 

current with the Integrated Tiger Series.‘‘ This includes improvements to radioactive 

stopping powers and bremsstrahlung production (Awan et al, 2006). MCNP has a number 

of advantages that make it attractive for medical physics applications. The range for 

photon and electron transport extends from 1 keV to 100 MeV (Zhang, et. al, 2005). 

Important low energy phenomena, such as the production and transport of characteristic 

x-rays and Auger cascades, are accurately modeled (X-5 Monte Carlo Team, 2000). 

MCNP supports several geometry schemes simultaneously; the combinatorial geometry 

which combines first and second degree surfaces and fourth degree elliptical tori is 

ideally suited to the modeling of complex brachytherapy sources. Additionally, a nested 

lattice feature mimics voxel-based medical imagery (Christopher, 2006). Fluence, kerma, 

or dose tallies can be simultaneously performed in simple cylindrical, spherical or tori 

geometries or in regular lattice geometry (Awan et al 2006).  
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In this work, the detailed physics treatment that includes coherent scattering, form 

factors to account for electron binding effects, and generation of fluorescent photons after 

photoelectric absorption was used for all calculations Fluorescent x-rays following K- and 

L-shell vacancies are generated and transported assuming an isotropic emission. Auger 

electrons are also generated and transported (Cross Section Evaluation working Group, 

2000, Awan et al, 2006). The standard MCNP5 utilizes recent photoelectric cross 

sections, XCOM tabulated by Berger and Hubbell (Hubbell, et al, 2006). For all 

calculations, decay spectrum of Pd-103 presented in Table I (Rivard et al, 2004) was 

utilized. 

 

5.1.5 Treatment Planning Software 

Clinical application of linear source models (longer than 1.0cm) was tested on 

Prowess
TM 

3.21 (1370 Ridgewood Dr, Ste. 20 Chico, California), and VariSeed
TM

 7.1 

treatment planning systems (Varian Medical Systems, Charlottesville, VA). Both of these 

treatment planning systems utilize 3D dosimetry technique to generate an overview of the 

dose distribution around a brachytherapy source using either line or point source 

approximations (Meigooni, et al, 2005). The TG43 formalisms (Rivard et al, 2004) and 

the dosimetric characteristics of 0.5cm and 1.0cm long linear RadioCoilTM sources 

(Meigooni et al, 2004) were used in these planning systems.  It should be noted that, 

VariSeedTM accepts all of the TG43 dosimetric characteristics (dose rate constant, radial 

dose function, 2D anisotropy functions, 1D anisotropy function, and anisotropy constant) 

of a particular source in a single library (Meigooni et al, 2005).  Whereas, the ProwessTM 

treatment planning system incorporates these parameters into two separate libraries for 

point and line source approximations.  However, the version 7.1 of the VariSeed
TM

 

treatment planning system does not require two different radial dose functions for point 

and linear source models, as recommended by the updated TG43U1.  Therefore, two 

separate source files must be generated for these calculation methods.  Both, the 

VariSeed
TM

 and Prowess
TM

 treatment planning systems, are capable of performing dose 

calculation using point source approximation, however, at this time only VariSeed
TM

 is 

able to use the linear source approximation.  None of these two programs allow the 

overlapping of the sources, independent of point or line source approximation.  For 

example, if dose calculation is performed with point source approximation using 1.0cm 

long source segment, the spacing between the point sources must be at least 1.0cm.  
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Similarly, for dose calculation with linear source approximation, the center-to-center 

spacing of the sources must be at least equal to the physical length of the source segment.   

 

5.1.6 Microsoft Excel 

Microsoft Excel version 2003 installed on a Windows XP operating system was 

utilized for data analysis and dose calculation around RadioCoil™
103

Pd source. TG-43U1 

recommended paremeters in spherical and modified in cylendrical coordinates were 

utilized for dose calculation around elongated sources. . .  

 

5.2 Methods 

 

5.2.1 TLD  dosimetry Dosimetry Technique    

5.2.1.1 Prepration of TLD for radiation       

a. TLD annealing. The annealing procedures consisted of high temperature and 

low temperature heating prior to irradiation. High temperature annealing was 

accomplished using a furnace preheated to 400 °C (Thermolyne Model No. F47925-70, 

Barnstead/Thermolyne, Dubuque, Iowa). The temperature was made stable (within ±50 

°C) prior to placing the TLDs within the furnace. TLD chips, in a custom designed 

aluminum tray were kept inside the furnace for 1 hour. At the end of 1 hour annealing at 

400 °C, TLDs were removed from the high temperature furnace and cooled at room 

temperature and then transferred into a low temperature furnace (Blue M, Model OV-

12A, Blue Island, IL) where they remained for 24 hours. The low temperature furnace 

had been preheated to 80 °C. For high temperature annealing, the aluminum tray with 

TLDs was carefully placed at the center of the furnace to avoid any unnecessary heat 

gradients that might increase variation in TLD response. Low energy heating two trays 

were kept at the center of the furnace to account for any temperature gradient. After low 

temperature annealing, TLDs were removed from the furnace and cooled to room 

temperature (Meigooni et. al, 1995, Meigooni et. al, 2004).  

b. TLD Chip factors. Each TLD chip exhibited different response even if it was 

obtained from the same set up. Prior to use TLDs, chip factors are required to obtain for 

each set of TLDs. Prior to use the TLDs in these investigations, chip factors for each 

individual TLD were obtained following the procedure described below (Meigooni, et al, 

1988). Three different batches of TLD were utilized in these investigations. 6 MV x-ray 

beam from a medical linear accelerator (Clinac 2100C/D, Varian Associates, Palo Alto, 
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CA) was used to radiate to obtain the chip factors for the individual TLDs. Clinac 

2100C/D Linear accelerator used in these measurements was calibrated according to the 

AAPM protocol Task Group 51 with an output of 1.00 cGy/monitor unit at a depth of 

maximum dose in a water phantom for a 10 x10cm
2
 field size and at a 100cm source to 

phantom surface distance.  

All the TLD measurements were performed in custom designed Solid Water™ 

phantoms. TLD irradiations for chip factor measurement involved custom designed Solid 

Water™ phantom 10x10x 0.5cm slab, with 0.5mm deep holes in a matrix format in 

5x5cm
2
 field size.  Each irradiation was carried out in a 10 x10cm

2
 field at a source to 

phantom surface distance of 100cm. During setup for irradiation, the phantom with TLDs 

was carefully placed such that all the TLD would lie in the field of the 10x10cm
2
 filed 

size. A maximum number of 100 TLDs were irradiation in an individual set up. After a 

delay time of 24 hours, the TLD signal was read using a TLD reader system model 

3000A, linked with a dedicated computer with Windows XP as operating system. TLD 

chips placed singly on the planchet were heated to 250 °C in 50 s. For each TLD 

measurement, background subtraction was performed. Background was defined as 

averaged reading obtained without placing any TLD on the planchet and taking 

measurements.  Chip factor for each individual TLD was obtained by dividing individual 

TLD reading by average reading of entire TLD set. Care was taken to avoid any handling 

of the chip other than vacuum TLD handling device. Latter TLDs were annealed 

following the procedure mentioned above to make TLDs ready for dosimetric evaluation. 

c.  Conversion of the TLD response to dose. Measurements for each source length 

were repeated three times to attain to minimized statistical fluctuations associated with 

TLD dosimetry (Christie, et al, 1997). Experiment time was adjusted such that all the 

TLDs receive dose from 10 to 100 cGy in order to avoid uncertainty of the TLD 

measurement beyond this range (Meigooni et. al, 1988). TLD readings were converted to 

absorbed dose rate using Eq. (1) and anisotropy functions were calculated according to 

TG-43U1 (Meigooni et al, 1988, Meigooni et al, 2004).  
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     (1) 

where ),( rD  is the dose rate at point (r,θ); R is the TLD response, in nC, 

corrected for background and individual chip variations with predetermined chip factors 



43 

 

(Meigooni et al, 2004, Dini et al, 2007). T is experimental time; SK is air-kerma strength 

of the source at the start of the measurements; ε is calibration factor for TLD response, in 

nC/cGy, determined as described below; E(r) is an energy correction factor for the 

difference between the calibration beam and Pd-103 photons (Meigooni et al, 1988), dT is 

a decay correction factor that adjusts for decay of the source during the course of the 

measurement; and Flin is the correction for the nonlinearity of TLD response to given 

dose. The TLD response calibration factor ε is determined by exposing TLDs at depth of 

maximum dose (dmax) to a calibrated (TG-51) 6 MeV, 10 x10cm
2
 photon beam from a 

linear accelerator (Clincac 2100 C/D). 8 TLDs from each TLD bach were left alone to 

obtain calibration curve. Four TLDs were exposed to 50 cGy and four others to 100 cGy.  

After correction for individual chip factors, the response in nC was plotted as a function 

of dose and a linear fit was applied to the data, with y-intercept set as 0.  The slope (in 

nC/cGy) of the linear fit is taken as the calibration factor ε. (Meigooni et al, 1988, Dini et 

al, 2007). 

Experimentally determined values were compared with the values obtained with 

Monte Carlo simulation technique.  Comparison of Experimentally determined values and 

Monte Carlo simulated data is presented in forthcoming chapters.  

 

5.2.2 Experimental Procedure       

5.2.2.1 TG-43U1 Recommended Dosimetric parameters 

TG-43U1 recommended dosimetric characteristics (Radial Dose function, dose 

rate constant, 2D and 1D anisotropy functions) of 1.0cm and 4.0cm long RadioCoil™ 

brachytherapy sources were determined using TLD 100 LiF TLD‘s. Radial dose function 

and 2D anisotropy function measurements were performed in custom designed Solid 

Water™ phantoms shown in Figure 5-4 and 5-5. 

The dose rate constant and radial dose function measurements for these sources 

were performed in a specially-designed Solid Water
TM

 phantom consisting of a spiral 

pattern with four primary arms and four secondary arms, chosen to minimize the 

interference and shielding between individual TLDs (Figure 5-4). Each primary arm 

consisted of four placements for small (1mm x1mm) TLD cubes at radial distances of 0.5, 

1.0, 1.5, and 2.0cm, and placements of eight TLD chips at 1.0cm intervals from 3.0cm to 

10.0cm (Meigooni et. al, 2004). 
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Figure 5-4: Custom designed Solid Water™ phantom for radial dose function, dose rate 

constant measurement. 

 

 
 

Figure 5-5: Custom designed Solid Water™ phantom 2D, 1D anisotropy function 

measurements. 

 

The 2D anisotropy function, F(r, θ), was measured at radial distances of 2, 3, and 

5.0 cm from the source center. A special phantom design shown in Figure 5-5 was used to 

measure the anisotropy function in 10º increments from 0º to 360º. Since the anisotropy 

function is considered for angles 0º to 90º, this arrangement allowed up to four readings 

to be taken per angle of interest per experiment.   

a. Dose distribution in along and away format. In addition to the TG-43U1 

parameterization of the sources, the dose distribution around a 4.0cm long RadioCoil™ 

103
Pd source was also measured in an along-and-away format.  These measurements were 

performed using a specially designed and machined Sold Water™ phantom as shown in 

Figure 5-6.  
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Figure 5-6: Custom designed Solid Water™ phantom for determination of dose 

distribution in Matrix format.    

 

This phantom material accommodates a 4.0cm long source and a total of 104 TLD 

chips arranged in eight rows, parallel to the longitudinal axis of the source, and thirteen 

columns, perpendicular to the longitudinal axis of the source.  The distance between the 

rows and the longitudinal axis of the source are referred to as ―X‖ and distance from each 

column to the transverse bisector of the source is referred to as ―Z‖.  These TLDs were 

symmetrically distributed relative to the main axes of the source (i.e. 4 rows in each side 

the longitudinal axis of the source and 6 columns on each side of the transverse bisector, 

and one column on the transverse bisector).  The spacing between the columns and rows 

was 0.5cm and the first row was 0.5cm from the longitudinal axis of the source.  These 

measurements were repeated three times to attain statistical fluctuation less than 3%.  

Dose rate data for each point was obtained in the same way as above for obtaining 

TG-43U1 parameters using Eq. (1) 

 

5.3 Monte Carlo Simulation Technique  

 

Monte Carlo simulations were performed in Solid Water™, liquid water and in air 

for a 4.0cm long RadioCoil™
103

Pd source. Dosimetric parameters of this source length 

were obtained following TG-43U1 recommendations and in point matrix arrangement. 

Detail description of these parameters is explained below. 

 

5.3.1 TG-43U1 Recommended Dosimetric Parameters 

In these investigations the MCNP5 (X-5 Monte Carlo Team, 2005, Zhang et al, 

2005, Awan et al, 2006) Monte Carlo Code was used to calculate the radial dose function, 

dose rate constant, 2D anisotropy function, and/or dose rate distribution in water, Solid 

TLDs

TLDs

Source

0.5cm

0.5cm

X

Z
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Water
TM

, and dry air around a 4.0cm long RadioCoil™
103

Pd source. The sources were 

virtually placed in the center of a phantom consisting of a spherical volume of water or 

Solid Water
TM

 with radius 25 centimeters.  Assuming a cylindrically symmetric source 

structure, torodiaol annulus cells (1mm x1mm in diameter) around the source longitudinal 

axis were employed as the tally cells to score the eligible events. In these investigations, 

up to 2x10
8
 photons were used for each simulation. The statistical uncertainties were 

found to be less than 2% for all anisotropy tally points in water and Solid Water
TM

 for 

distances smaller than 5.0cm.  However, the uncertainty increases for larger distances and 

smaller angles.  When the distance is 7.0cm and the angle is less than 10 degrees, the 

statistical uncertainty is approximately 5%.  For the radial dose function tallies (distance 

from 0.5 to 10.0cm), the overall statistical uncertainty was found to be less than 3%.  The 

statistical uncertainty from air kerma simulation is less than 0.3% to all the tally points 

along the transverse bisector of the source. 

The air kerma, SK was calculated at distances ranging from 0.5 to 35.0cm. The air 

kerma was calculated in void space to closely simulate the NIST measured value.  The 

energy is deposited in the dry air tally cells. Air kerma was simulated exactly as above 

simulations in water and Solid Water
TM

, but the phantom was void and tally cells were 

dry air. The variation of the air kerma rate at distances larger than 10.0cm was less than 

0.5 %.  Therefore, the value of the air kerma rate at 10.0cm distance was used to uniquely 

determine the air kerma strength at 1.0cm using the inverse square law.   A list of ratios of 

the calculated dose rate for the corresponding sources in water and Solid Water
TM

 at the 

reference point to the calculated air kerma strength was used to determine the dose rate 

constant of the linear Pd-103 sources.   

 

5.3.2 Dose Distribution in Along and Away Format 

In addition to the TG-43U1 recommended dosimetric parameters, dose 

distribution around a 3.0cm long RadioCoil™
103

Pd source has been determined in liquid 

water medium using PTRAN Monte Carlo code with DLC 146. Dose rate distribution 

around the 3.0cm long RadioCoil™103Pd source was determined using PTRAN Monte 

Carlo code in a grid format (matrix-point arrangement) with source virtually placed at the 

center of 30.0cm spherical liquid water phantom.  Figure 5-6 shows the schematic 

diagram for simulating the dose distributions with calculation points at 0.5cm apart 

surrounding the source. For this source length dose rate was calculated in an eight row by 

thirteen column matrix with 104 calculation points. These additional calculations were 
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needed to clarify the accuracy of superposition of the dose distribution from segmented 

sources as compared to that of single linear source. RadioCoil™103Pd source was 

modeled as rhodium cylindrical shells (50 micron thickness) with uniformly distributed 

103
Pd activity to 20 microns depth from the surface, and virtually placed in the center of a 

phantom consisting of a spherical volume of water with radius 30.0cm. Assuming a 

cylindrically symmetric source structure, circular annulus cells (1 mm in diameter) 

around the source longitudinal axis were employed as the tally cells to score the eligible 

events.  

Furthermore, the dose distribution in an along-and-away matrix was also 

calculated for 1.0cm, 3.0cm 4.0cm and 5.0cm long RadioCoilTM 
103

Pd sources. For a 

4.0cm long RadioCoil™
103

Pd MCNP5 simulations were performed both in Solid Water™ 

and liquid water mediums. Figure 5-7 shows the schematic diagram of the source 

geometry for determination of the dose profile at two different radial distances of R1 and 

R2 relative to the longitudinal axis of an elongated brachytherapy source. In this figure 

the longitudinal axis of the source was assumed to be along the z-axis.  Dose profiles 

were calculated at radial distances of R= 0.2cm, 0.4cm, 0.6cm, 0.8cm, 1.0cm, 1.5cm, 

2.0cm, 2.5cm, 3.0cm, 3.5cm, and 4.0cm relative to the longitudinal axis of the source.   

 

Figure 5-7: Schematic diagram of the source geometry for determination of the dose 

profiles at two different radial distances of R1 and R2 relative to the longitudinal axis (Z) 

of an elongated brachytherapy source. 

 

At each radial distance, dose rates were calculated parallel to the longitudinal axis 

of the source at distances from 0.0 to 3.6cm with 0.2cm increments, relative to the 

transverse bisector of the source (i.e x-axis). Upon the agreement between dosimetric 

parameters of RadioCoil™
103

Pd source in Solid Water™ medium Monte Carlo simulated 

data in liquid water was generated for various source lengths in liquid water medium for 

further investigations.   
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Experimental and Monte Carlo simulated data was compared to verify the 

accuracy of Monte Carlo simulations.  

 

5.4 Comparison of Experimental and Monte Carlo Simulated Data  

 

5.4.1 Validation of Monte Carlo Simulated Data 

The PTRAN Monte Carlo simulations in a matrix format in liquid water were 

performed to check the accuracy and reproducibility of the Monte Carlo setups against 

measured values (Meigooni et al, 2004). In order to validate Monte Carlo simulated data 

prior to generating dosimetric data for clinical applications, Monte Carlo simulated data 

obtained from these simulations was compared with the TLD measured data for the same 

source length (3.0cm long RadioCoil™103Pd brachytherapy source (0.35mm in 

diameter), published by Meigooni et al, (Meigooni et al, 2004). Monte Carlo simulated 

data was compared with the data published by (Meigooni et. al. 2004) for the same source 

lengths.   

 

5.4.1.1 Treatment Planning with Elongated Sources  

Dosimetric characteristics of RadioCoil™ 
103

Pd source (0.35mm) in diameter 

have been determined by Meigooni et. al, using both experimental and Monte Carlo 

simulation techniques (Meigooni et. al 2004). Due to certain limitations  in dosimetric 

evaluation of elongated sources they obtained TG-43U1 recommended dosimetric 

parameters (Rivard et. al, 2004) for sources ≤1.0cm for longer sources, they tabulated 

dosimetric data in Cartesian coordinate system (along-and-away format) (Meigooni et. al 

2004). However, the tabulated dose rates in Cartesian coordinate systems for longer 

source lengths could not be utilized with present treatment planning systems, which are 

commonly based on TG-43U1 parameters (Rivard et. al, 2004). Attempting to use 

elongated RadioCoil™
103

Pd sources for interstitial brachytherapy, we introduced two new 

treatment planning models for treatment planning. These modes utilize TG-43U1 

recommended (Rivard et. al, 2004) dosimetric parameters of 0.5cm and 1.0cm long 

RadioCoil
TM 103

Pd sources for treatment planning with elongated sources and are defined 

as follows.  
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i) Linear segmented source Model (LSS Model): 

Dose distribution around an elongated RadioCoil™
103

Pd source can be obtained 

by the superposition of 0.5cm or 1.0cm long source segments using line source 

approximation in prostate treatment planning systems.   

ii) Point segmented source Model (PSS Model): 

Dose distribution around elongated source can be assumed by superposition of 

0.5cm or 1.0cm long source segments using point source approximation in prostate 

treatment planning systems.   

TG-43U1 recommended dosimetric parameters of 0.5cm and 1.0cm long 

RadioCoil
TM 

sources (Meigooni et. al, 200) were incorporated in commercially available 

Prowes
TM 

and VariSeed
TM

 treatment planning systems. Dose distribution around a 3.0cm 

long RadioCoil
TM

 
103

Pd source was calculated using PTRAN Monte Carlo code, 

Prowess
TM

 and VariSeed
TM

 treatment planning systems.   

1. Single Source Configuration. 

To investigate the validity of the concept of LSS and PSS model for calculation of 

dose distribution around an elongated brachytherapy source, dose distribution around a 

3.0cm long RadioCoil™
103

Pd source was obtained in a matrix format for the points at 

0.5cm, 1.0cm, 1.5cm and 2.0cm (away from the source) and for the points 0 to 2.0cm 

with 0.5cm interval (from the center and along the length of the source)  using PTRAN 

Monte Carlo code. (Figure 5-8). 

The presently available treatment planning systems neglect the inter-source 

attenuation effect which is defined as the attenuation of the radiation from one source-

segment by the other source segments. To determine the impact of inter-source effect on 

linear-source dosimetry, the following calculations were performed using the LSS model 

with two different configurations described as below. 
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Figure. 5-8: Schematic diagram of the dose calculation model used in the experimental 

and treatment planning procedures for a 3.0cm long source. In LSS and PSS models a 

series of 0.5cm or 1.0cm (line or point sources) long source segments were used to 

represent a linear source. 

 

Calculations were performed using six different 0.5cm long source segments with 

inter-source attenuations considered (Figure 5-9, right panel). The TG-43U1 parameters 

for each of these source-segments were obtained in liquid water medium using the Monte 

Carlo simulation technique. These source configurations were designed to have an active 

0.5cm source segment located in between five non-active source segments with identical 

source geometry.  The number of non-active segments before and after the active source 

segment was selected to reproduce the exact position of the active source for the LSS 

model in the 3.0cm linear source.    

1. The TG43U1 parameters of these six different active segments were 

introduced into the treatment planning systems. The results of the linear 

source calculations using the LSS model with these source segments were 

compared to calculated dose without source attenuation. 

2. Dose calculations were repeated for a 3.0cm long source using six 

identical 0.5cm long source segments, without any inter-source 

attenuation, (Figure 5-9, Left panel).   
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Figure 5-9: Schematic diagram of the two different six-segmented source geometries 

used for verification of the effect of inter-source attenuation.  Solid blocks represent the 

active segments and the shaded blocks represent the non-active segments. 

