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Recent advances in Computed Tomography (CT) technology, particularly that of multiple 

detector CT (MDCT) scanning, have provided increased utilization and more diverse clinical 

applications including more advanced vascular and cardiac exams, perfusion imaging, and 

screening exams. Notwithstanding the benefits to the patient undergoing a CT study, the 

fundamental concern in radiation protection is the minimization of the radiation exposure 

delivered as well as the implementation of structures to prevent inappropriate ordering and 

clinical use of these advanced studies. This research work developed a computational 

methodology for routine clinical use to assess patient organ doses from MDCT scanners. To 

support the methodology, a computer code (DXS-Diagnostic X-ray Spectra) was developed to 

accurately and conveniently generate x-ray spectra in the diagnostic energy range (45-140 keV). 

The two accepted standard radiation transport calculation methods namely, deterministic and 

Monte Carlo, have been preliminarily investigated for their capability and readiness to support 

the proposed goal of the work. Thorough tests demonstrated that the lack of appropriate discrete 

photon interaction coefficients in the aforementioned diagnostic energy range impedes the 

applicability of the deterministic approach to routine clinical use; improvements in the 
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multigroup treatment may make it more viable. Thus, the open source Monte Carlo code, 

MCNP5, was adapted to appropriately model an MDCT scan. For this, a new method, entirely 

based on routine clinical CT measurements, was developed and validated to generate an 

“equivalent source and filtration” model that obviates the need of proprietary information for a 

given CT scanner. Computer simulations employing the Monte Carlo methodology and UF’s 

tomographic human phantoms were performed to assess, compare, and optimize pediatric, 

cardiac and neuro-imaging protocols for the new 320-slice scanner at Shands/UF based on dose 

considerations. Results were compared against organ dose measurements previously obtained at 

Shands UF. Important dose reductions were assessed for the broad beam volumetric acquisition 

of this new scanner when compared to the standard 64-slice helical protocols. 
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CHAPTER 1 

INTRODUCTION 

1.1 General Considerations 

Soon after their discovery in 1895, x rays defined and propelled radiographic imaging into 

an essential component of medical care, being the first investigative tool for non-invasive 

medicine ever used. Since then, different imaging modalities, using ionizing or non-ionizing 

radiation have developed and expanded the field of radiology.  Their impressive development 

over the past quarter century has revolutionized the practice of medicine, but has also 

significantly increased the cumulative exposure to ionizing radiation of all populations.
1
  X rays 

used in medical diagnostic procedures represent the greatest "man-made" source of radiation 

exposure to the population, accounting, in 1987, for about 15% of the total annual exposure of 

the population of the United States from all sources 
2 

and around 50% in 2006, according to the 

new estimate of the National Council on Radiation Protection and Measurements (NCRP)’s 

Program Area Committee 6 (Radiation Measurements and Dosimetry).
3
 This dramatic escalation 

has generated a serious interest and a scrutiny of radiation doses resulting from imaging 

procedures simply because ionizing radiation is known to increase the risk for cancer induction, 

and has even recently been officially declared as a “carcinogen”.
1
 The risk estimates are mostly 

derived from studies of the Japanese citizens who were exposed to large amounts of radiation 

during the A-bomb attacks of Hiroshima and Nagasaki 62 years ago; BEIR VII, the most recent 

update on this topic, indicates that, in the United States, a single dose of 10 mSv to the 

population is associated with a lifetime attributable risk of 1 in 1000 for developing a solid 

cancer or leukemia.
4
  The overall risk of developing a solid cancer or leukemia from all causes is 

42 in 100.  Although it is a challenge to define precise risk estimates associated to low doses of 

radiation exposure by extrapolating from data at high doses, the ionizing radiation exposure from 
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certain medical imaging studies, like abdominal or chest CT, nuclear medicine or interventional 

fluoroscopic procedures, may be associated with elevated risks for DNA damage and cancer 

formation.
5,6

   

1.2 Radiation Dose Issues in Computed Tomography 

1.2.1 Computed Tomography – An Increasing Source of Radiation Exposure 

It has been more than three decades since computed tomography (CT)
 
first became 

available for diagnostic imaging.  Technical developments
 
have resulted in a number of distinct 

generations of scanners,
 
including helical CT in the early 1990s and most recently

 
multiple 

detector computed tomography (MDCT) scanners.  Because of these tremendous technical
 

advancements, CT has become an increasingly used tool in a wide variety of clinical studies, 

including vascular and cardiac exams, perfusion imaging, and screening exams.  It
 
was estimated 

that there was a 600% increase in all CT examinations
 
 in the decade spanning the mid-1980s to 

the mid-1990s, with
 
an increase in CTs for the pediatric population from  about 4% to over 11%

 

of all CT examinations.
7
 Estimates reveal that more than 60 million CT examinations were 

performed in 2002 in the United States,
8
 representing around 70% of the cumulative medical x-

ray exposure, with 6% to 11% of these exams being performed in children.
7,9

 Approximately 

33% of all pediatric
 
CT examinations are performed in children in the first decade

 
of life, with 

17%  of them in children at or under the age of 5. The Hippocratic oath reads “…to first do no 

harm…” in medicine, which means that the benefit of any procedure should outweigh the risk 

associated with it.  However, in  2001, a series of articles
5,10-12

 published in the American 

Journal of Roentgenology on the matter of  increased risks to pediatric patients from CT 

generated concerns of the general public regarding the medical appropriateness of CT 

examinations and people have begun to scrutinize radiation dose levels from all CT scans.  
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1.2.2 Computed Tomography – Health Risks Concerns 