 

2. Multi-Source Configuration 

The clinical application of the LSS and PSS models were evaluated by treatment 

planning of an implant with multiple linear-sources.  These evaluations were performed 

by calculating the dose distribution in a typical prostate implant patient, using different 

linear source-lengths.  The 3D dose distribution, dose volume histogram, dose to urethra, 

and source strength per unit length used in this calculation were compared with a Model 

200 
103

Pd ―seed‖ type implant, assuming the same number of needles and prescription 

dose. For these comparisons, the source strengths for 0.5cm and 1.0cm RadioCoil
TM

 

linear source-segments equivalent to that of Model 200 
103

Pd source were obtained using 

the formalism presented by Monroe et al( Monroe, et al, 2002). 

 

5.4.2 Advancement in Dosimetry of Elongated Brachytherapy Sources  

5.4.2.1 Adaptation of TG-43U1 Parameterization for Elongated Sources 

Dosimetric parameters of a 4.0cm long RadioCoil™
103

Pd source has been 

determined in Solid Water™ medium using experimental (TLD) and Monte Carlo 

simulation techniques to validate the accuracy of Monte Carlo simulation Technique.  

Upon the agreement between experimental and Monte Carlo simulated data for a 

4.0cm long RadioCoil™103Pd source, dosimetric characteristics of a 5.0cm long source 

were determined in liquid water medium using Monte Carlo simulation techniques. To 

perform these investigations, the required dose rate constant, radial dose function, and 2D 

anisotropy function of a 5.0cm long 
103

Pd source were calculated in water using the 
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MCNP5 Monte Carlo code (Christopher, et al, 2006, Awan, et al, 2006), following the 

TG-43U1 protocol (Rivard et al, 2004). In these simulations, the default MCNP5 photon 

cross-section library (Cross Section Evaluation Working Group, 2000), which is based 

upon Release 8 of the ENDF/B-VI (Christopher, et al, 2006) was utilized. The *F4 tally 

utilized in these simulations gives energy flux in MeV /cm
2
 which was converted to 

absorbed dose (MeVg-1) by introducing the appropriate FMn card in the simulation 

(Awan et al, 2006). The air kerma rate of the source was calculated in 50.0cm (radius) 

spherical (vacuum) phantom. Air kerma rates were calculated for radial distances raging 

from 1.0cm to 35.0cm with tally points composed of dry air. The air kerma strength of the 

source was then calculated by multiplying the Monte Carlo simulated air kerma rates by 

the square of the respective radial distances.  The radial dose function of the source was 

calculated in a 20.0cm (radius) liquid water phantom material for radial distances ranging 

from 0.2cm to 8.0cm using the line source approximation with Leff equal to 5.0cm. The 

statistical uncertainty of the Monte Carlo simulations was found to be less than 0.5% by 

using up to 10
8 

starting particles. 

The 2D anisotropy function of a 5.0cm long RadioCoil
TM

 
103

Pd source was 

simulated in a spherical liquid water phantom(10.0cm in radius) for the TG-43U1 

minimum recommended radial distances of 0.5cm, 1.0cm, 2.0cm, 3.0cm, 4.0cm, and 

5.0cm. In addition to these radial distances, F(r, ) of the source was also calculated for 

radial distances of 0.2cm, 1.5cm, 2.2cm, 2.5cm, 3.5cm and 4.5cm. For radial distances 

greater than L/2, anisotropy functions were calculated for angles ranging from 0 to 90 

degrees in 5 degree increments. However, the minimum angle for distances ranging from 

0.5cm to 2.5cm was 5
 
degrees

 
and for 0.2cm radial distance was 15 degrees in order to 

keep the point of calculation outside of the source.  

In addition to the TG-43U1 recommended dosimetric characteristics (dose rate 

constant, radial dose function, 2 D anisotropy function), the dose distribution in an along-

and-away matrix was calculated for a 5.0cm long RadioCoil
TM

 
103

Pd source. These 

calculations were performed in a liquid water medium using both the Monte Carlo 

simulation technique and the TG-43U1 recommended formalism (Rivard et al, 2004). 

Figure 5-7 shows the schematic diagram of the source geometry for determination of the 

dose profile at two different radial distances of R1 and R2 relative to the longitudinal axis 

of an elongated brachytherapy source.  
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In this figure the longitudinal axis of the source was assumed to be along the z-

axis.  Dose profiles were calculated at radial distances of R= 0.2cm, 0.4cm, 0.6cm, 0.8cm, 

1.0cm, 1.5cm, 2.0cm, 2.5cm, 3.0cm, 3.5cm, and 4.0cm relative to the longitudinal axis of 

the source.  At each radial distance, dose rates were calculated parallel to the longitudinal 

axis of the source at distances from 0.0 to 3.6cm with 0.2cm increments, relative to the 

transverse bisector of the source (i.e x-axis).  

The accuracy of the linear interpolation technique for the anisotropy function 

recommended by TG-43U1 was also examined for elongated brachytherapy sources.  

These investigations were performed in two separate steps for a 5.0cm long RadioCoil™ 

103
Pd source;  

1) Comparison of the interpolated anisotropy function with the Monte Carlo 

simulated values 

2) Comparison of Monte Carlo simulated and theoretically calculated dose 

profiles using the TG-43U1 formalism based on the linear interpolation 

technique.  

In the first part of these investigations, values of F(r, ) for the points falling in 

between the TG-43U1 recommended minimal radial distances were extracted using the 

linear interpolation technique. These calculations were performed for radial distances of 

0.2cm, 1.5cm, 2.2cm, 2.5cm, and 3.5cm and the results were compared with Monte Carlo 

simulated data. The later aspect of these investigations is relevant to the clinical 

application of the linear interpolation technique employed in some of the commercially 

available treatment planning systems. A comparison between Monte Carlo simulated 

(Awan et. al, 2006) and theoretically calculated dose profiles along the longitudinal axis 

of a 5.0cm long RadioCoilTM 
103

Pd source was used for these investigations. The 

theoretical calculations in this project were performed by implementing the TG-43U1 

source parameters in Equation (2) by utilizing Microsoft Excel version 2003 installed on 

a windows XP operating system.  
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Where  is the dose rate constant, SK is the air kerma strength, GL(r, ) is 

the source geometry function, gL(r) is the radial dose function, and F(r, ) is the 

2D anisotropy function.  
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In these calculations, the required F(r, θ) was extracted from one of the 

below mentioned sets using the linear interpolation technique.  

Set 1:  F(r, θ) only for TG-43U1 recommended radii 

Set 2: F(r, θ) for radial distances of 2.3cm, 2.5cm, and 2.7cm in addition to TG-

43U1 minimum recommended radii  

Set 3: F(r, θ) for radial distances of 0.2cm, 1.5cm, 2.3cm, 2.5cm, 2.7cm, and 

3.5cm in addition to TG-43U1 minimum recommended radii. 

A polynomial fit (PF) to the 2D anisotropy function was also examined as an 

alternative approach to the linear interpolation technique for calculating dose profiles 

along the longitudinal axis of a 5.0cm long RadioCoil
TM

 
103

Pd source. In these 

calculations, the best polynomial fit was applied to extract the required 2D anisotropy 

function for calculating dose profiles. The calculated dose profiles were then compared 

with Monte Carlo simulated data to evaluate the application of a polynomial fit. 

TG-43 U1 recommends evaluation of 2D dose calculation for distances r<rmin or r 

>rmax, by using the nearest neighbor for selection of both anisotropy function and radial 

dose function (Rivard et al, 2004). This concept of extrapolation of the 2D anisotropy 

function recommended by TG-43U1 has also been evaluated for elongated brachytherapy 

sources. The accuracy of this extrapolation technique was examined by comparison to 

Monte Carlo simulated F(0.2cm, θ) and F(0.5cm, θ) for a 5.0cm long RadioCoil
TM

 
103

Pd 

source.   

 

5.4.2.2 Modification of TG-43U1 formalisms to Cylindrical Coordinates 

We confirmed that although TG-43U1 formalisms were originally introduced for 

seed type sources, they can be extended for elongated sources as well with some 

modification in radial increments for 2D anisotropy function (Awan et al, 2006). We 

found that using TG-43U1 recommended formalisms with original recommendations may 

lead to discrepancies of up to 30% as compared to the Monte Carlo simulated data (Awan 

et al, 2006). These discrepancies were reduced to about 10% by using smaller radial 

increments for F(r, θ) but could not be reduced further to the TG-43U1 recommended 2% 

error with reasonably possible radial increments (Awan eta al, 2006). Therefore, there is 

an inherent need for a different approach to accurately calculate dose around elongated 

brachytherapy sources.   
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The applicability of TG-43U1 parameters modified for the cylindrical coordinate 

system has been investigated for dosimetric evaluation and dose calculations around 

1.0cm, 3.0cm and 5.0cm long RadioCoil™ 
103

Pd sources.  Dosimetric characteristics of 

these sources were calculated in liquid water medium using the Monte Carlo simulation 

technique. To demonstrate the suitability of this methodology, the Monte Carlo simulated 

dose profiles for a 5.0cm long RadioCoil™ 
103

Pd source at radial distances of 0.5, 0.9, 

and 1.25cm were compared with theoretically calculated data using TG-43U1 parameters 

in both polar and cylindrical coordinate systems.  

In these investigations, MCNP5 (Christopher, et al, 2006, Awan, et al, 2006) was 

utilized to determine the cylindrical coordinate based TG-43U1 dosimetric parameters 

and dose profiles around 1.0cm, 3.0cm, and 5.0cm long RadioCoil™ 
103

Pd sources.   

Monte Carlo simulations were performed by placing center of the sources 

virtually at the center of a 50.0cm diameter spherical liquid water phantom.  Dose values 

around the source were calculated in circular tori tally cells with the cross-sectional 

diameter of 0.1 mm and variable major radii.  Densities and chemical composition of 

liquid water and air used in these simulations were obtained from TG-43U1 report 

(Rivard et al, 2004). However, densities of 
103

Pd and 
103

Rh were 12.02 g/cm
3
 and 12.41 

g/cm
3
, respectively, obtained from the NIST Website.  

The simulations for dose rate constant, radial dose function, and 2D anisotropy 

function were performed for up to 8x10
7
 starting particle histories in liquid water.  The air 

kerma strengths of the sources were calculated in a 100.0cm diameter spherical void 

phantom with tally cells composed of dry air for 2x10
7
 starting particle histories.  For 

these determinations, the air kerma rates were first calculated along the transverse 

bisector of each source length, at radial distances ranging from 0.5cm to 35.0cm in 0.5cm 

increments. Variation of the air kerma rates, multiplied by the square of the 

corresponding radial distances was less than 1% at a radial distances greater than 3L (L= 

Active length of the source).    Therefore, the product of the simulated air kerma rates at 

radial distances of 5L and the square of the corresponding radii was chosen as the air 

kerma strength of the source.    

a. Cylindrical Coordinate Based TG-43U1 Dosimetric Parameters. The following 

sections describe the method of determination of dosimetric characteristics of 1.0cm and 

5.0cm long RadioCoil™ 
103

Pd sources, in water, using the cylindrical coordinate based 

TG-43U1 formalism, as shown in Appendix D.   
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Dose rate constants of RadioCoil™ 
103

Pd sources were calculated as the ratio of 

simulated dose rate at the reference point (i.e. R=1.0cm, Z=0) to the simulated air kerma 

strength using Eq. A-6. (APPENDIX D)  Radial dose functions of these sources were 

calculated using Eq. A-8 (APPENDIX D). These calculations were performed for radial 

distances ranging from 0.2cm to 1.0cm in 0.2cm increments and distances ranging from 

1.0cm to 7.0cm in 0.5cm increments. The 2D anisotropy functions, F(R, Z), of the above 

noted sources were calculated in cylindrical coordinate systems using Eq. A-10 

(APPENDIX D).  The parameters were obtained for points with radial distances (i.e. R) 

ranging from 0.2cm to 1.0cm in 0.2cm increments and from 1.0cm to 5.0cm in 0.5cm 

increments and the ‗Z‘ coordinate ranging from 0.0 to 3.6cm in 0.2cm increment.  It 

should be noted that the gL(R) and F(R,Z) for these sources were determined using linear 

source approximation.  In these calculations the effective length of each source was 

assumed to be the same as its physical length and the geometric functions were obtained 

using Eq. A-12 (APPENDIX D). 

b. Cylindrical vs. Polar Coordinate Based TG-43U1 Dose Profile. The advantages 

of using TG-43U1 formalism and parameters in the cylindrical coordinate system for dose 

calculation around elongated RadioCoil™
103

Pd brachytherapy sources are evaluated in 

this section.  For these evaluations, the Monte Carlo simulated dose profiles around a 

5.0cm long RadioCoil™ 
103

Pd source were compared with the theoretically calculated 

data using polar and cylindrical coordinate based TG-43U1 parameters.  These profiles 

were obtained along the lines parallel to the longitudinal axis of the source, with radial 

distances of R = 0.5cm, 0.9cm, and 1.25cm. For each line, dose values were calculated at 

several points with ―Z‖ coordinates ranging from 0 to 3.6cm in 0.2cm increments.   

In the theoretical calculations, the polar coordinate based TG-43U1 parameters 

were obtained utilized by (Awan et al 2006) in polar and the cylindrical coordinate were 

based TG-43U1 parameters were determined in this project. In these calculations, TG-

43U1 recommended linear interpolation techniques were employed for the extraction of 

data points for 2D anisotropy function and radial dose function for the points falling 

within the tabulated data points. The theoretical calculations were performed using 

Microsoft Excel version 2003 installed on a windows XP operating system.  

c. Application of LSS model for treatment planning with cylindrical coordinate 

based TG-43U1 parameters. Suitability of LSS model with modified TG-43U1 

parameters modified in cylindrical coordinate system has also been investigated. The LSS 

model was utilized to calculate dose profiles around a 3.0cm and a 5.0cm long 
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RadioCoil™ 
103

Pd source. In these calculations, a 5.0cm long source was replicated by a 

series of five 1.0cm long source segments, arranged in a linear fashion. The Monte Carlo 

simulated dosimetric parameters of the 1.0cm long source in cylindrical coordinate 

system were utilized to calculate dose profiles around a 5.0cm long RadioCoil™
103

Pd 

source at radial distances of 0.5cm, 0.9cm and 1.25cm. In addition, similar calculations 

were performed for a 3.0cm long source as well. Validity of LSS model in conjunction 

with TG-43U1 parameters in cylindrical coordinates will lead to implant with multiple 

source lengths by utilizing dosimetric parameters of smallest source length.  
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CHAPTER 6 

RESULTS 

TREATMENT PLANNING WITH ELONGATED SOURCES 

 

Treatment planning aspect of elongated RadioCoil™
103

Pd sources was explored 

with commercially available treatment planning systems such as VariSeed™ and 

Prowess™ for interstitial brachytherapy. In order to utilize above noted treatment 

planning systems for interstitial brachytherapy, we introduced LSS and PSS treatment 

planning models. Validity of LSS and PSS models was investigated by comparison of 

dose profiles around a single and multiple RadioCoil™
103

Pd sources.   

 

6.1 Validation of Monte Carlo Simulation 

 

Prior to validating the LSS and PSS models, accuracy of Monte Carlo simulation 

was investigated by comparison of Monte Carlo simulated dose profiles around a 3.0cm 

long RadioCoil™ 
103

Pd source with experimentally determined values obtained using 

TLD dosimetry techniques. Figure 6-1 presents comparison of Monte Carlo simulated 

dose profiles at 0.5cm, 1.0cm, 1.5cm and 2.0cm radial distances obtained using PTRAN 

Monte Carlo code and TLD dosimetry techniques. This figure demonstrates a good 

agreement (±5%) between Monte Carlo simulated and experimentally determined values.  

Upon the agreement between Monte Carlo simulated and experimentally 

determined data, Monte Carlo simulations were performed to validate Linear segmented 

source (LSS) model and Point segmented source (PSS) models. Dose profiles around a 

3.0cm long RadioCoil™
103

Pd have been determined using commercially available 

prostate treatment planning systems, Prowess
TM

 and VariSeed
TM 

and PTRAN Monte 

Carlo code.  
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Figure 6-1: Comparisons of Monte simulated and TLD measured dose profiles at radial 

distances of 0.5cm, 1.0cm, 1.5cm and 2.0cm around a 3.0cm long RadioCoil™103Pd 

source (0.35mm in diameter). 

 

6.2 Validation of LSS Model for a Single-Source Configuration 

 

Dosimetric characteristics of RadioCoil™ 
103

Pd sources (APPENDIX A) of 0.5cm 

and 1.0cm in length were incorporated in VariSeed
TM 

and Prowess
TM

 treatment planning 

systems. As a first step, the 3D dose distribution around a linear source was calculated for 

an elongated RadioCoil
TM

 
103

Pd source 3.0cm in length.   

Figure 6-2 shows the comparison of the Monte Carlo calculated dose profile from 

a single 3.0cm long source with the treatment planning (VariSeed™) values obtained 

using LSS model with 0.5cm long source segments, at a distance of 0.5cm, 1.0cm, 1.5cm 

and 2.0cm away from the source. This figure demonstrates good agreement between LSS 

model calculated and Monte Carlo simulated dose profiles except for the points at close 

vicinity and at the level of end of the active length of the source.  
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Figure 6-2: Comparisons of Monte Carlo and LSS model (with a series of 0.5cm, long 

source segments) calculated dose profiles obtained using VariSeed
TM

 planning systems at 

a distance of 0.5cm, 1.0cm, 1.5cm and 2.0cm away from a 3.0 cm long source. 

 

Figure 6-3 shows similar comparison between Monte Carlo calculated dose 

profiles and LSS model (1.0cm long source) calculated values for the 3.0cm long source 

at radial distances of 0.5cm, 1.0cm, 1.5cm and 2.0cm away from the source. This figure 

demonstrates good agreement between LSS model calculated and Monte Carlo simulated 

dose profiles except for the points at close vicinity and at the level of end of the active 

length of the source.  
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Figure 6-3: Comparisons of Monte Carlo and LSS model (with a series of 1.0cm long 

segments) calculated dose profiles obtained using VariSeed
TM

 planning systems  at a 

distance of 0.5cm, 1.0cm, 1.5cm and 2.0cm away from a 3.0cm long source. 

 

6.3 Validation of PSS Models for a Single-Source Configuration 

 

Figure 6-4 and Figure 6-6 show comparisons of the Monte Carlo simulated dose 

profiles at a distance of 0.5cm, 1.0cm, 1.5cm and 2.0cm away from a 3.0cm long source 

with the values obtained using PSS model (series of 0.5cm source segments) using 

VariSeed™ and Prowess™ treatment planning systems, respectively. Whereas, Figure 6-

5 and Figure 6-7 shows similar comparison for using 1.0cm long source segments in PSS 

model while using VariSeed™ and Prowess™ treatment planning systems, respectively. 

In these calculations a series of six, 0.5cm long sources or series of three sources 1.0cm in 

length were utilized to obtain dose distribution around a 3.0cm long single source. while 

utilizing dosimetric parameters obtained following point source approximation model 

introduced by TG-43U1 protocol.  
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Figure 6-4: Comparisons of Monte Carlo and PSS model (with a series of 0.5cm long 

segments) calculated dose profiles obtained using VariSeed
TM

 planning systems  at a 

distance of 0.5cm, 1.0cm, 1.5cm and 2.0cm away from a 3.0cm long source. 

 

In order to improve the statistics and accuracy of the data for dose profiles at 

larger radial distance, the total source strength for each source segment in treatment 

planning systems was assumed to be 775.8U. 

These results show PSS model underpredicts up to 8% for 0.5 source segments 

and around 12% cm for 1.0cm source segments as compared to the Monte Carlo 

calculated values, for the points  1.0cm.  The disagreements have been increased for the 

points closer to the longitudinal axis of the source, particularly when larger source 

segments are used.   
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Figure 6-5: Comparisons of Monte Carlo and PSS model (with a series of 1.0cm long 

segments) calculated dose profiles obtained using VariSeed
TM

 planning systems  at a 

distance of 0.5 cm, 1.0cm, 1.5cm and 2.0cm away from a 3.0cm long source. 

 

Similar results were obtained using the PSS model in PROWESS
TM

 (version 3.21) 

treatment planning system. These results show PSS model under predicts up to 8% for 

0.5cm source segments and 12% for 1.0cm source segments as compared to the Monte 

Carlo calculated values, for the points  1.0cm.  The disagreements increase for the points 

closer to the longitudinal axis of the source, particularly when larger source segments are 

used.  Similar results were obtained using the PSS model in PROWESS
TM

 (version 3.21) 

treatment planning system. Moreover, the PSS model calculated values for other source 

lengths using PROWESS treatment planning system yielded similar results. 
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Figure 6-6: Comparisons of Monte Carlo and PSS model (with a series of 0.5cm long 

segments) calculated dose profiles at a distance of 0.5cm (a) and 2.0cm (b) away from a 

3.0cm long source, calculated using Prowess
TM

 planning system. 
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Figure 6-7: Comparisons of Monte Carlo and PSS model (with a series of 1.0cm long 

segments) calculated dose profiles at a distance of 0.5cm (a) and 2.0cm (b) away from a 

3.0cm long source, calculated using Prowess
TM

 planning system.   

 

6.4 Validation of Multi-Source Configuration 

 

The clinical application of LSS and PSS models were examined by dose 

calculation in a sample prostate cancer patient.  These calculations were performed using 

the 0.5cm source segments with the VariSeed
TM

 treatment planning systems, for a 

prescription dose of 125 Gy.  A total of 15 RadioCoil
TM

 
103

Pd wires, consisting of two 

5.0cm, five 4.0cm, two .0cm, and six 2.0cm wires, with a source strength of 3.878 U/cm 

were used for dose calculation with LSS model.  Figure 6-8a and 6-8b show 3D views of 

the patterns of needles and dose distribution at the vicinity of the sources, respectively, 

indicating uniform dose distribution along each needle. Figure 6-8b also indicates that the 

dose calculations based on 0.5cm source-segments is a good representation of a linear 

source in each needle.  

Figure 6-8c and 6-8d show the dose distributions, in two different axial images of 

the prostate gland.  These figures indicate a good coverage of the prostate gland.  

Moreover, the quantitative comparison of the volumes for the 50%, 100%, 150%, and 
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200%, isodose lines calculated with the LSS model for the 0.5cm and 1.0cm 

RadioCoilTM source-segments and model 200, 103Pd source calculated with the linear 

source approximation, are shown in Table 6.1. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6-8: Clinical application of LSS model with existing treatment planning systems 

using 0.5cm RadioCoil
TM

 linear source segments for a sample prostate cancer patient. 3D 

views of the patterns of needles and dose distribution at the vicinity of the sources (a and 

b). Dose distributions of the prostate implant calculated in two different axial views(c and 

d). 
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Table 6.1: The quantitative values of the volumes and dose coverage calculated using 

the LSS model for the RadioCoil
TM

 wires and the Model 200, 
103

Pd sources with 

linear source approximation. 

 LSS Model (Line Source Approximation) 

Model 200 0.5cm linear source 1.0cm Linear source 

cc cc % Difference 

to 

Model 

200 

cc % Difference 

to 

Model 

200 

V200 12.70 11.29 12 11.58 10 

V150 26.05 24.49 6 24.68 6 

V100 32.23 32.07 0 32.11 0 

V50 32.57 32.57 0 32.57 0 

 

Gy Gy  

% Difference 

Model 

200 

Gy % Difference 

to 

Model 

200 

D90 168.18 162.06 4 162.78 3 

D50 231.86 222.78 4 223.82 4 

D10 470.50 434.88 8 448.63 5 

 

In addition, this table shows the comparison between dose values covering the 

90%, 50% and 10% of the prostate gland, by the both RadioCoil
TM

 and Model 200 
103

Pd 

sources.  Total source strength of 186.14 U, 191.80U, and 204.76U were used for 

calculations with Model 200, 0.5cm and 1.0cm RadioCoil
TM

 source segments, 

respectively, for a prescription dose of 125 Gy.  This table indicates that V100 calculated 

with both 0.5cm and 1.0cm long RadioCoil
TM

 source-segments are in excellent agreement 

(within ± 1%) with the Model 200.  However, the values of Model 200 
103

Pd source 

indicate about 6% increase for the V150, and 12% increase for V200.   

The maximum dose to urethra calculated with the LSS model for 0.5cm and 

1.0cm RadioCoil
TM

 source segments and also model 200 
103

Pd were in agreement to 

within 4%. Similarly, the quantitative values of the volumes and dose coverage as 

calculated with the PSS model for the RadioCoil
TM

 and Model 200, 
103

Pd, sources 

calculated with point source approximation, are shown in Table 6-2.   
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Table 6.2: The quantitative values of the volumes and dose coverage calculated using 

the PSS model for the RadioCoil
TM

 wires and the Model 200, 
103

Pd sources with 

point source approximation. 

 PSS Model (Point Source Approximation) 

 Model 200 0.5cm linear source 1.0cm Linear source 

cc cc % Difference 

to 

Mode

l 200 

cc % Difference 

to 

Model 

200 

V200 12.98 11.89 9 11.20 16 

V150 25.87 24.56 5 23.85 8 

V100 32.22 32.07 0 32.04 1 

V50 32.57 32.57 0 32.57 0 

 

Gy Gy  

% Difference 

to 

Mode

l 200 

Gy % Difference 

to 

Model 

200 

D90 167.73 162.11 3 159.87 5 

D50 232.50 224.57 4 220.10 6 

D10 469.99 442.19 6 446.26 5 

 

This table indicates that the value of V100 for Model 200 
103

Pd is within 0.5% of 

the PSS calculated values for RadioCoil
TM

.  However, an increase of approximately 8% 

for V150 and 16% for V200 has been observed.  The maximum urethra dose for Model 

200 
103

Pd implant was within 4.5% to that of PSS model calculated for the RadioCoil
TM

 

sources.   

More detail of these investigations is provided in our paper published in Journal of 

Applied Clinical Medical Physicist (Meigooni et al, 2005).  
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CHAPTER 7 

RESULT II 

ADAPTATION OF TG-43U1 PARAMETERIZATION FOR 

ELONGATED SOURCES 

 

TG-43U1 recommendations are based on experience with sources less than 1.0cm 

in length. This section demonstrates adaptation of TG-43U1 recommendations for 

parameterizations and dose calculation around elongated RadioCoil™
103

Pd sources.  In 

these investigations MCNP5 Monte Carlo code has been employed  

 

7.1 Determination of TG-43U1 Parameters for Elongated Sources  

 

Dosimetric parameters of RadioCoil™
103

Pd source have been determined using 

both experimental and Monte Carlo simulation techniques. Dosimetric characteristics of 

4.0cm long RadioCoil™103Pd source were determined following TG-43U1 protocol as 

well as in along and away format. Upon the agreement between experimental and Monte 

Carlo simulated data, Monte Carlo simulated data was obtained for 5.0cm long source. 

 

7.1.1 TG-43U1 Parameterization of a 4.0cm Long Source 

Table 7.1 shows comparison of Monte Carlo (MCNP5 code) calculated using and 

experimentally measured using TLD dosimetry technique, dose rate constants of the new 

RadioCoil
TM

 linear 
103

Pd brachytherapy source 4.0cm in length determined in Solid 

Water™. A good agreement between experimentally determined and Monte Carlo 

simulated values has been found. 

 

Table 7.1: Comparison of TLD measured and Monte Carlo simulated Dose Rate 

constants of a 4.0cm long RadioCoil
TM 103

Pd sources determined in Solid Water
TM

 

medium. 

Source Length Technique 
Dose Rate Constant 

 (cG h
-1

U
-1

) 

 

%Differences 

4.0cm 
Monte Carlo 0.290± 3%  

1.360 TLD 0.294±7% 
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Figure 7-1 shows comparison between MCNP5 Monte Carlo code calculated 

radial dose function and TLD measured radial dose function of 4.0cm long RadioCoil
TM

 

source. These values are determined in Solid Water
TM

 medium following the line source 

approximation model of TG43U1.  

 

 

Figure 7-1: Comparison of TLD measured and Monte Carlo simulated Radial Dose 

Function of RadioCoil
TM103

Pd Source (4.0cm in length) in Solid in Water™ medium. 

 

A good agreement (within 5%) between TLD measured and Monte Carlo 

simulated data has been observed. Upon the agreement between experimentally 

determined radial dose function for a 4.0cm long RadioCoil™103Pd source, Monte Carlo 

simulated radial dose function for 1.0cm, 3.0cm and 5.0cm long sources were determined 

in liquid water medium.  

Figure 7-2 shows comparison between TLD measured and Monte Carlo (MCNP5) 

simulated 2D anisotropy function of the RadioCoil™
103

Pd source determined in Solid 

Water
TM

 medium. A good agreement between experimentally determined, dose rate 

constant, radial dose function and 2D anisotropy function, validates the source and 

phantom geometry used in Monte Carlo simulations. The solid lines in these figures are 

the 4
th

 order polynomial fit to the Monte Carlo simulated data. These results show that a 

good agreement (±5%) between TLD measured and Monte Carlo simulated data has been 

observed.  
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Figure 7-2: Comparison of TLD and Monte Carlo simulated anisotropy functions at 

radial distances of 1.0cm, 2.0cm 3.0cm and 5.0cm for RadioCoil
TM

 for 4.0cm source 

lengths. 

 

7.1.2 Dosimetric Parameters in Point Matrix Arrangement 

In addition to TG-43U1 recommended dosimetric parameters, dose distribution of 

a RadioCoil™103Pd source has also been determined in along and away matrix format. 

Figure 7-3 shows the comparison between the TLD measured and Monte Carlo 

(MCNP5) simulated dose profile of a 4cm long RadioCoil™ 
103

Pd source at radial 

distances of 0.5cm, 1.0cm, 1.5cm, and 2cm.  This agreement further supports accuracy 

source and phantom geometry used in Monte Carlo simulation technique.  
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Figure 7-3: Comparison of the TLD measured and Monte Carlo simulated dose profile of 

a 4.0cm long RadioCoil™ source with 0.8mm diameter at radial distances of 0.5cm, 

1.0cm, 1.5cm and 2.0cm from the source axis.    

 

7.1.3 Application of TG-43U1 Parameters for Calculation of Dose Distribution Around 

Elongated Sources 

Upon the agreement between measured and calculated data, Monte Carlo 

simulations were performed in liquid water medium. TG-43U1 recommended dosimetric 

parameters of RadioCoil™
103

Pd sources have been determined using Monte Carlo 

simulation techniques. Dose rate constant, radial dose function, and 2D anisotropy 

function of a 5.0cm long RadioCoil™ 
103

Pd source has been shown in Appendix B. Due 

to large variation in 2D anisotropy function, F(r,θ) of this source model was determined 

for various radial distances and were grouped into three sets.  

Figure 7-4 shows a comparison of F(r, θ) from set 1 and set 3 at 5, 10, 20, 30, 60, 

and 85 degrees.  As this figure indicates, values of the 2D anisotropy function for radial 
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distances in Set 3 could not be accurately calculated by linear interpolation technique 

recommended by TG-43U1, from the data given in Set 1. These differences are 

particularly prominent in the region surrounding the ends of the active length of the 

source at smaller angles. Therefore, for an elongated brachytherapy source, use of only 

the TG-43U1 recommended minimum radial distances will lead to an incorrect 

representation of F(r, θ). 

 

  

  

  

Figure 7-4: Comparisons between F(r, θ) at radial distances from Set 1 to those 

calculated using radial distances from Set 3 for a 5.0cm long RadioCoil™ 
103

Pd source at 

θ= 5, 10, 20,  30, 60, and 85 degrees. 

 

Figure 7-5(A) shows large variations in F(r, θ) of a 5.0cm long RadioCoil
TM

 
103

Pd 

source at radial distances of 0.5cm, 2.0cm, 2.5cm, 3.0cm and 4.0cm.  The magnitudes of 

the anisotropy function at = 5 degrees for r= 2.5cm, 3.0cm and 4.0cm were found to be 

2.95, 1.74, and 1.19, respectively.  

These results indicate about a 70% difference between F(2.5cm, 

) and F(3cm,


) and a 

46% difference between F(3.0cm,

) and F(4.0cm,


). In addition, this figure shows that 

these differences decrease as the value of theta increases. 
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(a) 

 
(b) 

Figure 7-5: Comparison between F(r, θ) of a 5.0cm long RadioCoil
TM

 
103

Pd 

brachytherapy source as a function of theta for various radial distances (3A). Percentage 

differences between the Monte Carlo simulated 2D anisotropy function of a 5.0cm long 

RadioCoil
TM

 
103

Pd source and values obtained by using the linear interpolation technique 

for radial distances of 1.5cm, 2.2cm, 2.5cm, 2.7cm and 3.5cm as a function of angle (3B). 

 

The Monte Carlo simulated 2D anisotropy function was compared with the values 

calculated by the linear interpolation technique in order to evaluate the accuracy of this 

interpolation technique for an elongated source. Linear interpolation was performed using 

the anisotropy function from set 1 and Monte Carlo simulated data presented in set 3 as 

shown above. Figure 7-5(B) shows the percentage difference of F(r, θ) obtained by these 

two methods at radial distances of 1.5cm, 2.2cm, 2.5cm, 2.7cm, and 3.5cm as a function 

of angle for a 5.0cm long RadioCoilTM 103Pd source. This figure shows up to 30% 

differences between the two data sets at  =5 degrees. These differences decrease as the 

values of r and theta increase relative to the end of the active length of the source.  

Figure 7-6 shows comparisons between Monte Carlo simulated and theoretically 

calculated dose profiles along the longitudinal axis of a 5.0cm long RadioCoilTM 103Pd 

source. The theoretical calculations in Figure 7-6(A) are based on 2D anisotropy 

functions extracted from data set 1 by using linear interpolation techniques. 

Figure 7-6 (B) shows up to 30% difference between Monte Carlo simulated and 

theoretically calculated dose profiles at 0.2cm radial distance. These differences are 

significant at close vicinity of the end of the active part of the source. 

  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 10 20 30 40 50 60 70 80 90

Theta (degrees)

F
(r

, 
)

0.5

2.0

2.5

3.0

4.0

Radii (cm)

-20

-15

-10

-5

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60 70 80 90

Theta ( degrees)

%
 D

if
fe

r
e
n

c
e

1.5

2.2

2.5

2.7

3.5

Radii (cm)



75 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

 
(E) 

 
(F) 

Figure 7-6: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles using (A) Set 1, (C) Set 2, (E) Set 3 for F(r, ), by employing the linear 

interpolation technique at a radial distance of 0.2cm for a 5.0cm long source. (B), (D), 

and (F) represent corresponding percentage differences between the Monte Carlo 

simulated and theoretical calculated values. 

 

Figures 7-6(C) and 7-6(D) indicate that these differences were reduced to 10% by 

utilizing set 2 to extract the required 2D anisotropy function. As shown in Figures 7-6(E) 

and 7-6(F), the agreement between the Monte Carlo simulated and theoretically 

calculated data was further improved by using 2D anisotropy functions from Set 3. 

Similar results have been observed for data Set 3 for dose profiles at larger distances as 

shown in Figure 7-7. Figures 7-7(A) and 7-7(C) show comparisons between Monte Carlo 

simulated and theoretically calculated dose profiles at radial distances of 1.0cm and 

2.5cm, respectively. The percentage differences between corresponding dose profiles are 

presented in Figures 7-7(B) and 7-7(D).  
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 7-7: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of (A) 1.0cm, (C) 2.5cm using Set 3, to extract the 

required F(r, ) by employing the linear interpolation technique. (B) and (D) represent 

corresponding percentage differences between the Monte Carlo simulated and theoretical 

calculated values. 

 

The validity of a polynomial fit as an alternative approach to the linear 

interpolation technique for dose calculation around an elongated brachytherapy source 

was investigated using F(r, θ) from Set 1 and Set 3. Figure 7-8(A) shows a comparison 

between Monte Carlo simulated and theoretically calculated dose profiles at a radial 

distance of 0.2cm. The theoretical calculations in this figure are based on F(r, θ) extracted 

from Set 1 using the best polynomial fit to the data. Figure 7-8(B) shows up to 30% 

difference between the Monte Carlo simulated and theoretically calculated values in the 

vicinity of the end of the active length of the source. Figures 7-8C and 7-8D show no 

significant improvement when, F(r, θ) from Set 3 was utilized with the polynomial 

interpolation technique. 
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(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 7-8: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of 0.2cm using Set 1(A) and Set 3 (C) to extract the 

required F(r, ) by employing the polynomial interpolation technique. (B) and (D) 

represent corresponding percentage differences between the Monte Carlo simulated and 

theoretical calculated values. 

 

Moreover, the comparison between the Monte Carlo simulated and theoretically 

calculated dose profiles at 1.0cm and 2.5cm radial distances, using F(r, θ) extracted from 

Set 3 (best polynomial fit to data) are shown in Figures 7-9(A) and 7-9(C), respectively. 

These figures indicate a maximum of 5% difference between the calculated and 

simulated dose profiles. A comparison between Figures 7-7(F) and 7-8(D) indicates that 

at 0.2cm radial distance, dose profiles calculated with the linear interpolation technique 

more closely represent the Monte Carlo simulated data than the dose profiles obtained by 

using a polynomial fit.  

In contrast, a comparison between Figures 7-7(B), 7-7(D), 7-9(B), and 7-9(D) 

indicate that at larger distances both techniques are equally comparable. However, the 

linear interpolation technique is more convenient to implement in treatment planning 

systems for clinical application.  

 

0.2 cm Radii

0

100

200

300

400

500

600

700

800

900

1000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance from the source center (cm)

D
o

se
 R

a
te

 (
cG

y
/h

/U
)

MC

P.F (SET 1)

-40

-30

-20

-10

0

10

20

30

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance from the source center (cm)

%
 D

if
fe

r
e
n

c
e

0.2 cm Radii

0

100

200

300

400

500

600

700

800

900

1000

0.0 1.0 2.0 3.0 4.0

Distance from the source center(cm)

D
o

se
 R

a
te

 (
cG

y
/h

/U
)

MC

P.F (SET 3)

-40

-30

-20

-10

0

10

20

30

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance from the source center (cm)

%
 D

if
fe

re
n

ce



78 

 

 
(A) 

 
(B) 

 
(C) 

 
(D) 

Figure 7-9: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of 1.0cm (A) and 2.5cm (C) using Set 3 to extract the 

required F(r, ) by employing the polynomial interpolation technique. (B) and (D) 

represents corresponding percentage differences between the Monte Carlo simulated and 

theoretical calculated values. 

 

The accuracy of the extrapolation technique recommended by TG-43U1 has been 

examined by comparison of the Monte Carlo simulated 2D anisotropy function at 0.2cm 

and 0.5cm radial distances from a 5.0cm long RadioCoil™ 
103

Pd source (Figure 7-10).  

Figure 7-10(B) shows a maximum of 5.0% difference between the two data sets.  

 

 
(A) 

 
(B) 

Figure 7-10: Comparison between Monte Carlo simulated 2D anisotropy function at 

0.2cm and 0.5cm radial distances (A) and percentage differences between the two data 

sets (B). 
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CHAPTER  8 

RESULTS 3 

 

8.1 Modification of TG-43U1 Parameters to Cylindrical Coordinates 

 

Dosimetric parameters (dose rate constant, radial dose function, 2D anisotropy 

function) of 1.0cm and 5.0cm long RadioCoil™ 
103

Pd brachytherapy sources have been 

determined using MCNP5 Monte Carlo code following TG-43U1 protocol modified for 

cylindrical coordinates (APPENDIX C).  

Figure 8-1 shows a comparison of the radial dose function of 1.0cm and 5.0cm 

long RadioCoil™ 
103

Pd source determined in liquid water medium following TG-43U1 

recommendations in polar and modified in cylindrical coordinate system. An excellent 

agreement (< 1%) between the results of the two independent investigations indicates that 

the radial dose function of an elongated source is independent of coordinate system and 

confirms the accuracy of geometry and phantom material used in these investigations.  

 

 
(A) 

 
(B) 

Figure 8-1: Comparison of the radial dose functions of 1.0cm (A) and 5.0cm (B) long 

RadioCoil™ 
103

Pd source in liquid water, calculated for cylindrical and polar coordinate 

systems. 

 

Figures 8-2A and 8-2B presents a family of 2D anisotropy curves for the 1.0cm 

and 5.0cm sources, respectively. These figures demonstrate that the 2D anisotropy 

function for these source lengths can be divided into two zones. a) the region bounded by 
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the active length of the source, and  b) the region out side of the active length of the 

source.  

 

 
(A) 

 
(B) 

Figure 8-2: Graphical representation of 2D anisotropy function, F(R, Z), of a 1.0cm (A) 

and 5.0cm (B) long RadioCoil™ 
103

Pd source determined in liquid water medium using 

cylindrical coordinate system. 

 

Large variation of 2D anisotropy function within the active region of the source is 

greater for larger radial distances, R. However, for the regions out side of the active 

length of the source this variation is very complex, as in this zone, there is a larger dose 

gradient at shorter radial distances.   

The 2D anisotropy functions of 1.0cm and 5.0cm long RadioCoil™ 
103

Pd sources 

in cylindrical coordinates. F(R, Z) obtained from Monte Carlo simulations are presented 

in APPENDIX C. 

Figure 8-3A, 8-3B, and 8-3C show a comparison between the Monte Carlo 

simulated dose profiles and theoretically calculated data using cylindrical coordinates 

around a 5.0cm long RadioCoil
TM

 
103

Pd source at radial distances of 0.5cm, 0.9cm, and 

1.25cm, respectively. Theoretical calculated dose profiles were determined by employing 

TG-43U1 parameters, modified in cylindrical coordinate system using Microsoft Excel 

installed on Windows XP operating system. In addition, a linear interpolation technique 

was employed for extraction of 2D anisotropy function for the calculation points falling 

in between the tabulated data. Figures 8-3D, 8-3E, 8-3F present the percentage difference 

between the two data sets.  An excellent agreement (± 2%) between the Monte Carlo 

simulated and theoretically calculated dose profiles has been observed.  
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Figure 8-3: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of 0.5cm (A), 0.9cm (B) and 1.25cm (C). Theoretically 

calculated values are obtained using TG-43U1 parameters in cylindrical coordinate 

system. The Figures in the right panels (i.e. D, E, and F) presents the percentage 

differences between Monte Carlo simulated and theoretically calculated values. 

 

8.2 Linear Segmented Source Approach with Modified TG-43U1 

Parameters  

 

The feasibility of reproducing the dose distribution around different source 

lengths, the LSS model has been examined for TG-43U1 parameters modified in 

cylindrical coordinate system. The LSS model was used to calculate dose profiles around 

3.0cm 5.0cm long RadioCoil™ 
103

Pd sources. In these calculations, the 3.0cm and 5.0cm 

long source was assumed to be a series of three and five 1.0cm long sources, arranged in 

a linear fashion. Accumulated dose at each point was obtained as linear combinations of 

the dose from each 1.0cm segment. The final results were compared with Monte Carlo 

simulated dose profiles from a single 3.0cm long source. 

R= 0.5cm                                           A

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

D
o

se
 R

a
te

 (
c
G

y
/h

/U
)

MC

TG-43(Cyl)

R= 0.5cm                                D

-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

7.5

10.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

%
 D

if
fe

re
n

ce

R= 0.9 cm                                           B

0.00

0.04

0.08

0.12

0.16

0.20

0.24

0.28

0.32

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

D
o

se
 R

a
te

 (
c
G

y
/h

/U
)

MC

TG-43(Cyl)

R= 0.9cm                                E

-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

7.5

10.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

%
 D

if
fe

r
e
n

c
e

R= 1.25cm                                           C

0.00

0.04

0.08

0.12

0.16

0.20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

D
o

se
 R

a
te

 (
c
G

y
/h

/U
)

MC

TG-43(Cyl)

R= 1.25cm                                F

-10.0

-7.5

-5.0

-2.5

0.0

2.5

5.0

7.5

10.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distane Z (cm)

%
 D

if
fe

r
e
n

c
e



82 

 

Figure 8-4 shows comparison between Monte Carlo simulated and theoretically 

calculated dose profiles at radial distances of 0.5cm (A), 0.9 (B) and 1.25cm (C) from a 

3.0cm long RadioCoil™ 
103

Pd source. Theoretically calculated values are obtained using 

the LSS model using the TG-43U1 parameters for a 1.0cm long source in cylindrical 

coordinate system. The figures in the right panels (i.e. D, E, and F) presents the 

percentage differences between Monte Carlo simulated and theoretically calculated 

values. 