The potential biological influence of ionizing radiation can be expressed with a formally 

defined quantity called the equivalent dose. This quantity, in turn, depends on the energy 

absorbed from the radiation beam per unit mass in a given tissue or organ, a quantity termed 

“absorbed dose”. The product between the absorbed dose and a radiation weighting factor yields 

the equivalent dose. In the case of photon radiation, the weighting factor is 1. When evaluating 

the radiation risk resulting from exposures to certain regions and organs of the body, the relative 

radiosensitivity of the various organs and tissues must be taken into consideration. To globally 

express the risk to an individual exposed to a uniform whole-body irradiation equivalent to that 

of a partial body or organ exposure, another formal quantity has been defined, the effective dose, 

which numerically, is the sum of the products of the equivalent dose and the individual tissue 

weighting factors. The NCRP (1993) defines the tissue-weighting factor as expressing the 

relative biological detriment to a tissue, and accounts for the risk of cancer-related death, severe 

hereditary effects seen in future generations, and the length of life lost due to these effects.  

The debate about the safety of CT has intensified recently, after the 2007 article by Drs. 

David Brenner and Eric Hall in the New England Journal of Medicine
6
 , which suggests that the 

radiation dose from CT scans is a cause for concern, and may be responsible for a small, yet 

relevant percentage of cancer deaths in the United States.  This current review by Brenner and 

Hall highlights the need to re-evaluate and re-understand the radiation exposure risks associated 

with x-ray imaging. Radiosensitive tissues are frequently within the field of view for routine 

chest, abdominal, and pelvic CT scans and unfortunately many patients undergo multiple 

radiological examinations which increase their cumulative dose.  The authors reported on 

increased risks associated with even low doses of radiation.  
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 Most of the quantitative information on radiation risks and radiation-induced cancers 

comes from studies of survivors of the atomic bombings in Japan in 1945. This cohort of patients 

has been studied over time. Such studies report an increase in the overall risk for cancer in these 

patients/survivors who received low-doses of radiation, with effective doses ranging from 5 to 

150 mSv. The mean effective dose for this group was approximately 40 mSv, which 

approximates relevant organ dose levels from a typical CT study in which 2-3 series are done, 

according to the estimates reported in the above-mentioned article.
6
  The concerns are further 

corroborated by a recent study involving over 400,000 radiation workers in the nuclear industry, 

which also reported a significant association between radiation dose and mortality from cancer 

for a dose range between 5 and 150 mSv.
13

  The risks were quantitatively consistent with those 

of the atomic bomb survivors.  Since results of prospective dosimetric studies for patients who 

undergo CT studies will not be available for a long time, the authors stated that it is possible to 

evaluate the risks of exposure by estimating the radiation dose to individual organs
5
 and applying 

the organ-specific cancer incidence or mortality data derived from the studies of the atomic 

bomb survivors.  Brenner and Hall estimated the lifetime risk for death from cancer that was 

attributable to a single "generic" CT scan of the head or abdomen.   The risks vary depending on 

the age of the patient at the time of exposure and the organ-specific dose.  Even though the doses 

are higher for a head CT scan, the risks are higher for abdominal scans because the digestive 

tract tissues are more sensitive than the brain to develop radiation-induced cancer.  Extrapolating 

from the data provided, the risk for cancer-related death associated with 1 abdominal CT scan is 

0.06% for a patient exposed at 25 years of age and 0.02% for a patient exposed at age 50.  

Adjusting for the current use of CT scans in the United States, it was estimated that 1.5% to 

2.0% of all cancers at present time are attributable to radiation exposure from CT scanning.  
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1.2.3 Computed Tomography – Special Considerations in Children 

CT is the modality of choice in assessing a variety of disorders in children, including 

detection and surveillance of cancer, trauma, and evaluation for inflammation.  The use of CT 

scans in pediatric patients has mushroomed since 1990, when the new generation of devices 

decreased scanning times from minutes to seconds.  The shorter scans have been a boon to 

clinicians, who use them to diagnose or rule out dangerous conditions such as appendicitis in 

younger and less cooperative children.
5
  The increasing use of CT in the pediatric population is 

notable for several reasons.  First, CT is a relatively larger source of radiation exposure as 

compared to other modalities.  For example, in a review of CT use and radiation dose, the 

effective dose of a chest CT was reported to be 54 times that of a mammogram, and nearly 68 

times the dose of a chest radiograph.
7
  Second, there are considerations unique to the pediatric 

population including increased radiosensitivity of certain tissues, particularly in infancy
4
,  a 

longer lifetime for radiation-related cancer to occur, and often a lack of size-based adjustments in 

radiological technique.
14

 Moreover, the cancer risk is cumulative over a lifetime. Each CT 

examination (including multiple series per examination) contributes to the lifetime exposure.  In 

contrast, radiation exposure for older adults and the elderly does not carry the same cancer risk 

because many radiation-induced cancers, particularly solid malignancies, present long latent 

periods and do not become evident for decades.
6
  In the article by Brenner et al.,

5
 in which data 

were based on certain estimations including the total number of CT examinations performed 

during one year in infants and children and a relatively high radiation dose technique, there is the 

potential for inducing an increase in the number of cancer fatalities from a single CT.  Brenner 

and Hall estimates have put this risk at 1 fatal cancer per 1000 pediatric CT examinations, which 

results in an estimated increase of less than 0.5% over the baseline for lifetime cancer mortality.  
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1.2.4 Computed Tomography – Risk Estimates Discussion 

The assumptions used in this series of Dr. Brenner’s articles are controversial.  The 

underlying data in Brenner’s calculations are based upon a number of debatable assumptions – 

for example, the risk coefficients used by Brenner are derived from studies of the Japanese 

citizens who were exposed to large amounts of radiation during the A-bomb attacks of 

Hiroshima and Nagasaki 62 years ago.  These individuals received whole body doses from a 

mixture of x-ray and particulate radiations, whereas CT examinations involve only x rays over a 

small region of the patient’s body, i.e., the head or the torso.  In addition, the majority of the A-

bomb survivors experienced radiation doses many fold those of modern computed tomography, 

and the extrapolation used in scaling the very high radiation exposures levels down to the much 

lower exposure levels typical of partial body CT examinations is considered very controversial 

by many.  Another debatable issue is that of the radiation risks derived from the Japanese studies 

being applicable to patients undergoing CT scans in the US in 2007.  Patients who require 

medically indicated CT scans present a health risk and are far likelier to benefit from the 

diagnostic information that the CT examination provides to doctors involved in their patient care.  

The population of patients undergoing CT tends to be older than the average population, and 

although the authors of the articles corrected for age using data derived from the 1945 Japanese 

population, they did not correct for the many underlying compounding age dependent variables 

that differ between this population and older Americans.  These considerations are in addition to 

the inherent large uncertainties due to the lack of enough statistical data in the risk-estimate 

models.  There are, however, important positive recommendations from the articles, including 

awareness about the long-term collective public health risk (not the individual risk, which is very 

small and, a priori, far offset by the benefit), the need for a better understanding of radiation-

induced cancer incidence and mortality, better surveys that may bring realistic confidence limits 
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on the estimated risk, and better dose estimates.  As an immediate result, despite all the 

controversial issues, the importance of reducing CT exposure is now understood, in general, and 

with high priority when used in pediatric exams.  Health care providers and manufacturers have 

made significant efforts, since the publication of the first article in 2001, to reduce the radiation 

exposure from CT scans, while scientists have worked to provide better and more appropriate 

methods for dose evaluations.  

1.2.5 Computed Tomography – Dose Assessment Methods 

Part of the problem with radiation dose estimates (and assignment of risk) is the lack of 

consensus for the measurement (or estimates) of dose.
15,16

  Basically, risk is determined using 

either direct measures of dose, such as organ dose, or a weighted measure of radiation dose 

taking into account various organ doses and sensitivities (effective dose).  Measures that are 

increasingly familiar to radiologists and technologists are the CT dose indices (CTDI, CTDIFDA’ 

CTDI100, CTDIw, CTDIvol) and the dose length product (DLP).  The CTDI was defined to 

characterize the radiation dose properties of a specific scanner,
17

 representing the average 

absorbed dose, along the z-axis, from a series of contiguous irradiations.  To estimate dose 

values for head examinations, the measurements have to be taken with a 100-mm pencil ion 

chamber, in a 16-cm diameter polymethylmethacylate (PMMA) Food and Drug Administration 

(FDA) standardized phantom, while for the body examinations a separate phantom with a 

diameter of 32 cm has to be used.  As CT technology evolved, a number of CTDI-related 

modified indices have been defined to provide a more appropriate index for the newer scanners.  

To account for the variation of the CTDI index across the scanned field of view (FOV), a 

weighted index, CTDIw has been defined as the sum of one third of the value taken at the center 

of the phantom and two thirds of the average value measured at the periphery of the phantom.  

With the advent of helical CT, to represent the dose for a specific scan protocol, a new dose 
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descriptor was introduced, CTDIvol, in terms of the scan pitch.  While CTDIvol estimates the 

average radiation dose within the irradiated volume for an object of similar attenuation as the 

CTDI phantom, it does not represent the average dose for objects of substantially different size, 

shape, or attenuation.  Moreover, it does not indicate the total energy deposited into the scanned 

volume.  To better represent the overall energy delivered by a given scan protocol, the absorbed 

dose can be integrated along the scanned length to compute the Dose-Length Product (DLP).  