Figure 8-5 presents the similar comparison between Monte Carlo simulated and 

theoretically calculated dose profiles at radial distances of 0.5cm (A), 0.9 (B) and 1.25cm 

(C) from a 5.0cm long RadioCoil™
103

Pd source. The figures in the right panels (i.e. D, E, 

and F) present the percentage differences between Monte Carlo simulated and 

theoretically calculated values. The calculations with the LSS model are based on TG-

43U1 parameters in cylindrical coordinates systems for a 1.0cm long RadioCoil™ 
103

Pd 

source. 

The right column of Figure 8 (8-4D, 8-4E, 8-4F) show the percentage difference 

between Monte Carlo simulated and LSS model calculated dose profiles. 

Figures 8-5 (8-5D, 8-5E, 8-5F) demonstrates a similar comparison for the 5.0cm 

long RadioCoil™ 
103

Pd source. These results indicate an excellent agreement (± 2.5%) 

between the Monte Carlo simulated and theoretically calculated dose profiles.  
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Figure 8-4: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of 0.5cm (A), 0.9 (B) and 1.25cm (C) from a 3.0cm long 

RadioCoil™ 
103

Pd source. Theoretically calculated values are obtained using the LSS 

model using the TG-43U1 parameters for a 1.0cm long source in cylindrical coordinate 

system. The Figures in the right panels (i.e. D, E, and F) presents the percentage 

differences between Monte Carlo simulated and theoretically calculated values. 
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Figure 8-5: Comparison between Monte Carlo simulated and theoretically calculated 

dose profiles at radial distances of 0.5cm (A), 0.9 (B) and 1.25cm (C) from a 5.0cm long 

RadioCoil™
103

Pd source. Theoretically calculated values are obtained using the LSS 

model using the TG-43U1 parameters for a 1.0cm long source in cylindrical coordinate 

system. The Figures in the right panels (i.e. D, E, and F) presents the percentage 

differences between Monte Carlo simulated and theoretically calculated values. 
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CHAPTER 9 

DISCUSSIONS  

 

In recent years prostate brachytherapy with 
125

I and 
103

Pd sources has become the 

treatment of choice for many patients with early stage prostate cancer (Prestidge, 1998, 

Bratt, 2006, Sylsvester et. al, 2001). Popularity of this modality is most likely due to the 

fact that five-and ten-year disease control rates of brachytherapy equal those of the top 

surgical and external radiation therapies, and toxicity and side-effects are perceived to be 

lower (Tward et. al. 2006). In addition, it is a minimally invasive, well tolerated outpatient 

procedure that has high patient acceptance. Due to these factors, prostate brachytherapy is 

considered by many practitioners to be the most conformal form of radiotherapy. It has 

been estimated that up to 50% of patients with early stage prostate cancer are now treated 

with ultrasound-guided seed implantation (Guedea et al., 2006, Machtens et al, 2006).  

Original implant techniques involve placement of individual, or ―loose,‖ seeds into 

the prostate gland (Yu. et al, 1992). Spacing between the sources is accomplished in 

preloaded needles by absorbable spacers or, with the Mick applicator (Mick® Radio-

Nuclear Instruments, Inc., Mount Vernon, NY) by mechanically depositing the seed at the 

required distance from the other seeds (Nag et al, 1995, Davis, et al, 2000, Shanahan et. al, 

2002).  

Different source designs are currently employed for the treatment of prostate cancer. 

The majority of these sources are less than 0.5cm in length and 0.8mm in diameter (Nath et. 

al, 1995, Rivard et. al, 2004). Different manufacturers are involved in the production of 
125

I 

and 
103

Pd brachytherapy sources and have employed various innovative approaches in 

source design to obtain better outcomes from this treatment modality (Walace, et al, 1992, 

Meigooni et al, 2002, Monro, et. al, 2002). Despite vast improvements in seed design, 

interstitial brachytherapy, there are still a few problems associated with loose seed type 

implants, like seed migration (Older, et al, 2001), seed embolization (Steinfeld et. al, 1991, 

Tapen et. al, 1998) and clumping (Dawson, et. al, 1994, Roberson, et. al, 1997) of loose 

seeds during the implant.  

Recently, various investigators have reported that stranded seeds reduce seed 

migration and embolization to zero (Al-Qaisieh, et. al, 2004, Awan et al, 2005). Favorable 

outcomes of stranded sources motivated the vendors to develop true linear source models 

that could resolve the problems associated with the loose seed implant without creating 
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additional problems (Meigooni et al, 2004). RadioMed™ introduced the RadioCoil™ 
103

Pd 

sources for interstitial brachytherapy implants. RadioCoil™ 
103

Pd sources are available in 

0.8mm in diameter with integral lengths ranging from 1.0cm to 6.0cm in 1.0cm increments. 

Due to shortcomings of TG-43U1 parameterization and limitations of treatment planning 

systems for elongated sources lengths, RadioCoil™
103

Pd sources could not be fully 

implemented for clinical applications.  

In this project treatment planning aspect of elongated RadioCoil™
103

Pd sources 

have been investigated so that clinical applications of this source model colud be fully 

benefitted to enhance the outcome of interstitial prostate brachytherapy. These explorations 

were divided into three basic components. First, we investigated use of TG-43U1 

parameters of 0.5cm and 1.0cm long RadioCoil™
103

Pd sources to obtain dose distribution 

around sources with lengths greater than 1.0cm and to employee these parameters into the 

commercially available treatment planning systems for dose calculation around elongated 

lengths.  

In order to improve the accuracy of dose calculation around elongated sources we 

investigated to modification of TG-43U1 protocol from polar to cylindrical coordinate 

systems for parameterization and dose calculation around linear sources 

Present prostate treatment planning systems are based on TG-43U1 parameters and 

utilize dosimetric parameters of 0.5cm and 1.0cm long sources. We investigated use of TG-

43U1 parameters of 0.5cm and 1.0cm long RadioCoil™
103

Pd sources to obtain dose 

distribution around sources with lengths greater than 1.0cm. In these investigations two 

new models have been developed for 3D dose calculations for a prostate implant with linear 

brachytherapy sources, using the commercially available treatment planning systems. The 

proposed models are referred as Linear-Segmented-Source (LSS) model and Point-

Segmented-Source (PSS) model. The calculated dose distributions obtained by these 

models for single linear source have been validated by their comparison with the Monte 

Carlo simulated data.  

The results indicate that for the points within the active boundary of the source the 

LSS model very closely (within 4%) reproduces the Monte Carlo simulated data of a given 

linear source.  Moreover, the agreement between the calculated data using the LSS model 

and Monte Carlo simulated data was good for both 0.5cm and 1.0cm source-segments.  

However, for the points outside of the active length of the source, the agreement between 

the LSS model and Monte Carlo simulated data is within 4% for the points with x  1.0cm 
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but it is larger than 12% when X < 1.0cm.  These differences were attributed to: 1) 

Accuracy of the algorithm and methodology of interpolations in treatment planning systems 

and 2) Limitation of the TG-43U1 formalism and parameters for the elongated sources. The 

accuracy of interpolation algorithm in the planning systems was verified by calculating the 

dose profile using an independent technique. Dose values for the same points as entered in 

the treatment planning systems were determined by superposition of the dose contributions 

from each source segment.  The results of these calculations were compared to the Monte 

Carlo simulated data as well as the data calculated data from the treatment planning 

systems. These comparisons showed no significant differences (less than 1%) between this 

independent method and treatment planning data. Therefore, the interpolation techniques of 

the treatment planning systems were not contributing to the discrepancies between the 

Monte Carlo simulated data and treatment planning values. Moreover, it was found that, the 

discrepancies always increase for the points at small angles, immediately after the active 

length of the source, where the variation of the anisotropy function is maximum.  This 

discrepancy could be attributed to the deficiency of the TG-43U1 formalism for defining 

anisotropy and geometric function of elongated source.  

The results of these investigations using the PSS model show that point source 

model with small source segments is reproducing the linear source data to within ±8 % for 

the points within the active region of the source. However, the discrepancies between the 

Monte Carlo calculated and PSS model increases for larger source segments. The larger 

discrepancies of PSS model compared to LSS model could be attributed to the fact that the 

concept of point source approximation was based on random distribution of the seeds 

within the implant volume.  Therefore, for a fixed arrangement of the source orientation, 

this model leads to under dose or overdose regions.  

The results of multi-source calculations show the clinical application of the new 

models with existing prostate treatment planning systems. The qualitative and quantitative 

evaluation of these results indicates the practical application of this intermediate solution 

for dose calculation of prostate implant with linear brachytherapy sources. Dose 

distribution was calculated for a prostate implant with LSS and PSS models for the 

RadioCoil
TM103

Pd sources and compared with the data for Model 200 
103

Pd seeds, obtained 

using line and point source approximations, respectively. These results show that both LSS 

and PSS models can easily be adapted for the present treatment planning system for 

prostate implant dose calculation. Although there is an excellent agreement (within 1%) for 

the Volume of the 100% (V100) dose using the RadioCoil
TM

 wires and Model 200, 
103

Pd 
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sources, the differences increases up to 6 % for V150% and 12% for V200.  These 

differences were observed for both 0.5cm and 1.0cm source segments.  Moreover, the dose 

to the 90% (D90) and 50 % (D50) of the prostate gland, calculated with RadioCoil
TM

 wires 

using the LSS model were within 4 % of the model 200 
103

Pd source. For the PSS model, 

V150 for RadioCoil
TM

 
103

Pd wires with 0.5cm and 1.0cm source segments were within 5 % 

and 8%, respectively to that of the model 200 
103

Pd seeds.  In addition, the differences in 

D90 and D50 values with this model were found to be within 3 % and 4% for the 0.5cm 

source segments and 5% and 6% for 1.0 cm source segments.  The maximum dose to 

urethra calculated for the RadioCoil
TM

 wires, using both LSS and PSS models were found 

to be within 5% of the Model 200 source. 

In summary, the results indicate that for the 0.5cm source-segment, LSS and PSS 

models are in good agreement (less than 5 % and 8 % respectively) to that of Monte Carlo 

simulated data. However, LSS model gives better agreement as compared to that of PSS 

model. Use of 1.0cm source segments in PSS model leads to larger discrepancies whereas, 

the LSS model closely represents the dose profile of a linear source. Therefore the use of 

1.0 cm source segment in PSS model is not recommended.  The limitation of LSS model is 

mainly for the points outside the active length and very close to the longitudinal axis of the 

source. This limitation is attributed to the deficiency of the anisotropy function defined by 

the TG-43U1 protocol, as applied for the elongated source. The required modifications to 

the TG-43U1 formalism for the elongated source were adopted as second step towards 

treatment planning with elongated sources.   
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CHAPTER 10 

 

Conclusion 

10.1 Conclusion 

 

The results of these investigations indicate that specification of the 2D anisotropy 

function using TG-43U1 minimum recommended radial distances (i.e. 0.5cm, 1.0cm, 

2.0cm, 3.0cm, and 5.0cm) for 
103

Pd brachytherapy sources is not sufficient for dose 

calculation around elongated 
103

Pd brachytherapy sources. The large variations in F(r, ) in 

the vicinity of the end of the active length of an elongated brachytherapy source cannot be 

accurately described only using these minimum radial distances. However, addition of the 

2D anisotropy function at radial distances {0.2cm, 1.5cm, 2.5cm, 3.5cm, 4.5cm, L/2 and 

L/2 ± 0.2cm, where L= active length} to TG-43U1 recommended radii closely replicates 

(±10% at 0.2cm and ±5% at larger radial distances) Monte Carlo simulated dose profiles. 

Results indicate that above mentioned radial distances for F(r, θ), are found to be the most 

suitable data set for dose calculation around elongated brachytherapy source. Good 

agreement (<5%) between Monte Carlo simulated and theoretically calculated values have 

been observed when data utilizing F(r, θ) for above noted radial distances for dose 

calculation around an elongated brachytherapy source. Therefore, tabulation of the 2D 

anisotropy function for radial distances of {0.2cm, 0.5cm, 1.0cm, 1.5cm, 2.0cm, 2.5cm, 

3.0cm, 3.5cm, 4.0cm, 4.5cm, 5.0cm, L/2 and L/2 ± 0.2cm} is recommended for elongated 

103
Pd brachytherapy sources.  

In this project, it was also demonstrated that dose profiles calculated at short 

distances using the linear interpolation technique more closely replicate the Monte Carlo 

simulated data than the values obtained using a polynomial fit. However, at larger radial 

distances (>1.0cm) no significant differences are observed between the two interpolation 

techniques. Despite the good agreement between the outcome of the two interpolation 

techniques at larger radial distances, the linear interpolation technique is more convenient 

to use and easier to implement in treatment planning systems for clinical application. 

Therefore, the concept of the linear interpolation technique is also applicable for elongated 

brachytherapy sources if additional radial distances are incorporated with the TG-43U1 

recommended minimal radial distances.  
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The results of these investigations indicate that the TG-43U1 recommended 

extrapolation technique for the 2D anisotropy function from 0.5cm to 0.2cm may lead up to 

5% error in dose calculation. In summary, TG-43U1 recommended parameters can be 

utilized for dose calculation around an elongated brachytherapy source if the 2D anisotropy 

function is tabulated at radial distances of 0.2cm, 0.5cm, 1.0cm, 1.5cm, 2.0cm, 2.5cm, 

3.0cm, 3.5cm, 4.0cm, 4.5cm 5.0cm, L/2 and L/2 ± 0.2cm. Moreover, with the addition of 

recommended radial distances for 2D anisotropy functions, the linear interpolation 

technique closely replicates Monte Carlo simulated data.  
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10.1 Conclusion II 

 

In this project, the updated TG-43U1 protocol, modified in a cylindrical coordinate 

system, has been utilized for dosimetric parameterization of a 1.0cm and 5.0cm long 

RadioCoil™ 
103

Pd source.  Dose rate constants, radial dose functions, and 2D anisotropy 

functions of these sources were determined in water, using the Monte Carlo simulation 

technique.   

Dose rate constants of the 1.0cm and 5.0cm long RadioCoil™ 
103

Pd sources in the 

cylindrical coordinate system were compared with the values obtained in the polar 

coordinate system.  In addition the values of dose rate constants are independent of the 

coordinate system.  Radial dose function of the above noted sources were determined in the 

cylindrical coordinate based system.  The results show that the radial dose functions of 

these sources are independent of the coordinate system.    

2D anisotropy function of the 1.0cm and 5.0cm long RadioCoil™ 
103

Pd sources in 

the cylindrical coordinate system were determined in water using the MCNP5 Monte Carlo 

simulation technique.  Comparison between the 2D anisotropy function of a 1.0cm long 

source as function of Z for R=0.2cm, 0.6cm, 1.0cm, 2.0cm, and 3.0cm.  Similar results for a 

5.0cm long source were obtained.   

Comparison between the dose rates, 2D anisotropy function, and geometry function 

of two points within the active region and two points outside of the active length of a 5.0cm 

long RadioCoil™ 
103

Pd source in polar and cylindrical coordinate systems.  

The advantages of the cylindrical coordinate based parameters were demonstrated 

by calculating dose profiles around a sample 5.0cm long source and comparison of the 

results with the Monte Carlo simulated values. The results of these investigations indicates 

that the Monte Carlo simulated dose profiles around a 5.0cm long RadioCoil™ 
103

Pd source 

can be calculated to within  ±2.5% using the TG-43U1 parameters in cylindrical coordinate 

system.  This is a significant improvement as compared to the ±10% agreement that was 

obtained using TG-43U1 parameters in the polar coordinate system, despite the reduction 

of radial increments recommended by Awan et al. In addition, with the use linear 

segmented model (LSS) and the TG-43U1 parameters of a 10.0cm long source in the 

cylindrical coordinate system, dose profiles around a 5.0cm long source were replicated to 

within ±2%.  This is again a significant improvement as compared to the data presented by 

Meigooni et al with polar coordinate based parameters which indicated differences of about 
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14% in the area outside of the active zone of the source.  With this method, one could use 

the dosimetric characteristics of one source segment to replicate the dose distributions 

around other source lengths. This will minimize the amount of data that would be needed to 

perform the treatment planning for implants with various source lengths.   

It should be noted that the materials presented here are applicable for dosimetric 

evaluations at the close vicinity of the seed type brachytherapy sources.  Presently, a 

limited publication is presenting the dosimetric parameters of the sources in this region.  

Thus, dosimetric evaluation of the conventional seed type source can be also extended to, 

cylindrical coordinate system, for treatments such as 
125

I or 
103

Pd eye-plaques.  

Furthermore, this concept needs to be explored for pseudo linear and other linear sources. 

In summary, the advantages of the TG-43U1 dosimetric formalism and parameters 

in cylindrical coordinate system relative to the polar coordinate system have been 

demonstrated.  While the differences between the concepts of these two formalisms makes 

a significant impact on the dosimetric evaluation of elongated sources, the similarity in 

their mathematical definitions will ease their adaptation in the same treatment planning 

systems.  Therefore, with a minimum modification, the commercially available treatment 

planning systems, which are based on the polar coordinate system, can easily be adapted for 

the cylindrical coordinate based formalisms.   

My findings have greatly been appreciated by Medical Physics community, and a 

Task Group 143 has already been introduced by American Association of Physicist in 

Medicine to further explore this concept for other elongated brachytherapy sources. 

(http://aapm.org/org/structure/default.asp?committee_code=TG143) and I have also been 

chosen as a member of the task group.  Assignments of this task group are as follows: 

1.  To review the shortcomings of the TG-43 and TG-60 update protocals for 

the dosimetric evaluation of the elongated source.  

2.  To develop a new dose calculation formalism and associated guidelines for 

clinical implementation of elongated sources of photon emitting 

radionuclides 

 Sunset for this task group has been set to be 12/31/2010. Recommendations 

of this task group will provide guide lines for dosimetric evaluation and treatment planning 

with elongated sources and will enhance out come of interstitial brachytherapy.  

http://aapm.org/org/structure/default.asp?committee_code=TG143
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APPENDIX A 

TG-43U1 RECOMMENDED DOSIMETRIC PARAMETERS 

OF 0.5cm AND 1.0cm Long RadioCoil™103Pd SOURCES 

 

Dosimetric characteristics of the 0.5cm and 1.0cm long RadioCoil™ source were 

evaluated by Meigooni et al, using experimental and theoretical methods following the TG-

43 recommended protocol (Meigooni et al, 2004). Dosimetric parameters presented in this 

section were incorporated in commercially available treatment planning systems 

(Variseed™, PROWESS™) for calculation of dose distribution around elongated 

RadioCoil™103Pd brachytherapy sources.  

 

Table A.1: Monte Carlo simulated dose 

rate constants of 0.5 and 1.0cm long 

RadioCoil
TM 103

Pd sources (0.35mm) in 

liquid water medium. 

Source 

Lengt

h 

Technique 

Dose Rate 

Const

ant 

 (cG h
-1

U
-1

) 

0.5cm MC 0.650 

1.0cm MC 0.597 

 

Table A-2: Monte Carlo calculated anisotropy 

factors and constants for 0.5 cm and 1.0cm sources 

in liquid water. 

Distance (cm) 0.5cm 1.0cm 

1 0.891 1.027 

2 0.862 0.896 

3 0.872 0.903 

4 0.856 0.877 

5 0.893 0.896 

6 0.873 0.898 

7 0.901 0.897 

Anisotropy Constant 0.883 0.895 
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Table A.3: Monte Carlo simulated radial dose function of the RadioCoil
TM

 
103

Pd 

Source (0.35mm) in liquid medium. 

Distance 

(cm) 
0.5cm Source 1.0cm source 

0.1 1.271 1.183 

0.2 1.362 1.247 

0.3 1.365 1.264 

0.4 1.335 1.258 

0.5 1.281 1.220 

0.6 1.239 1.188 

0.7 1.172 1.151 

0.8 1.116 1.104 

0.9 1.056 1.056 

1.0 1.000 1.000 

1.5 0.764 0.766 

2.0 0.575 0.588 

2.5 0.430 0.432 

3.0 0.313 0.317 

3.5 0.231 0.238 

4.0 0.174 0.175 

4.5 0.128 0.130 

5.0 0.090 0.094 

5.0 0.071 0.072 

6.0 0.053 0.054 

7.0 0.027 0.027 

8.0 0.016 0.018 

9.0 0.011 0.012 
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Table A.4: Monte Carlo calculated anisotropy function of RadioCoil™
103

Pd sour 

(0.35mm) of 0.5cm source in liquid water at various radial distances for angles from 0º 

to 90º from source axis. 