These measurements are not applicable, however, for risk assessments.  The usefulness of these 

measures is that modifications of scan parameters are easily reflected in the CTDIvol or DLP 

displayed on the scan monitor.  They must only serve as an aid in designing scan protocols or in 

real-time modifications of the examination.  For example, doubling one CT scan parameter, the 

tube current, will double the CTDIvol displayed on the monitor. Without knowing the actual dose 

to any organ (and therefore risk), this measure tells the radiologist or technologist only that the 

dose to the patient will also be doubled.  Currently, the need for documentation of some measure 

of radiation dose for CT has been expressed by various medical and regulatory groups, and 

because CTDIvol and DLP are relatively easy measures of radiation that are increasingly 

available on scanners, these have become familiar terms in the everyday practice of radiology.   

A better way of estimating doses to patients undergoing CT examinations is to directly measure 

organ doses
15 

or to perform computer simulations
16

 in patient-like phantoms (anthropomorphic 

phantoms).  Commercial software packages have been developed (CTDOSE, WinDose, 

ImPACT) based on the simulation data to calculate organ and effective doses. The effective dose 

values calculated with these type of software packages have been compared to DLP values for 

corresponding clinical exams and a set of coefficients, depending only on the region of the body 

being scanned, have been determined to provide a practical methodology for effective dose 



 

24 

estimation.
18

 Using this methodology, effective dose is calculated multiplying the DLP reported 

on the scanner by the appropriate conversion factor. These methods assume that the patient 

resembles the phantom used.  When patients differ in size and composition, appropriate 

corrections need to be made.  In the computer simulations, the stylized (based on mathematical 

surface equations) phantoms can be very easily scaled to represent different type of patients.  

However, the anatomical representation in these models is not realistic or accurate.
19

  A better 

representation of the human anatomy is provided by voxelized phantoms,
20,21

 which have been 

constructed from tomographic images of actual patients. Their major disadvantage is that they 

are suitable only for uniform scaling.  To merge the realistic anatomy afforded to voxel 

phantoms with the flexibility of stylized phantoms, hybrid computational phantoms are being 

developed,
18,22,23

  promoting them as important tools for a patient-specific dose assessment 

methodology.   

Considering the present trends in medical imaging, with a tremendous increase in the 

number of examinations performed annually, the development of a national database for 

radiation dose indices has become of real importance.  Moreover, concluding their analysis on 

the radiation exposure issues in medicine, the ACR (American College of Radiology) blue 

ribbon panel
1
 supports a standardized method for archiving individual patient radiation data 

documenting exposure during medical imaging that, it is believed, will highly benefit from a well 

established patient-specific dose evaluation methodology.  The information would be used to 

benchmark good medical practices and to identify patients whose cumulative lifetime dose has 

reached higher levels from frequent imaging studies involving exposure to ionizing radiation.  

The information may be used to determine when alternative imaging could be considered.  



 

25 

1.3 Objectives of This Research Work 

In the past few years, the Radiology Practice Committee formed at Shands Hospital at the 

University of Florida with a membership of radiologists, technologists, and medical physicists 

has developed a database of standard protocols for CT and MRI to be used for all radiology 

operations.
24 

The committee has also developed a web-based tool to allow clinicians to search the 

database based on a known clinical indication. Just recently, a new broad-beam Toshiba 320-

slice CT scanner has been installed in the department and specific protocols for cardiac, neuro, 

and trauma exams are being established and included in the database after thorough clinical 

validation. Appropriateness criteria, as recommended by ACR, are intended to be added to this 

protocol database that will ultimately optimize the practice of radiology at Shands UF. As the 

latest discussions in the diagnostic imaging community show, the patient doses associated with 

CT exams should become one of these criteria. Therefore, this research work addresses three 

major goals: 

 to develop a computational methodology to assess specific organ doses resulting from 

relevant imaging protocols of verified clinical value and image quality on a broad-beam 

320 slice scanner 

 to compare the radiation doses from the current standard 64 slice scanner with those from 

the new broad-beam 320 slice MDCT scanner 

 to recommend approaches to optimize clinical protocols utilizing dose criteria 

The overall purpose of the project was not to generate a library of organ dose values, but to 

develop a computational methodology that can be clinically used as a tool in the determination of 

appropriateness of the CT exams. Successfully validated, the methodology may be further 

developed and tuned for retrospective patient dose estimation that can be archived in a patient’s 

medical history. 
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Chapter 2 of this proposal briefly describes the computational methods and the associated 

software tools under consideration for accomplishing the main goals of the project. While the 

Monte Carlo radiation transport methods are well known and have been validated in medical 

physics research, little is known and yet to be validated about the usefulness of deterministic 

methods. There have been some attempts to establish deterministic transport calculations as a 

viable tool in radiation therapy dosimetry,
25,26

 but only very few in diagnostic imaging. Hence, 

intermediate goals are to investigate the accuracy, computational efficiency, and the readiness of 

PENTRAN, the deterministic SN radiation transport solver developed by Sjoden and 

Haghighat
27

, to be implemented clinically in the dose evaluation methodologies. The general 

purpose, open source MCNP5 Monte Carlo code developed at Los Alamos National Lab
28

 has 

been chosen as the reference, since it is used worldwide, well validated and benchmarked, with a 

strong up-to-date physics package. The hybrid method, CADIS (Consistent Adjoint Driven 

Importance Sampling) methodology
29

 is also introduced to be implemented as a mesh-based 

weight window variance reduction technique in MCNP5 using source biasing and importance 

functions calculated using PENTRAN adjoint transport simulation. The code developed to 

facilitate the implementation of the CADIS methodology, PENIMP, is described in Appendix A, 

where parts of samples of the output files are also exemplified. Central to this work is the 

application and use of highly detailed anatomical models (now in place at UF) to conduct 

accurate dose attribution. The UF series of voxelized phantoms, developed by the ALRADS 

group at UF,
20

 is briefly described, highlighting their level of anatomical detail which can 

significantly impact  the accuracy of organ dose evaluation methodologies. Moreover, this series 

of voxelized tomographic phantoms is being further developed, by the same group, into versatile 

hybrid phantoms,
22,23

 a guarantee for successful patient-specific dose assessments.  
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Any computational methodology for dose evaluation based on radiation transport critically 

depends on the availability of reliable x-ray spectra for the diverse settings of the clinical CT 

protocols utilized. Chapter 3 describes DXS (Diagnostic X-ray Spectra), the code developed by 

the author based on the original semi-empirical model (TBC) proposed by Tucker et al. in 1991
31

 

to generate tungsten target x-ray spectra in the radiological range. DXS differs from the TBC 

model because the theoretical formulations have been modified according to recent Monte Carlo 

studies and the model’s parameters have been adjusted and validated using MCNP5 simulations. 

Comparisons with some published measured spectra are also included, as well as the clinical 

spectral measurements obtained at Shands UF with an HPGe spectrometric system. These 

measurements, in addition to their scholastic value, demonstrate the value of the DXS code in 

obtaining reliable and relevant primary x-ray source spectra in clinical environments, which is 

practically impossible. 

The proposed methodology for dose distribution and organ dose calculations is presented 

in Chapter 4 with the main focus on the development of the PENTRAN-MP code system 

(accomplished in collaboration with Ahmad Al-Basheer, a recent NRE UF PhD graduate who 

conducted research studies for application of this methodology in radiation therapy),
54

 a 

collection of existing codes (PENTRAN with PENMSHXP and PENDATA code system
32

, 

MCNP5, CEPXS the cross section generator code, product of the Sandia National Lab
33

) and 

specially developed codes (GHOST-3D, DXS, GREPXS, 3D-DOSE) to streamline the 

simulation procedure. 

To determine the methodology (either deterministic, Monte Carlo, or combinations of 

both) to be used for the evaluation of organ doses from MDCT imaging protocols, several tests 

have been conducted to further validate the accuracy of numerical solutions and soundness of 
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PENTRAN’s deterministic algorithms, as well as to investigate the readiness of the deterministic 

method for diagnostic medical physics applications investigated here. The description of such 

tests with results, discussions and conclusions about the deterministic method are included in 

Chapter 5.  

 The introduction of multiple detector computed tomography (MDCT) scanners in 1998 

not only accelerated the implementation of new clinical applications, but also generated an 

intensified effort to evaluate the radiation doses associated with it. Monte Carlo radiation 

transport simulations in voxelized human phantoms have established themselves as one of the 

most accurate and versatile methods for radiation transport based dose computations. Chapter 6 

contains a brief description of the MDCT scanners, with emphasis on the special issues 

encountered by the introduction into clinical practice of the broad-beam 320-slice scanner. It also 

includes the formulation implemented in the new MCNP5 source definition subroutine to 

probabilistically sample the photon fan beam of an x-ray source in axial and helical acquisition 

mode and the new method developed to obtain an equivalent source spectrum and filtration 

entirely based on clinical measurements. The comprehensive tests performed to validate the new 

method implemented in the MCNP5 code are also presented and discussed in this chapter. 

To accomplish the main goals of the present research work, Monte Carlo simulations using 

the newly developed source model for MDCT dosimetry and UF Series B tomographic phantoms 

(9 months and adult male) were performed for clinical pediatric, cardiac, and neuro 320-slice CT 

studies. The detailed description of these simulations is presented in Chapter 7, which also 

includes the comparisons between calculated organ doses and some available experimentally 

measured doses using optically stimulated luminescence (OSL) dosimeters. The clinical protocol 
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optimization for the 320-slice scanner and the comparison with simulated organ doses resulted 

from the standard 64-slice protocols is presented in this chapter as well.  

Finally, Chapter 8 is an overview of the goals and motivations of the research, highlighting 

the accomplishments and the original contributions of the dissertation.   
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Three-Dimensional Radiation Transport Methods 

Modern radiation dosimetry methods depend increasingly on human anatomical modeling 

and radiation transport simulation. Regardless of the means by which an ionizing radiation dose 

is delivered, neutral particle transport and interactions of the radiation can be precisely 

determined via solution of the linear Boltzmann or “transport” equation (Equation 2-1), which 

describes the behavior of neutral particles as a function of the spatial, angular, and energy 

domains. 
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(2-1) 

The left side of Equation 2.1 represents streaming and collision terms (loss), and the right side 

represents scattering and other sources (gain), ψ being the angular flux of particles in the phase 

space as a function of position, energy, and direction, and Q the density of source particles 

emitted in the same phase space. The Boltzmann equation can be precisely solved by following 

two main approaches, both based on first principles: statistical Monte Carlo and deterministic 

solution methods.
29

  