Angle 1.0cm 2.0cm 3.0cm 4.0cm 5.0cm 6.0cm 7.0m 

0 0.254 0.269 0.319 0.317 0.354 0.363 0.443 

5 0.273 0.286 0.325 0.326 0.347 0.393 0.459 

10 0.335 0.341 0.374 0.374 0.410 0.464 0.493 

15 0.435 0.430 0.455 0.457 0.499 0.509 0.591 

20 0.528 0.523 0.541 0.540 0.565 0.564 0.656 

25 0.617 0.606 0.614 0.621 0.653 0.652 0.697 

30 0.692 0.667 0.682 0.671 0.696 0.678 0.691 

35 0.758 0.745 0.752 0.743 0.754 0.770 0.744 

40 0.816 0.788 0.806 0.796 0.842 0.785 0.783 

45 0.860 0.842 0.855 0.829 0.846 0.831 0.842 

50 0.896 0.874 0.886 0.859 0.894 0.863 0.892 

55 0.926 0.900 0.924 0.902 0.965 0.896 0.998 

60 0.950 0.939 0.951 0.919 0.968 0.910 0.968 

65 0.970 0.948 0.965 0.939 0.971 0.949 1.048 

70 0.983 0.964 0.979 0.965 0.990 0.965 1.040 

75 1.001 0.966 0.999 0.981 1.003 0.985 1.031 

80 0.998 0.986 1.004 0.976 1.015 1.031 1.097 

85 1.000 0.990 1.014 1.006 1.041 1.042 1.007 

90 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
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Table A.5: Monte Carlo calculated anisotropy function of RadioCoil™
103

Pd source 

(0.35mm) of 1.0cm source in liquid water at various radial distances for angles from 0º 

to 90º from source axis 

Angle 1.0cm 2.0cm 3.0cm 4.0cm 5.0cm 6.0cm 7.0cm 

0 0.334 0.291 0.318 0.320 0.347 0.368 0.368 

5 0.359 0.309 0.335 0.344 0.344 0.395 0.427 

10 0.463 0.380 0.396 0.398 0.405 0.458 0.500 

15 0.587 0.475 0.485 0.488 0.508 0.532 0.608 

20 0.687 0.566 0.578 0.564 0.570 0.580 0.663 

25 0.771 0.656 0.653 0.645 0.654 0.652 0.713 

30 0.834 0.719 0.725 0.724 0.705 0.713 0.722 

35 0.878 0.782 0.788 0.768 0.759 0.790 0.768 

40 0.919 0.832 0.841 0.808 0.842 0.819 0.807 

45 0.943 0.868 0.885 0.859 0.868 0.885 0.837 

50 0.967 0.894 0.915 0.891 0.887 0.896 0.906 

55 0.978 0.919 0.946 0.907 0.925 0.901 0.980 

60 0.986 0.948 0.976 0.936 0.957 0.936 0.975 

65 0.984 0.969 0.985 0.959 0.943 0.986 1.055 

70 0.992 0.974 1.004 0.972 0.977 0.997 1.048 

75 0.996 0.975 1.009 1.007 1.008 1.000 1.037 

80 0.994 0.973 1.016 0.996 1.017 1.054 1.096 

85 0.997 0.984 1.009 1.009 1.015 1.049 1.011 

90 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
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APPENDIX B 

APPLICABILITY OF TG-43U1 PARAMETERIZATION FOR 

ELONGATED SOURCES  

 

The lack of the NIST WAFAC calibration system for sources longer than 1.0cm in 

length was the one of the problem in experimental determination of TG-43U1 based 

parameterization for elongated brachytherapy sources. In an independent investigation, we 

have introduced an interim solution for the calibration of elongated brachytherapy sources 

that makes experimental determination of TG-43U1 parameters possible for elongated 

brachytherapy sources. In order to investigate applicability of TG-43U1 based parameters 

for calculation of dose distribution around elongated brachytherapy sources we conducted 

separate investigations. Data presented in these investigations was utilized for these 

investigations (Awan et al, 2006).   

 

Table B.1: TLD measured and Monte Carlo simulated dose rate constants of 4.0 and 

5.0cm long RadioCoil
TM103

Pd sources determined in Solid Water
TM

 and liquid water 

mediums. 

Source  

Length 
Technique Medium 

Dose Rate 

Constant 

 (cG h
-1

U
-1

) 

 

4.0cm 

Monte Carlo 
Solid 

Water™ 
0.290± 3% 

TLD 
Solid 

Water™ 
0.294±7% 

Monte Carlo 
Liquid 

water 
0.286± 3% 

5.0cm 
Monte Carlo 

Liquid 

water 
0.235± 3% 
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Table B.2: Monte Carlo simulated radial dose function, gL(r), of RadioCoil
TM

 
103

Pd sources 

in liquid water phantom material. 

Distance (cm) 

Solid Water™ Liquid water 

4.0cm 4.0cm 5.0cm 

TLD MC MC MC 

0.2  1.418 1.364 1.411 

0.4  1.313 1.278 1.321 

0.5 1.249 1.249 1.229 1.262 

0.6  1.201 1.181 1.210 

0.8  1.100 1.092 1.097 

1.0 1.000 1.000 1.000 1.000 

1.5 0.755 0.783 0.802 0.793 

2.0 0.570 0.596 0.624 0.615 

2.5  0.449 0.481 0.474 

3.0 0.392 0.329 0.359 0.361 

3.5  0.241 0.271 0.268 

4.0 0.178 0.179 0.203 0.204 

4.5  0.131 0.150 0.156 

5.0 0.096 0.099 0.114 0.114 

5.5  0.070 0.084 0.081 

6.0 0.060 0.048 0.059 0.062 

6.5  0.037 0.045 0.046 

7.0 0.033 0.027 0.034 0.031 

7.5  0.020 0.023 0.025 

8.0  0.015 0.018 0.020 
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                Table B.3: Geometry function of 1.0cm long RadioCoil™103Pd source determined in liquid water mediums.  

              Effective length of the source, ΔL is equal to 1.0cm. 

Angle 0.2 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

0   1.3333 0.5000 0.2667 0.1667 0.1143 0.0833 0.0635 0.0500 0.0404 

5 175.477 36.046 1.3274 0.4993 0.2665 0.1666 0.1143 0.0833 0.0635 0.0500 0.0404 

10 85.7394 18.092 1.3102 0.4972 0.2659 0.1664 0.1142 0.0833 0.0635 0.0500 0.0404 

15 56.0221 12.138 1.2839 0.4939 0.2650 0.1660 0.1140 0.0832 0.0634 0.0499 0.0404 

20 41.3236 9.1854 1.2510 0.4894 0.2638 0.1656 0.1138 0.0831 0.0633 0.0499 0.0403 

25 32.6410 7.4336 1.2142 0.4842 0.2623 0.1650 0.1135 0.0829 0.0632 0.0499 0.0403 

30 26.9717 6.2832 1.1760 0.4784 0.2606 0.1643 0.1132 0.0827 0.0632 0.0498 0.0403 

35 23.0276 5.4772 1.1383 0.4722 0.2588 0.1636 0.1128 0.0826 0.0630 0.0497 0.0402 

40 20.1643 4.8875 1.1023 0.4659 0.2569 0.1628 0.1125 0.0824 0.0629 0.0497 0.0402 

45 18.0236 4.4429 1.0691 0.4597 0.2550 0.1621 0.1121 0.0822 0.0628 0.0496 0.0401 

50 16.3913 4.1011 1.0391 0.4538 0.2532 0.1613 0.1118 0.0820 0.0627 0.0495 0.0401 

55 15.1320 3.8352 1.0126 0.4484 0.2514 0.1606 0.1114 0.0818 0.0626 0.0494 0.0400 

60 14.1562 3.6276 0.9897 0.4434 0.2498 0.1600 0.1111 0.0816 0.0625 0.0494 0.0400 

65 13.4034 3.4664 0.9704 0.4391 0.2484 0.1594 0.1108 0.0815 0.0624 0.0493 0.0400 

70 12.8317 3.3432 0.9548 0.4355 0.2472 0.1589 0.1106 0.0813 0.0623 0.0493 0.0399 

75 12.4123 3.2524 0.9427 0.4327 0.2462 0.1585 0.1104 0.0812 0.0623 0.0492 0.0399 

80 12.1253 3.1901 0.9341 0.4307 0.2455 0.1582 0.1102 0.0811 0.0622 0.0492 0.0399 

85 11.9579 3.1536 0.9290 0.4294 0.2451 0.1580 0.1101 0.0811 0.0622 0.0492 0.0399 

90 11.9029 3.1416 0.9273 0.4290 0.2450 0.1579 0.1101 0.0811 0.0622 0.0492 0.0399 
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          Table B.4: Monte Carlo simulated 2D anisotropy function of 1.0cm long source in water at radial distances of 

          0.2cm, 0.5cm, 1.0cm, 1.5cm, 2.0cm, 2.5cm, 3.0cm, 3.5cm, 4.0cm, 4.5cm, and 5.0cm. 

  Angle 0.2 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

0      0.32926 0.36643 0.32096 0.30703 0.27414 0.29214 

5   0.43672 0.40559 0.40741 0.40615 0.41528 0.41922 0.43178 0.41866 0.43479 

10  0.99455 0.53040 0.48278 0.47903 0.47874 0.49192 0.50470 0.50152 0.49988 0.50736 

15 1.05720 0.97732 0.61285 0.56105 0.54825 0.53904 0.54722 0.55279 0.56235 0.54246 0.54941 

20 1.00330 0.97669 0.69041 0.63493 0.61579 0.61124 0.61644 0.61422 0.62368 0.60934 0.61102 

25 0.98862 0.98186 0.75176 0.69622 0.68190 0.67734 0.67890 0.68637 0.68456 0.66964 0.67695 

30 0.98723 0.98559 0.80675 0.75650 0.74060 0.72957 0.72650 0.72414 0.72097 0.71376 0.71484 

35 0.98942 0.98951 0.84756 0.80352 0.78746 0.77779 0.77762 0.78385 0.77162 0.76969 0.76378 

40 0.98688 0.99046 0.88877 0.84778 0.83017 0.81739 0.82096 0.82070 0.81636 0.80082 0.81099 

45 0.99218 0.99449 0.91481 0.87953 0.86755 0.85556 0.85491 0.85436 0.85456 0.84417 0.85247 

50 0.99540 0.99542 0.93591 0.91029 0.89929 0.89558 0.89571 0.89702 0.89529 0.86819 0.87316 

55 0.99628 0.99666 0.95338 0.93227 0.92636 0.92104 0.92020 0.92188 0.92236 0.91627 0.90790 

60 0.99271 0.99782 0.96332 0.95136 0.94683 0.94597 0.94282 0.94986 0.94072 0.93449 0.93638 

65 0.99778 0.99907 0.98037 0.97083 0.96752 0.96161 0.96605 0.97442 0.96759 0.95457 0.94904 

70 0.99740 0.99599 0.98670 0.97681 0.97665 0.97304 0.97500 0.98081 0.98500 0.98235 0.96712 

75 0.99626 0.99919 0.99642 0.98893 0.98909 0.98816 0.99036 0.98567 0.98715 0.98231 0.97518 

80 0.99750 0.99931 0.99720 0.99346 0.99466 0.99306 0.99834 1.00510 0.99460 0.99944 0.99873 

85 0.99460 0.99699 1.00010 0.99873 1.00440 1.00020 1.00690 1.01140 1.00120 0.98818 0.99135 

90 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
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Table B.5: Monte Carlo simulated 2D anisotropy function of 5.0cm long source in water at radial distances of 

        0.2cm,  0.5cm,1.0cm, 1.5cm, 2.0cm, 2.3, 2.5cm, 2.7cm, 3.0cm, 3.5cm, 4.0cm, 4.5cm, and 5.0cm. 
Angle 0.2 0.5 1.0 1.5 2.0 2.3 2.5 2.7 3.0 3.5 4.0 4.5 5.0 

0               1.86500 1.24600 0.91640 0.77430 0.82250 0.81100 

5     1.50500 1.86600 2.45800 2.97900 2.95800 2.36900 1.74100 1.35900 1.21800 1.09600 1.07200 

10   1.19800 1.43400 1.79100 2.33700 2.66600 2.66300 2.48600 2.10100 1.67200 1.48100 1.31400 1.20100 

15 1.17400 1.16000 1.39300 1.71700 2.16600 2.38500 2.41400 2.35000 2.14600 1.85600 1.62400 1.47800 1.33900 

20 1.09600 1.13900 1.35200 1.63400 1.99800 2.14700 2.18000 2.16300 2.07100 1.87000 1.70100 1.57600 1.44000 

25 1.06700 1.12300 1.31400 1.55100 1.83400 1.94200 1.98300 1.99000 1.94200 1.84700 1.71700 1.63600 1.48300 

30 1.05400 1.10900 1.26200 1.46800 1.68100 1.76800 1.81300 1.82600 1.80400 1.75100 1.68200 1.57700 1.46500 

35 1.04600 1.09300 1.23100 1.38900 1.55700 1.61300 1.66300 1.67600 1.65700 1.63500 1.60200 1.53300 1.43500 

40 1.04100 1.07500 1.19500 1.31800 1.45200 1.49300 1.51400 1.53200 1.53500 1.54200 1.50100 1.47300 1.40100 

45 1.03100 1.06100 1.15400 1.25100 1.35800 1.39500 1.40900 1.42300 1.42300 1.44100 1.41500 1.38800 1.32800 

50 1.02100 1.04900 1.13000 1.19800 1.27200 1.30400 1.31700 1.33500 1.33000 1.33600 1.32500 1.32500 1.27400 

55 1.01200 1.04000 1.09700 1.15000 1.20800 1.22000 1.23300 1.24800 1.24400 1.25800 1.24400 1.23600 1.19600 

60 1.01400 1.02900 1.07600 1.10900 1.14600 1.16100 1.17000 1.17700 1.17800 1.19600 1.18800 1.17100 1.16000 

65 1.00200 1.02500 1.05200 1.07800 1.10300 1.10200 1.11200 1.11700 1.12100 1.13300 1.13400 1.13100 1.10300 

70 1.00600 1.02100 1.03100 1.04700 1.06900 1.06100 1.07400 1.08100 1.06400 1.08200 1.08900 1.08500 1.05500 

75 1.01900 1.00800 1.02300 1.02800 1.03400 1.03600 1.03900 1.04500 1.03300 1.05800 1.03900 1.03500 1.02300 

80 1.01100 1.00200 1.00800 1.01000 1.02000 1.01000 1.01200 1.01800 1.01500 1.01800 1.01600 1.02500 1.00800 

85 1.00300 1.00700 1.00500 0.99990 1.00400 1.00000 1.00200 1.00400 0.99870 1.01200 1.00500 1.01400 0.99520 

90 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 1.00000 
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APPENDIX C 

CYLINDRICAL CO-ORDINATE SYSTEM BASED TG-43U1 

PARAMETERS OF 1.0cm  

AND 5.0cm RADIOCOIL™103PD SOURCE  

 

Table C.1: Monte Carlo simulated Dose Rate constants of 1.0cm and 5.0cm long 

RadioCoil
TM 103

Pd sources in liquid water medium. 

Active Length 

(cm) 

Dose Rate 

constant 

(cGy/h/U) 

1.0 0.603 

5.0 
0.236 

 

Table C.2: Geometry function of 1.0cm long RadioCoil™ brachytherapy source obtained in 

cylindrical co-ordinate system (R, Z). 

Geometry Function         G ( R, Z ) 

Z 

R(cm) 

0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.00 11.9029 4.4803 2.3158 1.3965 0.9273 0.4290 0.2450 0.1579 0.1101 

0.20 11.3765 4.2379 2.2097 1.3470 0.9022 0.4227 0.2428 0.1570 0.1096 

0.40 9.0789 3.4939 1.9132 1.2106 0.8325 0.4047 0.2364 0.1542 0.1083 

0.50 6.8670 2.9757 1.7173 1.1201 0.7854 0.3920 0.2318 0.1522 0.1073 

0.60 4.6365 2.4426 1.5105 1.0221 0.7333 0.3775 0.2264 0.1498 0.1060 

0.80 2.1768 1.5720 1.1246 0.8255 0.6236 0.3445 0.2137 0.1440 0.1031 

1.00 1.2398 1.0353 0.8259 0.6528 0.5191 0.3091 0.1993 0.1372 0.0995 

1.20 0.8060 0.7201 0.6156 0.5152 0.4283 0.2741 0.1839 0.1297 0.0954 

1.40 0.5690 0.5268 0.4702 0.4101 0.3535 0.2414 0.1685 0.1217 0.0910 

1.50 0.4886 0.4578 0.4149 0.3678 0.3218 0.2262 0.1609 0.1177 0.0888 

1.60 0.4245 0.4014 0.3684 0.3310 0.2934 0.2119 0.1535 0.1137 0.0864 

1.80 0.3296 0.3158 0.2954 0.2711 0.2456 0.1859 0.1393 0.1057 0.0817 

2.00 0.2636 0.2549 0.2416 0.2253 0.2075 0.1633 0.1263 0.0980 0.0770 

2.20 0.2158 0.2100 0.2010 0.1897 0.1770 0.1439 0.1144 0.0907 0.0724 

2.40 0.1801 0.1761 0.1698 0.1617 0.1524 0.1273 0.1036 0.0838 0.0680 

2.50 0.1655 0.1621 0.1568 0.1499 0.1419 0.1199 0.0987 0.0805 0.0658 

3.00 0.1137 0.1122 0.1096 0.1062 0.1022 0.0904 0.0778 0.0661 0.0558 

3.50 0.0830 0.0822 0.0808 0.0790 0.0768 0.0699 0.0622 0.0545 0.0473 

4.00 0.0633 0.0628 0.0620 0.0610 0.0596 0.0554 0.0505 0.0453 0.0402 

4.50 0.0499 0.0496 0.0491 0.0484 0.0476 0.0449 0.0416 0.0380 0.0344 

5.00 0.0403 0.0401 0.0398 0.0394 0.0388 0.0370 0.0347 0.0322 0.0296 
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Table C.3: Geometry function of 5.0cm long RadioCoil™ brachytherapy source obtained in 

cylindrical co-ordinate system (R, Z).  

Geometry Function         G ( R, Z ) 

 R(cm) 

Z 0.20 0.40 0.60 0.80 1.00 1.50 2.00 2.50 3.00 

0.0 2.982 1.412 0.890 0.631 0.476 0.275 0.179 0.126 0.093 

0.2 2.981 1.411 0.889 0.630 0.475 0.274 0.179 0.125 0.092 

0.4 2.978 1.408 0.886 0.627 0.473 0.273 0.178 0.125 0.092 

0.6 2.972 1.403 0.882 0.623 0.469 0.270 0.176 0.123 0.091 

0.8 2.964 1.395 0.874 0.616 0.463 0.266 0.173 0.122 0.090 

1.0 2.952 1.384 0.864 0.607 0.455 0.260 0.170 0.119 0.088 

1.2 2.935 1.368 0.849 0.594 0.444 0.253 0.165 0.116 0.087 

1.4 2.911 1.345 0.830 0.578 0.431 0.245 0.160 0.113 0.084 

1.6 2.874 1.313 0.803 0.556 0.413 0.235 0.154 0.110 0.082 

1.8 2.817 1.265 0.765 0.526 0.391 0.223 0.147 0.105 0.079 

2.0 2.717 1.189 0.711 0.488 0.363 0.209 0.140 0.101 0.077 

2.2 2.511 1.065 0.636 0.440 0.331 0.195 0.132 0.096 0.073 

2.4 1.994 0.867 0.538 0.383 0.294 0.179 0.123 0.091 0.070 

2.6 1.068 0.624 0.430 0.323 0.256 0.162 0.115 0.086 0.067 

2.8 0.550 0.426 0.331 0.266 0.219 0.146 0.106 0.081 0.064 

3.0 0.344 0.301 0.256 0.217 0.185 0.131 0.098 0.076 0.060 

3.2 0.243 0.225 0.201 0.178 0.157 0.117 0.090 0.071 0.057 

3.4 0.185 0.175 0.162 0.148 0.134 0.104 0.082 0.066 0.054 

3.6 0.147 0.142 0.134 0.125 0.115 0.093 0.075 0.061 0.051 
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Table C.4: Radial dose function g (R) of 1.0cm and 5.0cm of RadioCoil™ source in liquid 

water medium using cylindrical co-ordinate systems. 

 
 Source length 

 

R(cm) g (R) =1.0cm g (R) =5.0cm 

0.20 1.240 1.418 

0.40 1.250 1.317 

0.60 1.191 1.211 

0.80 1.097 1.103 

1.00 1.000 1.000 

1.50 0.780 0.797 

2.00 0.585 0.619 

2.50 0.436 0.474 

3.00 0.323 0.364 

3.50 0.237 0.270 

4.00 0.174 0.205 

4.50 0.131 0.115 

5.00 0.096 0.062 

6.00 0.052 0.031 

7.00 0.029  
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Table C.5: 2 D anisotropy function, F(R, Z), of a 1.0cm long Radio Coil™ 
103

Pd source in 

liquid water obtained in cylindrical co-ordinate systems. 

  Radial distance R (cm) 

Z 0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.00 1.0000 1.000 1.0000 1.000 1.0000 1.000 1.0000 1.0000 1.0000 

0.20 1.0125 0.990 0.9815 0.986 0.9912 0.987 1.0010 0.9976 1.0039 

0.40 1.0118 0.942 0.9324 0.940 0.9467 0.959 0.9786 0.9890 0.9958 

0.50 0.0000 0.887 0.8854 0.905 0.9167 0.932 0.9609 0.9714 0.9810 

0.60 0.7931 0.821 0.8422 0.866 0.8835 0.902 0.9338 0.9448 0.9823 

0.80 0.5732 0.674 0.7304 0.775 0.8088 0.845 0.8842 0.9216 0.9340 

1.00 0.4379 0.542 0.6192 0.680 0.7174 0.784 0.8312 0.8677 0.9047 

1.20 0.3640 0.445 0.5146 0.580 0.6359 0.722 0.7846 0.8170 0.8495 

1.40 0.3017 0.368 0.4347 0.498 0.5536 0.639 0.7156 0.7583 0.7965 

1.50 0.0000 0.340 0.4049 0.463 0.5138 0.607 0.6768 0.7333 0.7745 

1.60 0.2586 0.306 0.3727 0.429 0.4745 0.570 0.6475 0.7073 0.7532 

1.80 0.2179 0.264 0.3165 0.364 0.4145 0.508 0.5933 0.6564 0.7028 

2.00 0.2013 0.231 0.2708 0.312 0.3609 0.452 0.5240 0.5845 0.6303 

2.20 0.1759 0.200 0.2309 0.275 0.3098 0.391 0.4749 0.5323 0.5975 

2.40 0.1552 0.173 0.1986 0.234 0.2693 0.348 0.4228 0.4852 0.5450 

2.50 0.1449 0.163 0.1873 0.218 0.2477 0.328 0.3968 0.4616 0.5015 

3.00 0.1102 0.122 0.1317 0.155 0.1792 0.235 0.2915 0.3493 0.3969 

3.50 0.0828 0.086 0.0949 0.113 0.1270 0.163 0.2115 0.2622 0.3063 

4.00 0.0607 0.066 0.0750 0.077 0.0871 0.112 0.1600 0.1960 0.2330 

4.50 0.0000 0.000 0.0000 0.000 0.0002 0.001 0.0033 0.0087 0.0183 

5.00 0.0000 0.000 0.0000 0.000 0.0001 0.000 0.0017 0.0043 0.0094 
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Table C.6: D anisotropy function, F(R, Z), of a 5.0cm long Radio Coil™ 
103

Pd source in 

liquid water obtained in cylindrical co-ordinate systems. 

 

Z 

Radial distance R (cm) 

0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.00 1.000 1.000 1.000 1.000 1.000 1.000 1.0000 1.000 1.000 

0.20 1.005 1.003 1.000 1.006 1.014 1.000 0.9911 0.983 0.992 

0.40 1.005 0.996 1.002 1.004 1.010 1.002 0.9856 0.995 0.973 

0.60 1.004 1.000 0.998 1.008 1.014 0.993 0.9938 0.999 0.973 

0.80 1.005 1.004 1.013 1.015 1.019 0.999 0.9890 1.007 0.986 

1.00 1.011 1.008 1.012 1.022 1.019 1.009 0.9859 0.986 0.983 

1.20 1.009 1.024 1.032 1.025 1.030 1.001 0.9771 0.974 0.968 

1.40 1.023 1.022 1.031 1.041 1.035 0.993 0.9712 0.972 0.941 

1.60 1.028 1.046 1.046 1.037 1.037 0.993 0.9589 0.941 0.915 

1.80 1.040 1.053 1.053 1.049 1.039 0.974 0.9380 0.923 0.883 

2.00 1.070 1.070 1.051 1.041 1.020 0.945 0.9098 0.868 0.874 

2.20 1.100 1.079 1.037 1.013 0.992 0.923 0.8719 0.862 0.835 

2.40 1.107 1.023 0.978 0.956 0.938 0.884 0.8460 0.826 0.809 

2.60 0.824 0.871 0.874 0.863 0.858 0.824 0.7963 0.767 0.757 

2.80 0.560 0.687 0.730 0.763 0.773 0.752 0.7346 0.718 0.724 

3.00 0.394 0.527 0.597 0.633 0.674 0.679 0.6831 0.694 0.674 

3.20 0.313 0.400 0.490 0.539 0.569 0.613 0.6156 0.622 0.630 

3.40 0.251 0.322 0.392 0.449 0.485 0.527 0.5623 0.574 0.585 

3.60 0.199 0.271 0.320 0.376 0.415 0.474 0.5112 0.519 0.537 
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Table C.7: Monte Carlo calculated dose(cGy/h/U) profiles along a 1.0cm long RadioCoil™ 103Pd source in liquid water medium.  

Distance Radial distance (`R ) in cm 

Z 0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.0 4.48E+00 1.70E+00 8.36E-01 4.65E-01 2.81E-01 1.02E-01 4.35E-02 2.09E-02 1.08E-02 

0.2 4.33E+00 1.59E+00 7.83E-01 4.42E-01 2.71E-01 9.87E-02 4.32E-02 2.07E-02 1.08E-02 

0.4 3.45E+00 1.25E+00 6.44E-01 3.79E-01 2.39E-01 9.18E-02 4.11E-02 2.02E-02 1.06E-02 

0.5   1.00E+00 5.49E-01 3.37E-01 2.18E-01 8.64E-02 3.96E-02 1.96E-02 1.03E-02 

0.6 1.38E+00 7.61E-01 4.59E-01 2.95E-01 1.97E-01 8.06E-02 3.76E-02 1.87E-02 1.02E-02 

0.8 4.69E-01 4.02E-01 2.97E-01 2.13E-01 1.53E-01 6.89E-02 3.36E-02 1.76E-02 9.40E-03 

1.0 2.04E-01 2.13E-01 1.85E-01 1.48E-01 1.13E-01 5.73E-02 2.94E-02 1.57E-02 8.80E-03 

1.2 1.10E-01 1.22E-01 1.14E-01 9.95E-02 8.26E-02 4.68E-02 2.56E-02 1.40E-02 7.90E-03 

1.4 6.46E-02 7.35E-02 7.38E-02 6.79E-02 5.94E-02 3.65E-02 2.14E-02 1.22E-02 7.10E-03 

1.5   5.91E-02 6.07E-02 5.67E-02 5.01E-02 3.25E-02 1.93E-02 1.14E-02 6.70E-03 

1.6 4.13E-02 4.66E-02 4.96E-02 4.73E-02 4.22E-02 2.86E-02 1.76E-02 1.06E-02 6.40E-03 

1.8 2.70E-02 3.16E-02 3.38E-02 3.28E-02 3.09E-02 2.23E-02 1.47E-02 9.20E-03 5.60E-03 

2.0 2.00E-02 2.23E-02 2.36E-02 2.34E-02 2.27E-02 1.75E-02 1.18E-02 7.60E-03 4.80E-03 

2.2 1.43E-02 1.59E-02 1.68E-02 1.74E-02 1.66E-02 1.33E-02 9.60E-03 6.40E-03 4.20E-03 

2.4 1.05E-02 1.15E-02 1.22E-02 1.26E-02 1.25E-02 1.05E-02 7.80E-03 5.40E-03 3.60E-03 

2.5 9.00E-03 1.00E-02 1.06E-02 1.09E-02 1.07E-02 9.30E-03 7.00E-03 4.90E-03 3.20E-03 

3.0 4.70E-03 5.20E-03 5.20E-03 5.50E-03 5.60E-03 5.00E-03 4.00E-03 3.10E-03 2.20E-03 

3.5 2.60E-03 2.70E-03 2.80E-03 3.00E-03 3.00E-03 2.70E-03 2.30E-03 1.90E-03 1.40E-03 

4.0 1.40E-03 1.60E-03 1.70E-03 1.60E-03 1.60E-03 1.50E-03 1.40E-03 1.20E-03 9.00E-04 

4.5 8.00E-04 9.00E-04 8.00E-04 9.00E-04 8.00E-04 9.00E-04 8.00E-04 8.00E-04 6.00E-04 

5.0 4.00E-04 5.00E-04 6.00E-04 6.00E-04 5.00E-04 5.00E-04 5.00E-04 4.00E-04 4.00E-04 
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        Table C.8: Monte Carlo calculated Dose profiles (cGy/h/U) along the longitudinal direction of a 5.0cm long RadioCoil™ 103Pd source. 

Z 

Radial distance R (cm) 

0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.0 9.54E-01 4.20E-01 2.43E-01 1.57E-01 1.07E-01 4.94E-02 2.50E-02 1.34E-02 7.60E-03 

0.2 9.58E-01 4.20E-01 2.43E-01 1.58E-01 1.09E-01 4.93E-02 2.48E-02 1.32E-02 7.50E-03 

0.4 9.57E-01 4.17E-01 2.43E-01 1.57E-01 1.08E-01 4.91E-02 2.45E-02 1.33E-02 7.40E-03 

0.6 9.54E-01 4.17E-01 2.40E-01 1.56E-01 1.07E-01 4.82E-02 2.44E-02 1.32E-02 7.30E-03 

0.8 9.53E-01 4.16E-01 2.42E-01 1.56E-01 1.07E-01 4.77E-02 2.39E-02 1.31E-02 7.30E-03 

1.0 9.54E-01 4.14E-01 2.39E-01 1.54E-01 1.05E-01 4.72E-02 2.34E-02 1.26E-02 7.10E-03 

1.2 9.47E-01 4.16E-01 2.40E-01 1.52E-01 1.03E-01 4.56E-02 2.26E-02 1.21E-02 6.90E-03 

1.4 9.52E-01 4.09E-01 2.34E-01 1.50E-01 1.01E-01 4.37E-02 2.17E-02 1.18E-02 6.50E-03 

1.6 9.45E-01 4.08E-01 2.30E-01 1.43E-01 9.66E-02 4.19E-02 2.06E-02 1.10E-02 6.20E-03 

1.8 9.37E-01 3.96E-01 2.20E-01 1.37E-01 9.16E-02 3.90E-02 1.93E-02 1.04E-02 5.80E-03 

2.0 9.30E-01 3.78E-01 2.04E-01 1.27E-01 8.36E-02 3.56E-02 1.78E-02 9.40E-03 5.50E-03 

2.2 8.84E-01 3.41E-01 1.80E-01 1.11E-01 7.40E-02 3.23E-02 1.61E-02 8.90E-03 5.00E-03 

2.4 7.06E-01 2.64E-01 1.44E-01 9.12E-02 6.22E-02 2.84E-02 1.46E-02 8.00E-03 4.70E-03 

2.6 2.81E-01 1.62E-01 1.03E-01 6.93E-02 4.94E-02 2.41E-02 1.28E-02 7.10E-03 4.20E-03 

2.8 9.86E-02 8.69E-02 6.62E-02 5.04E-02 3.81E-02 1.98E-02 1.09E-02 6.20E-03 3.80E-03 

3.0 4.34E-02 4.72E-02 4.17E-02 3.42E-02 2.82E-02 1.60E-02 9.30E-03 5.60E-03 3.30E-03 

3.2 2.43E-02 2.67E-02 2.70E-02 2.39E-02 2.02E-02 1.29E-02 7.70E-03 4.70E-03 3.00E-03 

3.4 1.48E-02 1.68E-02 1.74E-02 1.65E-02 1.47E-02 9.90E-03 6.50E-03 4.00E-03 2.60E-03 

3.6 9.40E-03 1.14E-02 1.17E-02 1.17E-02 1.08E-02 7.90E-03 5.40E-03 3.40E-03 2.20E-03 
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           Table C.9: Monte Carlo calculated dose profiles from a 3.0cm long RadioCoil™
103

Pd source in liquid water medium. 

Distance Radial distance (`R ) cm 

Z 0.2 0.4 0.6 0.8 1.0 1.5 2.0 2.5 3.0 

0.0 3.40E+00 1.50E+00 8.50E-01 5.40E-01 3.60E-01 1.60E-01 7.30E-02 3.80E-02 2.00E-02 

0.2 3.40E+00 1.50E+00 8.40E-01 5.40E-01 3.60E-01 1.50E-01 7.40E-02 3.80E-02 2.00E-02 

0.4 3.40E+00 1.50E+00 8.40E-01 5.30E-01 3.50E-01 1.50E-01 7.20E-02 3.70E-02 2.00E-02 

0.6 3.40E+00 1.50E+00 8.20E-01 5.10E-01 3.40E-01 1.40E-01 6.90E-02 3.60E-02 1.90E-02 

0.8 3.40E+00 1.40E+00 7.90E-01 4.90E-01 3.20E-01 1.40E-01 6.50E-02 3.40E-02 1.80E-02 

1.0 3.30E+00 1.40E+00 7.40E-01 4.50E-01 3.00E-01 1.30E-01 6.00E-02 3.20E-02 1.70E-02 

1.2 3.20E+00 1.20E+00 6.50E-01 4.00E-01 2.60E-01 1.10E-01 5.50E-02 2.90E-02 1.60E-02 

1.4 2.50E+00 9.50E-01 5.20E-01 3.30E-01 2.20E-01 9.90E-02 4.90E-02 2.70E-02 1.50E-02 

1.6 1.00E+00 5.80E-01 3.70E-01 2.50E-01 1.80E-01 8.40E-02 4.40E-02 2.40E-02 1.40E-02 

1.8 3.50E-01 3.10E-01 2.40E-01 1.80E-01 1.40E-01 7.00E-02 3.80E-02 2.20E-02 1.20E-02 

2.0 1.60E-01 1.70E-01 1.50E-01 1.30E-01 1.00E-01 5.70E-02 3.30E-02 1.90E-02 1.10E-02 

2.2 8.80E-02 9.80E-02 9.60E-02 8.40E-02 7.30E-02 4.50E-02 2.70E-02 1.60E-02 1.00E-02 

2.4 5.40E-02 6.10E-02 6.30E-02 5.90E-02 5.20E-02 3.60E-02 2.20E-02 1.40E-02 9.00E-03 

2.5 4.30E-02 4.90E-02 5.10E-02 4.90E-02 4.50E-02 3.20E-02 2.00E-02 1.30E-02 8.20E-03 

3.0 1.80E-02 2.00E-02 2.10E-02 2.10E-02 2.00E-02 1.70E-02 1.20E-02 8.40E-03 5.60E-03 

3.5 8.30E-03 9.20E-03 9.80E-03 9.50E-03 1.00E-02 9.10E-03 7.20E-03 5.30E-03 3.70E-03 

4.0 4.60E-03 5.00E-03 5.50E-03 5.30E-03 5.40E-03 5.00E-03 4.20E-03 3.20E-03 2.50E-03 

4.5 2.60E-03 2.50E-03 2.70E-03 2.90E-03 3.10E-03 2.80E-03 2.40E-03 2.10E-03 1.50E-03 

5.0 1.60E-03 1.50E-03 1.60E-03 1.50E-03 1.60E-03 1.50E-03 1.50E-03 1.20E-03 1.10E-03 
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APPENDIX D 

COMPARISON OF POLAR AND CYLINDRICAL COORDINATE 

BASED TG-43 FORMALISM   

 

Schematic diagrams of dose calculation point ―P‖ in polar (A) and cylindrical (B) 

coordinate systems around a linear brachytherapy source are shown in Figure 2.  

The relations between the coordinates of a given point in these two systems are: 

Z= r cos()         (A-1) 

R= r sin()        (A-2) 

The main formalism for 2D dose calculation in the two coordinate systems is shown 

below: 
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Where, ro=1.0cm, o=π/2, Ro = 1.0cm, and Zo = 0 are the values of coordinates of 

reference points in the two systems. Dose rate constants in polar and cylindrical coordinate 

systems are defined in Equations A-5 and A-6, respectively.  
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Where P(r=1.0cm, =90 deg) is the same as P(R=1.0cm, and Z=0).  Therefore, the dose 

rate constants in these two systems are the same. 

Radial dose functions in polar and cylindrical coordinate systems are presented in Equations A-

7 and A-8, respectively.  
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Geometry functions in polar and cylindrical coordinate systems are given as follows: 
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For the points falling on the longitudinal axis of the source (i.e.  = 0 in polar 

coordinate or R= 0 in cylindrical coordinate system) these equations will simplify to: 
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2D anisotropy functions of brachytherapy sources in the polar and cylindrical 

coordinate systems are defined in Equations A-13 and A-14, respectively.    

),r(G),r(D

),r(G),r(D
),r(F

o

o

pol .

.




       (A-13) 

 

)Z,R(G)Z,R(D

)Z,R(G)Z,R(D
)Z,R(F

o

o

cyl .

.
       (A-14) 

Considering the relation between the polar and cylindrical coordinate systems shown in 

Equations A-1 and A-2, one can show that the geometry function, radial dose function, and 

dose rate constant are the same. It should be noted that for the same radial distances of r =R the 

values of radial dose function in the two coordinate systems are identical. The definition of 2D 

anisotropy function is the main difference between the two coordinates systems. 
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APPENDIX E 

INPUT AND OUTPUT FILES 

 

MCNP-5 Line Input 

 
Line Source Planning  

c 

c 

c 

c 

c                      phantom: Water; tally:Waterwater 

C                              SINGLE 5.0cm source 

C              ############     Radial dose function Calculations     ############## 

C               ############                                   ############## 

C                 ############      water Medium      ############## 

C                   ############                         ############## 

C                     ############   Axs,POS,RAD        ############## 

C                       ############      added      ############## 

6  4  -1.205E-03  (-15 13 -17)    imp:p,e=1   $core 

7   2  -12.41   (-12 15 13 -17)      imp:p,e=1  

990 6  -1.00  (12 : -13 : 17) & 

c 

               400 401 402 403 404 405 406 407 408 409 410 &  $   RDF 

               411 412 413 414 415 416 417 418 419 420 421 422 423 424 & 

               425 426 -700 imp:p,e=1 $ Phantom ====== 

C 

c 

c             tally cells 

C 

C   ================================================= 

c              CELL CARD 

c      

c                ONE 

c   ================================================= 

400  6  -1.00   -400                   imp:p,e=1 

c 

401  6  -1.00   -401                   imp:p,e=1 

402  6  -1.00   -402                   imp:p,e=1             $   

403  6  -1.00   -403                   imp:p,e=1             $   

404  6  -1.00   -404                   imp:p,e=1             $   

405  6  -1.00   -405                   imp:p,e=1             $   

406  6  -1.00   -406                   imp:p,e=1             $   

407  6  -1.00   -407                   imp:p,e=1            $   

408  6  -1.00   -408                   imp:p,e=1            $   

409  6  -1.00   -409                   imp:p,e=1          $   

410  6  -1.00   -410                   imp:p,e=1         $   

411  6  -1.00   -411                   imp:p,e=1              $   

412  6  -1.00   -412                   imp:p,e=1             $   

413  6  -1.00   -413                   imp:p,e=1             $   

414  6  -1.00   -414                   imp:p,e=1             $   

415  6  -1.00   -415                   imp:p,e=1             $   

416  6  -1.00   -416                   imp:p,e=1             $   

417  6  -1.00   -417                   imp:p,e=1            $   

418  6  -1.00   -418                   imp:p,e=1           $ 

419  6  -1.00   -419                   imp:p,e=1           $   

420  6  -1.02   -420                   imp:p,e=1           $  
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c 

421  6  -1.00   -421                   imp:p,e=1             $   

422  6  -1.00   -422                   imp:p,e=1             $   

423  6  -1.00   -423                   imp:p,e=1            $   

424  6  -1.00   -424                   imp:p,e=1           $ 

425  6  -1.00   -425                   imp:p,e=1           $   

426  6  -1.02   -426                   imp:p,e=1           $  

c 

c  =============================================== 

c 

c  =============================================== 

c 

c 

999  0        700      imp:p,e=0    $   

 

c 

c 

C beginning of surface carding 

12  cz    0.040  $new cyl  

13  pz   -2.5   $new plane for 1.0 cm source     change 

15  cz    0.035 

17  pz    2.5    $change 

c 

c 

c ================================================= 

400  TZ  0.00  0.00  0.0000  0.1000 0.025 0.025  $ detector (1.0mm) 90   0.4cm 

c ================================================== 

401  TZ  0.00  0.00  0.0000  0.2000 0.025 0.025  $ detector (1.0mm) 90   0.2cm 

402  TZ  0.00  0.00  0.0000  0.3000 0.025 0.025  $ detector (1.0mm) 90   0.4cm 

403  TZ  0.00  0.00  0.0000  0.4000 0.025 0.025  $ detector (1.0mm) 90   0.5cm 

404  TZ  0.00  0.00  0.0000  0.5000 0.025 0.025  $ detector (1.0mm) 90   0.6cm 

405  TZ  0.00  0.00  0.0000  0.6000 0.025 0.025  $ detector (1.0mm) 90   0.8cm 

406  TZ  0.00  0.00  0.0000  0.7000 0.025 0.025  $ detector (1.0mm) 90   1.0cm 

407  TZ  0.00  0.00  0.0000  0.8000 0.025 0.025  $ detector (1.0mm) 90   1.5cm 

408  TZ  0.00  0.00  0.0000  0.9000 0.025 0.025  $ detector (1.0mm) 90   2.0cm 

409  TZ  0.00  0.00  0.0000  1.0000 0.025 0.025  $ detector (1.0mm) 90   2.5cm 

410  TZ  0.00  0.00  0.0000  1.2000 0.05 0.05  $ detector (1.0mm) 90   3.0cm 

411  TZ  0.00  0.00  0.0000  1.4000 0.05 0.05  $ detector (1.0mm) 90   3.5cm 

412  TZ  0.00  0.00  0.0000  1.6000 0.05 0.05  $ detector (1.0mm) 90   4.0cm 

413  TZ  0.00  0.00  0.0000  1.8000 0.05 0.05  $ detector (1.0mm) 90   4.5cm 

414  TZ  0.00  0.00  0.0000  2.0000 0.05 0.05  $ detector (1.0mm) 90   5.0cm 

415  TZ  0.00  0.00  0.0000  2.5000 0.05 0.05  $ detector (1.0mm) 90   5.5cm 

416  TZ  0.00  0.00  0.0000  3.0000 0.05 0.05  $ detector (1.0mm) 90   6.0cm 

417  TZ  0.00  0.00  0.0000  3.5000 0.05 0.05  $ detector (1.0mm) 90   6.500cm 

418  TZ  0.00  0.00  0.0000  4.0000 0.05 0.05  $ detector (1.0mm) 90   7.000cm 

419  TZ  0.00  0.00  0.0000  4.5000 0.05 0.05  $ detector (1.0mm) 90   7.50cm 

420  TZ  0.00  0.00  0.0000  5.0000 0.05 0.05  $ detector (1.0mm) 90   8.0cm 

421  TZ  0.00  0.00  0.0000  5.5000 0.05 0.05  $ detector (1.0mm) 90   5.5cm 

422  TZ  0.00  0.00  0.0000  6.0000 0.05 0.05  $ detector (1.0mm) 90   6.0cm 

423  TZ  0.00  0.00  0.0000  6.5000 0.05 0.05  $ detector (1.0mm) 90   6.500cm 

424  TZ  0.00  0.00  0.0000  7.0000 0.05 0.05  $ detector (1.0mm) 90   7.000cm 

425  TZ  0.00  0.00  0.0000  7.5000 0.05 0.05  $ detector (1.0mm) 90   7.50cm 

426  TZ  0.00  0.00  0.0000  8.0000 0.05 0.05  $ detector (1.0mm) 90   8.0cm 

c   

c   ================================================= 

c 

c     

c   

700  sO  10 $ sphere enclosephantom  [ PHANTOM SIZE ] ########################## 

c 
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c  

c      

c  

c      

 

MODE p e 

SDEF Axs=0 0 1 cel=D1 Pos=0 0 0 ERG=D6 Ext=D2 rad=D3 par=2  

SI1 L 7 

SP1 D 1 

SI2 -2.5 2.5      $change 

SI3   0.035 0.04 

SP3  -21 

SI6 L 0.02007 0.02022 0.02272 0.3524 0.3975 0.4971 

SP6 D 28.6600 54.4300 16.9000 0.0030 0.0090 0.0005 

cut:p  1e20  0.005 

cut:e  1e20  0.005 

phys:p 0.500   

phys:e 0.500   

c 

c   

*f4:P  400 25I 426  

c 

c 

c 

c     

C dose function for water 

c 

c 

c 

DE4    LOG 1.00E-03 

       1.50E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03 

       8.00E-03 1.00E-02 1.50E-02 2.00E-02 3.00E-02 4.00E-02 

       5.00E-02 6.00E-02 8.00E-02 1.00E-01 1.50E-01 2.00E-01 

       3.00E-01 4.00E-01 5.00E-01 6.00E-01 8.00E-01 1.00E+00 

DF4    4.07E+03 

       1.37E+03 6.15E+02 1.92E+02 8.19E+01 4.19E+01 2.41E+01 

       9.92E+00 4.94E+00 1.37E+00 5.50E-01 1.56E-01 6.95E-02 

       4.22E-02 3.19E-02 2.60E-02 2.55E-02 2.76E-02 2.97E-02 

       3.19E-02 3.28E-02 3.30E-02 3.28E-02 3.21E-02 3.10E-02 

c 

c 

c 

f4M    1654   $need to check to see  

M2   46000 0.001 45103 0.999             $ Pd 

m4   7000 0.781 8000 0.21 18000 0.009    $ dry air 

c   M6   1001 -0.081  6012 -0.672 7014 -0.024 8016 -0.199 20040 -0.023 17035 -0.001   $ solid water 