In the statistical Monte Carlo approach, one solves for the expected value of particle 

density in the phase space by averaging over a large number of particle histories or events. An 

alternative to Monte-Carlo-based radiation dose calculations can be achieved by a deterministic 

solution of the Boltzmann equation that models radiation transport through materials. A common 

approach for calculating radiation doses using the Boltzmann equation is known as the "discrete-

ordinates" method.  This approach discretizes the radiation-transport equation in space (finite-
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difference or finite-element), angle (discrete-ordinates), and energy (multi-group cross sections), 

and then iteratively solves the integro-differential form of the transport equation over a discrete, 

multi-dimensional space. Both approaches are very powerful, and can lead to accurate solutions; 

however, depending on the problem type and overall objective, one approach can be more 

effective than the other.  Moreover, often when dealing with large and complex problems, hybrid 

combinations of the two methods can be most effective. Over time, significant efforts have been 

dedicated to improving both techniques, resulting in novel clever algorithms, efficient algorithms 

for parallel processing, variance reduction techniques, and hybrid methodologies implemented in 

various codes or code systems. With the increasing importance of numerical modeling and 

simulation to predict radiation transport effects, it is essential to verify that the radiation transport 

codes used to perform these simulations are accurate. 

2.1.1 MCNP5 – An Open-Source General-Purpose Monte Carlo Code 

The Monte Carlo method is one of the most often used, accurate techniques for particle 

transport simulation, and is generally thought to provide the only practical way of performing 

dose calculations from particle interactions in a complex target such as the human body. The 

development and application of the technique stemmed from work on the atomic bomb during 

World War II, where the term “Monte Carlo” was used to reflect the idea that a conceptual 

roulette wheel could be employed to select the random nuclear processes. Today, a computer 

generated random number (via the use of pseudo-random number generators) between 0.0 and 

1.0 is used for this purpose. The random number determines which interaction will occur by 

comparing probabilities (i.e., cross sections) of each interaction to statistically sample probability 

density functions. The process is repeated and a particle’s interactions and random walk are 

tracked in the target geometry until it deposits all its energy or escapes. When a large number of 

particles histories are tracked, the results of interactions are tallied and can accurately predict the 
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outcomes of the various interactions and physical processes (depending, of course, on the 

accuracy of the available cross section data). 

The widespread acceptance of computational models in radiation dosimetry was made 

possible by the availability of well-validated and maintained Monte Carlo codes. Among them, 

MCNP5, developed by the Los Alamos National Laboratory, is a Monte Carlo N-Particle code 

that can be used for neutron, photon, electron, or coupled neutron/photon/electron transport.
28

 

The code treats an arbitrary three-dimensional configuration of materials in geometric cells, 

having a generalized input capability that allows a user to model a variety of source and detector 

conditions. The “lattice structure” feature facilitates the definition of repeated “cells”. Point-wise 

cross-section data are typically used, although group-wise data are also available. For photons, 

the code accounts for incoherent and coherent scattering, the possibility of fluorescent emission 

after photoelectric absorption, absorption in pair production with local emission of annihilation 

radiation, and bremsstrahlung. The generation of electrons from photons is handled three ways. 

If electron transport is explicitly tracked (in MCNP5 via use of “Mode P E”), then all photon 

collisions except coherent scatter can create electrons that are banked for later charged particle 

transport, which can be quite computationally demanding. If electron transport is turned off (no 

“E” on the MCNP5 “Mode” card), then a thick-target bremsstrahlung model (TTB) is used. This 

model generates electrons, but assumes that they are locally slowed to rest. Any bremsstrahlung 

photons produced by non-transported electrons are then banked for later transport. Thus electron-

induced photons are not neglected, but the computationally expensive electron transport step is 

omitted. (The TTB production model contains many approximations compared to models used in 

actual electron transport. In particular, the bremsstrahlung photons inherit the direction of the 

parent electron). If IDES = 1 on the PHYS:P card in MCNP5, then all electron production is 
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turned off, no electron-induced photons are created and all electron energy is assumed to be 

locally deposited. The TTB approximation is the default for MODE P problems. In MODE P E 

problems, it plays a role when the energy cutoff for electrons is greater than that for photons. In 

this case, the TTB model is used in the terminal processing of the electrons to account for the 

few low-energy bremsstrahlung photons that would be produced at the end of the electrons’ 

range. The default cutoff energy for both electrons and photons is 0.001 MeV. A continuous-

slowing-down model is used for electron transport that includes positrons, K x rays, and 

bremsstrahlung, but does not include external or self-induced fields. In the initiation phase of a 

transport calculation involving electrons, all relevant data are either pre-calculated or read from 

the electron data file and processed. These data include the electron energy grid, stopping 

powers, electron ranges, energy step ranges, sub-step lengths, and probability distributions for 

angular deflections and the production of secondary particles. For sampling fluctuations in 

electron collisional energy loss, MCNP relies on a Class I condensed-history algorithm in which 

parameters of the Landau straggling theory are pre-computed for a standard set of energies and 

step sizes. In order to follow an electron through a significant energy loss, it is necessary to break 

the electron's path into many steps. These steps are chosen to be long enough to encompass many 

collisions (so that multiple-scattering theories are valid), but short enough that the mean energy 

loss in any one step is small (so that the approximations necessary for the multiple-scattering 

theories are satisfied). The energy loss and angular deflection of the electron during each of the 

steps can then be sampled from probability distributions based on the appropriate multiple-

scattering theories. This accumulation of the effects of many individual collisions into single 

steps that are sampled probabilistically constitutes the “condensed history” Monte Carlo method. 