M6   1001 2 8000 1              $ Pure water 

prdmp  10e8 5e5 1 2 1e4 

NPS 50e6 
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MCNP-5 Line Output 

 

1mcnp     version 5     ld=11042003                     12/27/06 18:05:56  

 *************************************************************************                 probid =  12/27/06 18:05:56  
 name =RD_5cW                                                                     

 

    1-       Line Source Planning                                                             
    2-       c                                                                                

    3-       c                                                                                

    4-       c                                                                                
    5-       c                                                                                

    6-       c                      phantom: Water; tally:Waterwater                          

    7-       C                              SINGLE 5.0 cm source                              
    8-       C              ############     Radial dose function Calculations     ########## 

    9-       C               ############                                   ##############    

   10-       C                 ############      water Medium      ##############             
   11-       C                   ############                         ##############          

   12-       C                     ############   Axs,POS,RAD        ##############           

   13-       C                       ############      added      ##############              
   14-       6  4  -1.205E-03  (-15 13 -17)    imp:p,e=1   $core                              

   15-       7   2  -12.41   (-12 15 13 -17)      imp:p,e=1                                   

   16-       990 6  -1.00  (12 : -13 : 17) &                                                  
   17-       c                                                                                

   18-                      400 401 402 403 404 405 406 407 408 409 410 &  $   RDF            
   19-                      411 412 413 414 415 416 417 418 419 420 421 422 423 424 &         

   20-                      425 426 -700 imp:p,e=1 $ Phantom ======                           

   21-       C                                                                                
   22-       c                                                                                

   23-       c             tally cells                                                        

   24-       C                                                                                
   25-       C   =================================================                            

   26-       c              CELL CARD                                                         

   27-       c                                                                                
   28-       c                ONE                                                             

   29-       c   =================================================                            

   30-       400  6  -1.00   -400                   imp:p,e=1                                 
   31-       c                                                                                

   32-       401  6  -1.00   -401                   imp:p,e=1                                 

   33-       402  6  -1.00   -402                   imp:p,e=1             $                   
   34-       403  6  -1.00   -403                   imp:p,e=1             $                   

   35-       404  6  -1.00   -404                   imp:p,e=1             $                   

   36-       405  6  -1.00   -405                   imp:p,e=1             $                   
   37-       406  6  -1.00   -406                   imp:p,e=1             $                   

   38-       407  6  -1.00   -407                   imp:p,e=1            $                    

   39-       408  6  -1.00   -408                   imp:p,e=1            $                    
   40-       409  6  -1.00   -409                   imp:p,e=1          $                      

   41-       410  6  -1.00   -410                   imp:p,e=1         $                       

   42-       411  6  -1.00   -411                   imp:p,e=1              $                  
   43-       412  6  -1.00   -412                   imp:p,e=1             $                   

   44-       413  6  -1.00   -413                   imp:p,e=1             $                   

   45-       414  6  -1.00   -414                   imp:p,e=1             $                   
   46-       415  6  -1.00   -415                   imp:p,e=1             $                   

   47-       416  6  -1.00   -416                   imp:p,e=1             $                   

   48-       417  6  -1.00   -417                   imp:p,e=1            $                    
   49-       418  6  -1.00   -418                   imp:p,e=1           $                     

   50-       419  6  -1.00   -419                   imp:p,e=1           $                     

   51-       420  6  -1.02   -420                   imp:p,e=1           $                     
   52-       c                                                                                

   53-       421  6  -1.00   -421                   imp:p,e=1             $                   

   54-       422  6  -1.00   -422                   imp:p,e=1             $                   

   55-       423  6  -1.00   -423                   imp:p,e=1            $                    

   56-       424  6  -1.00   -424                   imp:p,e=1           $                     

   57-       425  6  -1.00   -425                   imp:p,e=1           $                     
   58-       426  6  -1.02   -426                   imp:p,e=1           $                     

   59-       c                                                                                

   60-       c  ===============================================                               
   61-       c                                                                                

   62-       c  ===============================================                               

   63-       c                                                                                
   64-       c                                                                                

   65-       999  0        700      imp:p,e=0    $                                            

   66-                                                                                        
   67-       c                                                                                
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   68-       c                                                                                

   69-       C beginning of surface carding                                                   

   70-       12  cz    0.040  $new cyl                                                        

   71-       13  pz   -2.5   $new plane for 1.0 cm source     change                          

   72-       15  cz    0.035                                                                  
   73-       17  pz    2.5    $change                                                         

   74-       c                                                                                

   75-       c                                                                                
   76-       c =================================================                              

   77-       400  TZ  0.00  0.00  0.0000  0.1000 0.025 0.025  $ detector (1.0mm) 90   0.4cm   

   78-       c ==================================================                             
   79-       401  TZ  0.00  0.00  0.0000  0.2000 0.025 0.025  $ detector (1.0mm) 90   0.2cm   

   80-       402  TZ  0.00  0.00  0.0000  0.3000 0.025 0.025  $ detector (1.0mm) 90   0.4cm   

   81-       403  TZ  0.00  0.00  0.0000  0.4000 0.025 0.025  $ detector (1.0mm) 90   0.5cm   
   82-       404  TZ  0.00  0.00  0.0000  0.5000 0.025 0.025  $ detector (1.0mm) 90   0.6cm   

   83-       405  TZ  0.00  0.00  0.0000  0.6000 0.025 0.025  $ detector (1.0mm) 90   0.8cm   

   84-       406  TZ  0.00  0.00  0.0000  0.7000 0.025 0.025  $ detector (1.0mm) 90   1.0cm   
   85-       407  TZ  0.00  0.00  0.0000  0.8000 0.025 0.025  $ detector (1.0mm) 90   1.5cm   

   86-       408  TZ  0.00  0.00  0.0000  0.9000 0.025 0.025  $ detector (1.0mm) 90   2.0cm   

   87-       409  TZ  0.00  0.00  0.0000  1.0000 0.025 0.025  $ detector (1.0mm) 90   2.5cm   
   88-       410  TZ  0.00  0.00  0.0000  1.2000 0.05 0.05  $ detector (1.0mm) 90   3.0cm     

   89-       411  TZ  0.00  0.00  0.0000  1.4000 0.05 0.05  $ detector (1.0mm) 90   3.5cm     

   90-       412  TZ  0.00  0.00  0.0000  1.6000 0.05 0.05  $ detector (1.0mm) 90   4.0cm     
   91-       413  TZ  0.00  0.00  0.0000  1.8000 0.05 0.05  $ detector (1.0mm) 90   4.5cm     

   92-       414  TZ  0.00  0.00  0.0000  2.0000 0.05 0.05  $ detector (1.0mm) 90   5.0cm     

   93-       415  TZ  0.00  0.00  0.0000  2.5000 0.05 0.05  $ detector (1.0mm) 90   5.5cm     
   94-       416  TZ  0.00  0.00  0.0000  3.0000 0.05 0.05  $ detector (1.0mm) 90   6.0cm     

   95-       417  TZ  0.00  0.00  0.0000  3.5000 0.05 0.05  $ detector (1.0mm) 90   6.500cm   
   96-       418  TZ  0.00  0.00  0.0000  4.0000 0.05 0.05  $ detector (1.0mm) 90   7.000cm   

   97-       419  TZ  0.00  0.00  0.0000  4.5000 0.05 0.05  $ detector (1.0mm) 90   7.50cm    

   98-       420  TZ  0.00  0.00  0.0000  5.0000 0.05 0.05  $ detector (1.0mm) 90   8.0cm     
   99-       421  TZ  0.00  0.00  0.0000  5.5000 0.05 0.05  $ detector (1.0mm) 90   5.5cm     

  100-       422  TZ  0.00  0.00  0.0000  6.0000 0.05 0.05  $ detector (1.0mm) 90   6.0cm     

  101-       423  TZ  0.00  0.00  0.0000  6.5000 0.05 0.05  $ detector (1.0mm) 90   6.500cm   
  102-       424  TZ  0.00  0.00  0.0000  7.0000 0.05 0.05  $ detector (1.0mm) 90   7.000cm   

  103-       425  TZ  0.00  0.00  0.0000  7.5000 0.05 0.05  $ detector (1.0mm) 90   7.50cm    

  104-       426  TZ  0.00  0.00  0.0000  8.0000 0.05 0.05  $ detector (1.0mm) 90   8.0cm     
  105-       c                                                                                

  106-       c   =================================================                            

  107-       c                                                                                
  111-       c                                                                                

  112-       700  sO  10 $ sphere enclosephantom  [ PHANTOM SIZE ]  

  113-       c                                                                                
  114-       c                                                                                

  115-       c      

  117-       c                                                                                
  120-       c      

  121-                                                                                        

  122-       MODE p e                                                                         
  123-       SDEF Axs=0 0 1 cel=D1 Pos=0 0 0 ERG=D6 Ext=D2 rad=D3 par=2                       

  124-       SI1 L 7                                                                          

  125-       SP1 D 1                                                                          
  126-       SI2 -2.5 2.5      $change                                                        

  127-       SI3   0.035 0.04                                                                 

  128-       SP3  -21                                                                         
  129-       SI6 L 0.02007 0.02022 0.02272 0.3524 0.3975 0.4971                               

  130-       SP6 D 28.6600 54.4300 16.9000 0.0030 0.0090 0.0005                               

  131-       cut:p  1e20  0.005                                                               
  132-       cut:e  1e20  0.005                                                               

  133-       phys:p 0.500                                                                     

  134-       phys:e 0.500                                                                     
  135-       c                                                                                

  136-       c     

  137-       c                                                                                
  138-       *f4:P  400 25I 426                                                               

  139-       c                                                                                

  140-       c                                                                                
  141-       c                                                                                

  142-       c     

  143-       C dose function for water                                                        
  144-       c                                                                                

  145-       c                                                                                

  146-       c                                                                                
  147-       DE4    LOG 1.00E-03                                                              

  148-              1.50E-03 2.00E-03 3.00E-03 4.00E-03 5.00E-03 6.00E-03                     
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  149-              8.00E-03 1.00E-02 1.50E-02 2.00E-02 3.00E-02 4.00E-02                     

  150-              5.00E-02 6.00E-02 8.00E-02 1.00E-01 1.50E-01 2.00E-01                     

  151-              3.00E-01 4.00E-01 5.00E-01 6.00E-01 8.00E-01 1.00E+00                     

  152-       DF4    4.07E+03                                                                  

  153-              1.37E+03 6.15E+02 1.92E+02 8.19E+01 4.19E+01 2.41E+01                     
  154-              9.92E+00 4.94E+00 1.37E+00 5.50E-01 1.56E-01 6.95E-02                     

  155-              4.22E-02 3.19E-02 2.60E-02 2.55E-02 2.76E-02 2.97E-02                     

  156-              3.19E-02 3.28E-02 3.30E-02 3.28E-02 3.21E-02 3.10E-02                     
  157-       c                                                                                

  158-       c                                                                                

  159-       c                                                                                
  160-       f4M    1654   $need to check to see what is for isoaide                          

  161-       M2   46000 0.001 45103 0.999             $ Pd                                    

  162-       m4   7000 0.781 8000 0.21 18000 0.009    $ dry air                               
  163-       c   M6   1001 -0.081  6012 -0.672 7014 -0.024 8016 -0.199 20040 -0.023 17035 -0. 

  164-       M6   1001 2 8000 1              $ Pure water                                     

  165-       prdmp  10e8 5e5 1 2 1e4                                                          
  166-       NPS 50e6                                                                         

  

 
 

                      atom        gram                                     photon     electron                          

        cell  mat    density     density     volume       mass     pieces importance importance                         
 

     1     6    4  4.95037E-05 1.20500E-03 1.92423E-02 2.31869E-05     1  1.0000E+00 1.0000E+00                         

     2     7    2  7.26210E-02 1.24100E+01 5.89049E-03 7.31009E-02     1  1.0000E+00 1.0000E+00                         
     3   990    6  1.00284E-01 1.00000E+00 4.18519E+03 4.18519E+03     0  1.0000E+00 1.0000E+00                         

     4   400    6  1.00284E-01 1.00000E+00 1.23370E-03 1.23370E-03     1  1.0000E+00 1.0000E+00                         
     5   401    6  1.00284E-01 1.00000E+00 2.46740E-03 2.46740E-03     1  1.0000E+00 1.0000E+00                         

     6   402    6  1.00284E-01 1.00000E+00 3.70110E-03 3.70110E-03     1  1.0000E+00 1.0000E+00                         

     7   403    6  1.00284E-01 1.00000E+00 4.93480E-03 4.93480E-03     1  1.0000E+00 1.0000E+00                         
     8   404    6  1.00284E-01 1.00000E+00 6.16850E-03 6.16850E-03     1  1.0000E+00 1.0000E+00                         

     9   405    6  1.00284E-01 1.00000E+00 7.40220E-03 7.40220E-03     1  1.0000E+00 1.0000E+00                         

    10   406    6  1.00284E-01 1.00000E+00 8.63590E-03 8.63590E-03     1  1.0000E+00 1.0000E+00                         
    11   407    6  1.00284E-01 1.00000E+00 9.86960E-03 9.86960E-03     1  1.0000E+00 1.0000E+00                         

    12   408    6  1.00284E-01 1.00000E+00 1.11033E-02 1.11033E-02     1  1.0000E+00 1.0000E+00                         

    13   409    6  1.00284E-01 1.00000E+00 1.23370E-02 1.23370E-02     1  1.0000E+00 1.0000E+00                         
    14   410    6  1.00284E-01 1.00000E+00 5.92176E-02 5.92176E-02     1  1.0000E+00 1.0000E+00                         

    15   411    6  1.00284E-01 1.00000E+00 6.90872E-02 6.90872E-02     1  1.0000E+00 1.0000E+00                         

    16   412    6  1.00284E-01 1.00000E+00 7.89568E-02 7.89568E-02     1  1.0000E+00 1.0000E+00                         
    17   413    6  1.00284E-01 1.00000E+00 8.88264E-02 8.88264E-02     1  1.0000E+00 1.0000E+00                         

    18   414    6  1.00284E-01 1.00000E+00 9.86960E-02 9.86960E-02     1  1.0000E+00 1.0000E+00                         

    19   415    6  1.00284E-01 1.00000E+00 1.23370E-01 1.23370E-01     1  1.0000E+00 1.0000E+00                         
    20   416    6  1.00284E-01 1.00000E+00 1.48044E-01 1.48044E-01     1  1.0000E+00 1.0000E+00                         

    21   417    6  1.00284E-01 1.00000E+00 1.72718E-01 1.72718E-01     1  1.0000E+00 1.0000E+00                         

    22   418    6  1.00284E-01 1.00000E+00 1.97392E-01 1.97392E-01     1  1.0000E+00 1.0000E+00                         
    23   419    6  1.00284E-01 1.00000E+00 2.22066E-01 2.22066E-01     1  1.0000E+00 1.0000E+00                         

    24   420    6  1.02290E-01 1.02000E+00 2.46740E-01 2.51675E-01     1  1.0000E+00 1.0000E+00                         

    25   421    6  1.00284E-01 1.00000E+00 2.71414E-01 2.71414E-01     1  1.0000E+00 1.0000E+00                         
    26   422    6  1.00284E-01 1.00000E+00 2.96088E-01 2.96088E-01     1  1.0000E+00 1.0000E+00                         

    27   423    6  1.00284E-01 1.00000E+00 3.20762E-01 3.20762E-01     1  1.0000E+00 1.0000E+00                         

    28   424    6  1.00284E-01 1.00000E+00 3.45436E-01 3.45436E-01     1  1.0000E+00 1.0000E+00                         
    29   425    6  1.00284E-01 1.00000E+00 3.70110E-01 3.70110E-01     1  1.0000E+00 1.0000E+00                         

    30   426    6  1.02290E-01 1.02000E+00 3.94784E-01 4.02680E-01     1  1.0000E+00 1.0000E+00                         

    31   999    0  0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00     0  0.0000E+00 0.0000E+00                         
 

 total                                     4.18879E+03 4.18885E+03 

 
    minimum source weight = 1.0000E+00    maximum source weight = 1.0000E+00 

 

 *************************************************** 
 * Random Number Generator  =                    1 * 

 * Random Number Seed       =       19073486328125 * 

 * Random Number Multiplier =       19073486328125 * 
 * Random Number Adder      =                    0 * 

 * Random Number Bits Used  =                   48 * 

 * Random Number Stride     =               152917 * 
 *************************************************** 

 

 
         2 warning messages so far. 

1cross-section tables                                                                                   print table 100 

 
     table    length 
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                        tables from file mcplib04                                                         

 

   1000.04p    1898  ENDF/B-VI Release 8 Photoatomic Data for 1-H                                 mat 100      02/07/03 

   7000.04p    3194  ENDF/B-VI Release 8 Photoatomic Data for 7-N                                 mat 700      02/07/03 

   8000.04p    3272  ENDF/B-VI Release 8 Photoatomic Data for 8-O                                 mat 800      02/07/03 
  18000.04p    4696  ENDF/B-VI Release 8 Photoatomic Data for 18-AR                               mat1800      02/07/03 

  45000.04p    7856  ENDF/B-VI Release 8 Photoatomic Data for 45-RH                               mat4500      02/07/03 

  46000.04p    7595  ENDF/B-VI Release 8 Photoatomic Data for 46-PD                               mat4600      02/07/03 
 

  total       28511 

 
 maximum photon energy set to    0.5 mev (maximum electron energy) 

 

                        tables from file el03                                                             
 

   1000.03e    2329                                                                                          6/6/98     

   7000.03e    2333                                                                                          6/6/98     
   8000.03e    2333                                                                                          6/6/98     

  18000.03e    2341                                                                                          6/6/98     

  45000.03e    2355                                                                                          6/6/98     
  46000.03e    2355                                                                                          6/6/98     

  

 warning. material    2 has been set to a conductor. 
 

************************************************************************************************************ 

 dump no.    1 on file RD_5cWr      nps =         0     coll =              0     ctm =    0.00     nrn =              0 
 

         3 warning messages so far. 
 

************************************************************************************************************ 

 dump no.    2 on file RD_5cWr      nps =    500000     coll =       67024321     ctm =    2.75     nrn =      422956621 
 

************************************************************************************************************ 

 dump no.    3 on file RD_5cWr      nps =   1000000     coll =      134052459     ctm =    5.50     nrn =      845914680 
 

***************************************************************************************************

********* 
 dump no.    4 on file RD_5cWr      nps =   1500000     coll =      201035422     ctm =    8.18     nrn =     1268629147 

 

************************************************************************************************************ 
 dump no.    5 on file RD_5cWr      nps =   2000000     coll =      268039851     ctm =   10.85     nrn =     1691452960 

 

************************************************************************************************************ 
 dump no.    6 on file RD_5cWr      nps =   2500000     coll =      335000404     ctm =   13.52     nrn =     2113986973 

 

************************************************************************************************************ 
 dump no.    7 on file RD_5cWr      nps =   3000000     coll =      401999032     ctm =   16.22     nrn =     2536764926 

 

************************************************************************************************************ 
 dump no.    8 on file RD_5cWr      nps =   3500000     coll =      468944194     ctm =   18.92     nrn =     2959208985 

 

************************************************************************************************************ 
 dump no.    9 on file RD_5cWr      nps =   4000000     coll =      535964976     ctm =   21.64     nrn =     3382134482 

 

************************************************************************************************************ 
 dump no.   10 on file RD_5cWr      nps =   4500000     coll =      602948713     ctm =   24.38     nrn =     3804831287 

 

************************************************************************************************************ 
 dump no.   11 on file RD_5cWr      nps =   5000000     coll =      670011634     ctm =   27.11     nrn =     4228050635 

 

************************************************************************************************************ 
 dump no.   12 on file RD_5cWr      nps =   5500000     coll =      737123750     ctm =   29.78     nrn =     4651553192 

 

************************************************************************************************************ 
 dump no.   13 on file RD_5cWr      nps =   6000000     coll =      804217620     ctm =   32.45     nrn =     5074926623 

 

************************************************************************************************************ 
 dump no.   14 on file RD_5cWr      nps =   6500000     coll =      871233770     ctm =   35.13     nrn =     5497828700 

 

************************************************************************************************************ 
 dump no.   15 on file RD_5cWr      nps =   7000000     coll =      938264555     ctm =   37.79     nrn =     5920822760 
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***************************************************************************************************

********* 

 dump no.   16 on file RD_5cWr      nps =   7500000     coll =     1005266230     ctm =   40.47     nrn =     6343643474 

 
************************************************************************************************************ 

 dump no.   17 on file RD_5cWr      nps =   8000000     coll =     1072317681     ctm =   43.14     nrn =     6766732258 

 
***************************************************************************************************

********* 

 dump no.   18 on file RD_5cWr      nps =   8500000     coll =     1139357047     ctm =   45.81     nrn =     7189749828 
 

***************************************************************************************************

********* 
 dump no.   19 on file RD_5cWr      nps =   9000000     coll =     1206334717     ctm =   48.49     nrn =     7612398828 

 

***************************************************************************************************
********* 

 dump no.   20 on file RD_5cWr      nps =   9500000     coll =     1273337384     ctm =   51.16     nrn =     8035225654 

 
***************************************************************************************************

********* 

 dump no.   21 on file RD_5cWr      nps =  10000000     coll =     1340363536     ctm =   53.83     nrn =     8458179126 
 

************************************************************************************************************ 

 dump no.   22 on file RD_5cWr      nps =  10500000     coll =     1407502128     ctm =   56.51     nrn =     8881807394 
 

************************************************************************************************************ 
 dump no.   23 on file RD_5cWr      nps =  11000000     coll =     1474422170     ctm =   59.18     nrn =     9304093593 

 

************************************************************************************************************ 
 dump no.   24 on file RD_5cWr      nps =  11500000     coll =     1541450684     ctm =   61.86     nrn =     9727068939 

 

************************************************************************************************************ 
 dump no.   25 on file RD_5cWr      nps =  12000000     coll =     1608460314     ctm =   64.53     nrn =    10149928396 

 

************************************************************************************************************ 
 dump no.   26 on file RD_5cWr      nps =  12500000     coll =     1675392383     ctm =   67.21     nrn =    10572326537 

 

************************************************************************************************************ 
 dump no.   27 on file RD_5cWr      nps =  13000000     coll =     1742354746     ctm =   69.88     nrn =    10994886572 

 ― 

― 
― 

― 

― 
― 

************************************************************************************************************ 

 dump no.   99 on file RD_5cWr      nps =  49000000     coll =     6567885452     ctm =  262.47     nrn =    41445372654 
 

************************************************************************************************************ 

 dump no.  100 on file RD_5cWr      nps =  49500000     coll =     6634939810     ctm =  265.15     nrn =    41868512729 
 

1problem summary                                                                                                        

 
      run terminated when  50000000 particle histories were done. 

+                                                                                                    12/28/06 03:04:04  

      Line Source Planning                                                                 probid =  12/27/06 18:05:56  
0 

 photon creation     tracks      weight        energy            photon loss         tracks      weight        energy 

                                 (per source particle)                                           (per source particle) 
 

 source            50000000    1.0000E+00    2.0646E-02          escape               45861    9.1722E-04    5.0824E-05 

                                                                 energy cutoff            1    2.0000E-08    1.0729E-05 
                                                                 time cutoff              0    0.            0.         

 weight window            0    0.            0.                  weight window            0    0.            0.         

 cell importance          0    0.            0.                  cell importance          0    0.            0.         
 weight cutoff            0    0.            0.                  weight cutoff            0    0.            0.         

 e or t importance        0    0.            0.                  e or t importance        0    0.            0.         

 dxtran                   0    0.            0.                  dxtran                   0    0.            0.         
 forced collisions        0    0.            0.                  forced collisions        0    0.            0.         

 exp. transform           0    0.            0.                  exp. transform           0    0.            0.         

 from neutrons            0    0.            0.                  compton scatter          0    0.            1.0116E-04 
 bremsstrahlung       87978    1.7596E-03    2.6305E-05          capture           50042129    1.0008E+00    2.0509E-02 

 p-annihilation           0    0.            0.                  pair production          0    0.            0.         
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 photonuclear             0    0.            0.                  photonuclear abs         0    0.            0.         

 electron x-rays          0    0.            0.                                                                         

 1st fluorescence        13    2.6000E-07    5.3340E-09                                                                 

 2nd fluorescence         0    0.            0.                                                                         

     total         50087991    1.0018E+00    2.0672E-02              total         50087991    1.0018E+00    2.0672E-02 
 

   number of photons banked                    87978        average time of (shakes)              cutoffs 

   photon tracks per source particle      1.0018E+00          escape            3.5083E-02          tco   1.0000E+20 
   photon collisions per source particle  1.2009E+00          capture           1.9105E-03          eco   5.0000E-03 

   total photon collisions                  60046352          capture or escape 1.9409E-03          wc1  -5.0000E-01 

                                                              any termination   1.9409E-03          wc2  -2.5000E-01 
0 

 electron creation   tracks      weight        energy            electron loss       tracks      weight        energy 

                                 (per source particle)                                           (per source particle) 
 

 source                   0    0.            0.                  escape                  12    2.4000E-07    1.3058E-08 

                                                                 energy cutoff     52728404    1.0546E+00    5.2093E-03 
                                                                 time cutoff              0    0.            0.         

 weight window            0    0.            0.                  weight window            0    0.            0.         

 cell importance          0    0.            0.                  cell importance          0    0.            0.         
 weight cutoff            0    0.            0.                  weight cutoff            0    0.            0.         

 e or t importance        0    0.            0.                  e or t importance        0    0.            0.         

 pair production          0    0.            0.                  scattering               0    0.            1.5239E-02 
 compton recoil        9102    1.8204E-04    1.4464E-05          bremsstrahlung           0    0.            2.6305E-05 

 photo-electric    48652643    9.7305E-01    1.9939E-02                                                                 

 photon auger             5    1.0000E-07    1.7610E-09                                                                 
 electron auger           0    0.            0.                                                                         

 knock-on           4066666    8.1333E-02    5.2165E-04                                                                 
     total         52728416    1.0546E+00    2.0475E-02              total         52728416    1.0546E+00    2.0475E-02 

 

   number of electrons banked               52728416                                              cutoffs 
   electron tracks per source particle    1.0546E+00                                                tco   1.0000E+20 

   electron sub-steps per source particle 1.3284E+02                                                eco   5.0000E-03 

   total electron sub-steps               6641949752                                                wc1   0.0000E+00 
                                                                                                    wc2   0.0000E+00 

 

 computer time so far in this run   267.83 minutes            maximum number ever in bank        11 
 computer time in mcrun             267.82 minutes            bank overflows to backup file       0 

 source particles per minute            1.8669E+05 

 random numbers generated              42291667662            most random numbers used was    14425 in history 48627140 
 

 range of sampled source weights = 1.0000E+00 to 1.0000E+00 

 
 source efficiency = 1.0000  in cell     7 

1photon   activity in each cell                                                                         print table 126 

 
                 tracks     population   collisions   collisions     number        flux        average      average 

        cell    entering                               * weight     weighted     weighted   track weight   track mfp 

                                                    (per history)    energy       energy     (relative)      (cm) 
 

     1     6     9880333      9811645          701    1.4020E-05   2.0757E-02   2.0757E-02   1.0000E+00   1.0322E+03 

     2     7    59942551     50084876     38451342    7.6903E-01   2.0823E-02   2.0823E-02   1.0000E+00   5.8511E-03 
     3   990    16440701     14331944     21502930    4.3006E-01   2.1384E-02   2.1384E-02   1.0000E+00   1.3453E+00 

     4   400      184145       183240         5642    1.1284E-04   2.0855E-02   2.0855E-02   1.0000E+00   1.3333E+00 

     5   401      171532       170487         5342    1.0684E-04   2.0830E-02   2.0830E-02   1.0000E+00   1.3286E+00 
     6   402      160831       159800         4930    9.8600E-05   2.0834E-02   2.0834E-02   1.0000E+00   1.3270E+00 

     7   403      149549       148614         4623    9.2460E-05   2.0833E-02   2.0833E-02   1.0000E+00   1.3252E+00 

     8   404      138810       137937         4334    8.6680E-05   2.0822E-02   2.0822E-02   1.0000E+00   1.3247E+00 
     9   405      128888       128065         3986    7.9720E-05   2.0827E-02   2.0827E-02   1.0000E+00   1.3241E+00 

    10   406      119592       118847         3652    7.3040E-05   2.0821E-02   2.0821E-02   1.0000E+00   1.3236E+00 

    11   407      110867       110208         3429    6.8580E-05   2.0844E-02   2.0844E-02   1.0000E+00   1.3246E+00 
    12   408      103451       102865         3106    6.2120E-05   2.0846E-02   2.0846E-02   1.0000E+00   1.3250E+00 

    13   409       94864        94307         2943    5.8860E-05   2.0877E-02   2.0877E-02   1.0000E+00   1.3261E+00 

    14   410      165504       163920        10367    2.0734E-04   2.0888E-02   2.0888E-02   1.0000E+00   1.3256E+00 
    15   411      141589       140276         8640    1.7280E-04   2.0903E-02   2.0903E-02   1.0000E+00   1.3273E+00 

    16   412      120560       119409         7439    1.4878E-04   2.1000E-02   2.1000E-02   1.0000E+00   1.3304E+00 

    17   413      103463       102433         6449    1.2898E-04   2.1018E-02   2.1018E-02   1.0000E+00   1.3317E+00 
    18   414       87687        86885         5375    1.0750E-04   2.1061E-02   2.1061E-02   1.0000E+00   1.3339E+00 

    19   415       59609        59084         3712    7.4240E-05   2.1260E-02   2.1260E-02   1.0000E+00   1.3424E+00 

    20   416       40029        39642         2541    5.0820E-05   2.1497E-02   2.1497E-02   1.0000E+00   1.3536E+00 
    21   417       26649        26404         1591    3.1820E-05   2.1893E-02   2.1893E-02   1.0000E+00   1.3699E+00 

    22   418       18162        17999         1089    2.1780E-05   2.2223E-02   2.2223E-02   1.0000E+00   1.3821E+00 

    23   419       12562        12439          708    1.4160E-05   2.3036E-02   2.3036E-02   1.0000E+00   1.4087E+00 
    24   420        8475         8410          510    1.0200E-05   2.3528E-02   2.3528E-02   1.0000E+00   1.3993E+00 

    25   421        5668         5617          343    6.8600E-06   2.4210E-02   2.4210E-02   1.0000E+00   1.4612E+00 
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    26   422        3960         3923          225    4.5000E-06   2.5044E-02   2.5044E-02   1.0000E+00   1.4792E+00 

    27   423        2663         2636          153    3.0600E-06   2.5456E-02   2.5456E-02   1.0000E+00   1.5060E+00 

    28   424        1847         1827          105    2.1000E-06   2.8482E-02   2.8482E-02   1.0000E+00   1.5849E+00 

    29   425        1312         1297           79    1.5800E-06   3.1846E-02   3.1846E-02   1.0000E+00   1.6801E+00 

    30   426         946          938           66    1.3200E-06   3.2332E-02   3.2332E-02   1.0000E+00   1.6855E+00 
 

     total      88426799     76375974     60046352    1.2009E+00 

1electron activity in each cell                                                                         print table 126 
 

                 tracks     population    substeps     substeps      number        flux        average      average 

        cell    entering                               * weight     weighted     weighted   track weight   track mfp 
                                                    (per history)    energy       energy     (relative)      (cm) 

 

     1     6      267863       150245      1022656    2.0453E-02   1.2956E-02   1.3769E-02   1.0000E+00   2.3182E-02 
     2     7      263765     37791350   5869102063    1.1738E+02   1.3101E-02   1.3946E-02   1.0000E+00   1.4592E-06 

     3   990      118937     14984338    768581090    1.5372E+01   1.3696E-02   1.5077E-02   1.0000E+00   3.3904E-05 

     4   400          64         3895       197006    3.9401E-03   1.3348E-02   1.4150E-02   1.0000E+00   2.5333E-05 
     5   401          63         3805       192590    3.8518E-03   1.3344E-02   1.4148E-02   1.0000E+00   2.5341E-05 

     6   402          62         3498       176124    3.5225E-03   1.3339E-02   1.4144E-02   1.0000E+00   2.5332E-05 

     7   403          56         3242       164167    3.2833E-03   1.3336E-02   1.4139E-02   1.0000E+00   2.5322E-05 
     8   404          49         3035       152792    3.0558E-03   1.3339E-02   1.4141E-02   1.0000E+00   2.5329E-05 

     9   405          60         2788       139749    2.7950E-03   1.3581E-02   1.4965E-02   1.0000E+00   3.4723E-05 

    10   406          42         2556       129352    2.5870E-03   1.3375E-02   1.4200E-02   1.0000E+00   2.5637E-05 
    11   407          36         2406       120684    2.4137E-03   1.3337E-02   1.4143E-02   1.0000E+00   2.5352E-05 

    12   408          29         2185       109770    2.1954E-03   1.3901E-02   1.5532E-02   1.0000E+00   3.7121E-05 

    13   409          36         2122       107321    2.1464E-03   1.3361E-02   1.4172E-02   1.0000E+00   2.5469E-05 
    14   410          44         7196       365563    7.3113E-03   1.3324E-02   1.4128E-02   1.0000E+00   2.5310E-05 

    15   411          40         6029       307730    6.1546E-03   1.3598E-02   1.4845E-02   1.0000E+00   3.1761E-05 
    16   412          46         5181       263460    5.2692E-03   1.3337E-02   1.4143E-02   1.0000E+00   2.5371E-05 

    17   413          44         4522       229991    4.5998E-03   1.3377E-02   1.4211E-02   1.0000E+00   2.5722E-05 

    18   414          37         3777       191978    3.8396E-03   1.3350E-02   1.4159E-02   1.0000E+00   2.5424E-05 
    19   415          15         2632       134638    2.6928E-03   1.5469E-02   1.9936E-02   1.0000E+00   8.2321E-05 

    20   416          16         1766        89648    1.7930E-03   1.3394E-02   1.4207E-02   1.0000E+00   2.5602E-05 

    21   417           7         1120        57473    1.1495E-03   1.3852E-02   1.5476E-02   1.0000E+00   3.8305E-05 
    22   418           5          726        37341    7.4682E-04   1.3728E-02   1.4840E-02   1.0000E+00   2.9320E-05 

    23   419           1          503        25678    5.1356E-04   1.3366E-02   1.4182E-02   1.0000E+00   2.5512E-05 

    24   420           0          345        17644    3.5288E-04   1.4190E-02   1.5654E-02   1.0000E+00   3.3284E-05 
    25   421           1          214        11000    2.2000E-04   1.3760E-02   1.4740E-02   1.0000E+00   2.7983E-05 

    26   422           0          156         7830    1.5660E-04   1.3537E-02   1.4368E-02   1.0000E+00   2.6164E-05 

    27   423           1          109         5446    1.0892E-04   1.3635E-02   1.4558E-02   1.0000E+00   2.7051E-05 
    28   424           0           76         3861    7.7220E-05   3.8597E-02   6.6953E-02   1.0000E+00   5.4442E-04 

    29   425           1           53         2731    5.4620E-05   1.3604E-02   1.4461E-02   1.0000E+00   2.6509E-05 

    30   426           0           46         2376    4.7520E-05   1.3665E-02   1.4500E-02   1.0000E+00   2.6052E-05 
 

     total        651320     52989916   6641949752    1.3284E+02 

 
1tally   4        nps = 50000000 

           tally type 4*   track length estimate of energy flux.                           

           tally for  photons   
 

           this tally is modified by a dose function. 

 
           this tally is all multiplied by  1.65400E+03 

 

           volumes  
                   cell:      400          401          402          403          404          405          406     

                         1.23370E-03  2.46740E-03  3.70110E-03  4.93480E-03  6.16850E-03  7.40220E-03  8.63590E-03 

                   cell:      407          408          409          410          411          412          413     
                         9.86960E-03  1.11033E-02  1.23370E-02  5.92176E-02  6.90872E-02  7.89568E-02  8.88264E-02 

                   cell:      414          415          416          417          418          419          420     

                         9.86960E-02  1.23370E-01  1.48044E-01  1.72718E-01  1.97392E-01  2.22066E-01  2.46740E-01 
                   cell:      421          422          423          424          425          426                  

                         2.71414E-01  2.96088E-01  3.20762E-01  3.45436E-01  3.70110E-01  3.94784E-01 

cell  400                                                                                                              
                 2.05711E+00 0.0025 

cell  401                                                                                                              

                 9.52788E-01 0.0026 
cell  402                                                                                                              

                 5.98659E-01 0.0027 

cell  403                                                                                                              
                 4.18879E-01 0.0028 

cell  404                                                                                                              

                 3.12579E-01 0.0029 
cell  405                                                                                                              

                 2.42253E-01 0.0030 
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cell  406                                                                                                              

                 1.92842E-01 0.0031 

cell  407                                                                                                              

                 1.56814E-01 0.0033 

cell  408                                                                                                              
                 1.29881E-01 0.0034 

cell  409                                                                                                              

                 1.07332E-01 0.0035 
cell  410                                                                                                              

                 7.77113E-02 0.0027 

cell  411                                                                                                              
                 5.70053E-02 0.0029 

cell  412                                                                                                              

                 4.26245E-02 0.0032 
cell  413                                                                                                              

                 3.25042E-02 0.0034 

cell  414                                                                                                              
                 2.48370E-02 0.0037 

cell  415                                                                                                              

                 1.34981E-02 0.0045 
cell  416                                                                                                              

                 7.54692E-03 0.0055 

cell  417                                                                                                              
                 4.30195E-03 0.0068 

cell  418                                                                                                              

                 2.54631E-03 0.0081 
cell  419                                                                                                              

                 1.56354E-03 0.0098 
  cell  420                                                                                                              

                 9.52952E-04 0.0120 

  cell  421                                                                                                              
                 5.67849E-04 0.0148 

  cell  422                                                                                                              

                 3.74047E-04 0.0182 
  cell  423                                                                                                              

                 2.24997E-04 0.0213 

  cell  424                                                                                                              
                 1.45520E-04 0.0254 

  cell  425                                                                                                              

                 9.68966E-05 0.0311 
  cell  426                                                                                                              

                 6.35833E-05 0.0354 

 
           results of 10 statistical checks for the estimated answer for the tally fluctuation chart (tfc) bin of tally   4 

 

 tfc bin     --mean--      ---------relative error---------      ----variance of the variance----      --figure of merit--     -pdf- 
 behavior    behavior      value   decrease   decrease rate      value   decrease   decrease rate       value     behavior     slope 

 

 desired      random       <0.10      yes      1/sqrt(nps)       <0.10      yes        1/nps           constant    random      >3.00 
 observed     random        0.00      yes          yes            0.00      yes         yes            constant    random      10.00 

 passed?        yes          yes      yes          yes             yes      yes         yes               yes        yes         yes 

 
 this tally meets the statistical criteria used to form confidence intervals: check the tally fluctuation chart to verify. 

 the results in other bins associated with this tally may not meet these statistical criteria. 

 
 ----- estimated confidence intervals:  ----- 

 

 estimated asymmetric confidence interval(1,2,3 sigma): 2.0520E+00 to 2.0622E+00; 2.0469E+00 to 2.0673E+00; 2.0418E+00 to 
2.0724E+00 

 estimated  symmetric confidence interval(1,2,3 sigma): 2.0520E+00 to 2.0622E+00; 2.0469E+00 to 2.0673E+00; 2.0418E+00 to 

2.0724E+00 
 

1analysis of the results in the tally fluctuation chart bin (tfc) for tally   4 with nps =  50000000    print table 160 

 
 

 normed average tally per history  = 2.05711E+00          unnormed average tally per history  = 2.53786E-03 

 estimated tally relative error    = 0.0025               estimated variance of the variance  = 0.0000 
 relative error from zero tallies  = 0.0023               relative error from nonzero scores  = 0.0008 

 

 number of nonzero history tallies =      183239          efficiency for the nonzero tallies  = 0.0037 
 history number of largest  tally  =    34935437          largest  unnormalized history tally = 5.36798E+00 

 (largest  tally)/(average tally)  = 2.11516E+03          (largest  tally)/(avg nonzero tally)= 7.75160E+00 

 
 (confidence interval shift)/mean  = 0.0000               shifted confidence interval center  = 2.05712E+00 
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 if the largest  history score sampled so far were to occur on the next history, the tfc bin quantities would change as follows: 

 

      estimated quantities           value at nps           value at nps+1           value(nps+1)/value(nps)-1. 

 
      mean                            2.05711E+00             2.05720E+00                     0.000042 

      relative error                  2.48149E-03             2.48175E-03                     0.000103 

      variance of the variance        1.03482E-05             1.04264E-05                     0.007560 
      shifted center                  2.05712E+00             2.05712E+00                     0.000000 

      figure of merit                 6.06361E+02             6.06237E+02                    -0.000206 

 
 the estimated slope of the 200 largest  tallies starting at  2.65484E+00 appears to be decreasing at least exponentially. 

 the large score tail of the empirical history score probability density function appears to have no unsampled regions. 

 
 fom = (histories/minute)*(f(x) signal-to-noise ratio)**2 = (1.867E+05)*( 5.699E-02)**2 = (1.867E+05)*(3.248E-03) = 6.064E+02 

 

1status of the statistical checks used to form confidence intervals for the mean for each tally bin 
 

tally   result of statistical checks for the tfc bin (the first check not passed is listed) and error magnitude check for all bins 

 
     4   passed the 10 statistical checks for the tally fluctuation chart bin result                

         passed all bin error check:    27 tally bins all have relative errors less than 0.10 with no zero bins 

 
the 10 statistical checks are only for the tally fluctuation chart bin and do not apply to other tally bins. 

 

1tally fluctuation charts                          
 

                       tally    4 
       nps      mean     error   vov  slope    fom 

   2560000   2.0679E+00 0.0110 0.0002  5.4     602 

   5120000   2.0703E+00 0.0078 0.0001 10.0     599 
   7680000   2.0542E+00 0.0063 0.0001 10.0     599 

  10240000   2.0688E+00 0.0055 0.0000 10.0     606 

  12800000   2.0627E+00 0.0049 0.0000 10.0     605 
  15360000   2.0677E+00 0.0045 0.0000 10.0     607 

  17920000   2.0676E+00 0.0041 0.0000 10.0     608 

  20480000   2.0683E+00 0.0039 0.0000 10.0     609 
  23040000   2.0681E+00 0.0036 0.0000 10.0     608 

  25600000   2.0669E+00 0.0035 0.0000 10.0     607 

  28160000   2.0684E+00 0.0033 0.0000 10.0     608 
  30720000   2.0646E+00 0.0032 0.0000 10.0     607 

  33280000   2.0601E+00 0.0030 0.0000 10.0     607 

  35840000   2.0588E+00 0.0029 0.0000 10.0     606 
  38400000   2.0589E+00 0.0028 0.0000 10.0     606 

  40960000   2.0576E+00 0.0027 0.0000 10.0     606 

  43520000   2.0584E+00 0.0027 0.0000 10.0     606 
  46080000   2.0605E+00 0.0026 0.0000 10.0     607 

  48640000   2.0578E+00 0.0025 0.0000 10.0     606 

  50000000   2.0571E+00 0.0025 0.0000 10.0     606 
************************************************************************************************************ 

 dump no.  101 on file RD_5cWr      nps =  50000000     coll =     6701996104     ctm =  267.82     nrn =    42291667662 

tally data written to file RD_5cWm  
         3 warning messages so far. 

run terminated when  50000000 particle histories were done. 

computer time =  267.83 minutes 
mcnp     version 5     11042003                     12/28/06 03:04:04                     pro 
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