Finally, appropriate probability distributions are sampled for the production of secondary 
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particles. These include electron-induced fluorescent x -rays, “knock-on” electrons, and 

bremsstrahlung photons. The results of the MCNP5 simulations are reported according to the 

specified input tally cards. The user can instruct MCNP to make various tallies related to particle 

current, particle flux, and energy deposition. MCNP tallies are normalized to the number of 

source particles. Currents can be tallied as a function of direction across any set of surfaces, 

surface segments, or sum of surfaces in the problem (F1 tally card). Fluxes across any set of 

surfaces, surface segments, sum of surfaces, and volumetrically in cells, cell segments, or sum of 

cells are also available (MCNP5 F2 and F4 tally cards). Similarly, the fluxes at designated 

detectors (points or rings) are standard tallies, as well as radiography detector tallies (MCNP5 F5 

tally card). Fluxes can also be tallied on a mesh superimposed on the problem geometry 

(MCNP5 FMESH tally card). Heating tallies give the energy deposition in specified cells 

(MCNP5 F6 tally card). A pulse height tally provides the energy distribution of pulses created in 

a detector by radiation (MCNP5 F8 tally card).   

2.1.2 PENTRAN a Deterministic Discrete Ordinates (SN) Code 

A widely-used deterministic method to solve Equation 2.1 is the discrete ordinates SN method. In 

the SN method, all independent variables (space, energy, and direction) are discretized. For the 

angular variable, a discrete set of directions are selected (usually symmetric about the unit 

sphere), and the Boltzmann equation is solved along these directions only. The selected 

directions (ordinates) are mathematically weighted to ensure that physical symmetries and 

particles are conserved. For the energy variable, the energy domain is divided into a number of 

sub-intervals (groups) where the Boltzmann equation is integrated over these intervals to obtain a 

set of coupled equations (multigroup equations).
29

 Since it directly describes the flow of 

radiation in a 3-D geometry with angular and energy dependence, this is one of the most 

challenging equations to solve in terms of complexity and phase space, and rendering a 
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deterministic computational solution for a large 3-D problem requires a robust parallel transport 

algorithm and a high performance computing system. 

PENTRAN (Parallel Environment Neutral-particle TRANsport) is a multi-group, 

anisotropic SN code that solves the time-independent linear Boltzmann equation using finite-

volume differencing in 3D- Cartesian geometries; it has been specifically designed for 

distributed memory, scalable parallel computer architectures using the MPI (Message Passing 

Interface) library.  Automatic domain decomposition among the angular, energy, and spatial 

variables with an adaptive differencing algorithm and other numerical enhancements make 

PENTRAN an extremely robust solver. Numerous simulations have been performed using the 

PENTRAN code system, including many international benchmark computations. To further 

validate and augment the confidence in PENTRAN’s algorithms and performance in rendering 

accurate numerical solutions to radiation transport simulations for different type of sources 

emitting in media with anisotropic scattering properties of various degrees, a recently proposed 

series of quasi-analytical benchmark problems
34

 has been solved using this code and the results 

are presented in Chapter 5. In Chapter 4 includes a brief description of the PENTRAN code 

system (the 3-D parallel SN code with the pre- and post-processing codes) and the suite of codes 

(PENTRAN-MP code package) specially developed with contributions from this work to enable 

deterministic PENTRAN simulations to be used for medical physics applications. 

2.1.3 PENTRAN-MCNP5 Hybrid Technique - CADIS Methodology 

Both the SN and Monte Carlo methods are very powerful for solving particle transport 

problems; however, depending on the application and/or user needs, one method may be 

preferable over the other. The inherent and generally considered advantages/disadvantages of the 

two methods are listed in Table 2-1. 
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A large number of techniques have been developed to reduce the variance of the Monte 

Carlo calculations. These techniques commonly modify the natural (analog) sampling procedure 

(related to physical laws of particle transport) to focus computational efforts on the simulation of 

“important” particles. The main difficulty associated with using variance reduction techniques is 

the determination of the problem-dependent variance reduction parameters. A sound way to 

accomplish this task is to use the SN method to determine the adjoint (importance) function 

distribution for the given problem, and implement it within the weight-window variance 

reduction technique, following the formulations for the source and transport biasing of the 

CADIS (Consistent Adjoint Driven Importance Sampling) methodology.
30

 Source biasing allows 

for the simulation of a larger number of source particles, with appropriately reduced weights, in 

the more important regions of each variable. This technique consists of sampling the source from 

a biased (non-analog) probability distribution rather than from the true (analog) probability 

distribution, and then correcting the weight of the source particles by the ratio of the actual 

probability divided by the biased probability. Thus, the total weight of particles started in any 

given interval is conserved, and an unbiased estimate is preserved 

CADIS employs the importance function for sampling “important” particles for an 

objective function (or detector response). For source biasing, it utilizes the following formulation 

𝑞  𝑃 =
𝜓+ 𝑃 𝑞(𝑃)

𝑅
                                                                                                              (2-2) 

where 𝜓+ 𝑃  is the importance function, q(P) is the unbiased source in phase-space (angle, 

space, energy) P, and R is the response for the reaction of interest. To conserve the total number 

of particles, the weights of source particles are adjusted by   

𝑤 𝑃 =
𝑅

𝜓+ 𝑃 
                                                                                                                   (2-3) 
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For transport biasing, CADIS alters the number of particles that are transferred from one 

phase space location to another. This means that if the phase space P has a higher importance 

than the phase space P’, particles are split by weight during the course of the simulation 

according to the ratio of the importance functions, given by 𝜓+(𝑃)/𝜓+(𝑃′), while if the opposite 

is true, the particles are combined using the “Russian roulette” technique, both of which 

incorporate particle weight conservation. Therefore, following these splitting/roulette processes, 

to preserve the expected number of particles, the particle statistical weight is modified according 

to Equation 2-4: 

𝑤 𝑃 = 𝑤(𝑃′)  
𝜓+(𝑃)

𝜓+(𝑃 ′)
                                                                                                     (2-4) 

To administer the splitting and rouletting of particles, the weight window facilities that are 

available within MCNP5, which deal with particle weights, are used. Due to computation 

efficiency considerations (memory requirements and running times), the space and energy 

dependent (scalar) adjoint function that can be obtained from a PENTRAN adjoint calculation 

(Equation 2-5) is used in the above formulation (Equations 2-2 to 2-4) for calculating space and 

energy dependent source biasing and weight window parameters. 

Φ+ 𝑟 , 𝐸 =  𝜓+ 𝑟 , 𝐸,Ω  
4𝜋

𝑑Ω                                                                                        (2-5) 

To use the weight window facility within the MCNP5 code, one must calculate weight 

window lower bounds wl  such that the statistical weights defined in Equation 2-3 are at the 

center of the weight windows (intervals). The width of the interval is controlled by the parameter 

Cu, which is the ratio of upper and lower weight window values (Cu = wu/wl). Therefore, the 

space and energy dependent weight window lower bounds wl are given by Equation 2-6. 

𝑤𝑙 =
𝑤

𝐶𝑢+1

2

=
𝑅

Φ+ 𝑟 ,𝐸 

1
𝐶𝑢+1

2

                                                                                                  (2-6) 
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In MCNP5 there are several options implemented to utilize the weight window variance 

reduction technique. One of them, quite suitable to be linked to deterministic adjoint 

calculations, utilizes a mesh with space- and energy-dependent importances superimposed on the 

problem geometry. To facilitate proper use of this variance reduction technique with MCNP5, 

we developed a code, PENIMP (Appendix A), that reads the adjoint function from the 

PENTRAN output, and prepares the source biasing parameters and weight window lower bounds 

in the format required for the MCNP5 Monte Carlo run. 

2.2 The UF Series B Voxel Phantoms  

Assuming one could achieve a detailed knowledge of the 3-D radiation fields anywhere in 

the human body pre-supposes that the human body can be properly represented to precise detail 

in order to enable proper dose registration and attribution.  Traditionally, the human body has 

been modeled with straight-forward stylized (Figure 2-1) anthropomorphic “standard man” 

phantoms of bone, soft tissue, and lung tissue (ICRP 48 (1992), ICRP Pub 74, (1996)). 

Recently, image-based, voxelized computed tomography (CT) and MRI image models 

have been developed
20,21,35-37

. The computational anatomical model KTMAN-2 was initially 

built from the whole-body CT images of a 35-year old Korean male whose height and weight 

closely matched those of the average Korean man and further transformed into a corresponding 

American counterpart (organ masses were scaled to those of the American reference male, 

approximately 176 cm tall and a weight of 72.9 kg). The result of this successive development is 

a computational phantom with a matrix of 300 x 150 x 344 voxels of 2 mm x 2 mm x 5 mm
 

resolution containing a total of 58 defined organs. 

 Following the development of UF’s CT-Contours segmentation software, and the 

construction of the first tomographic dosimetry model (UF Newborn)
21

, a series of pediatric 

tomographic phantoms have been constructed using actual patient CT images from Shands 
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hospital image archives (Figure 2-2). The  set of whole-body voxel phantoms of pediatric 

patients (9-month male, 4-year female, 8-year female, 11-year male and 14-year male) has been 

developed through the attachment of arms and legs from segmented CT images of a healthy 

Korean adult (UF Series B)
20

. Even though partial-body phantoms (head–torso) may be used in a 

variety of medical dose reconstruction studies where the extremities are out-of-field, or receive 

only very low levels of scattered radiation, whole-body phantoms play important roles in general 

radiation protection and in nuclear medicine dosimetry. Inclusion of the arms and legs is critical 

for dosimetry studies of pediatric patients due to the presence of active bone marrow within the 

extremities of children. While previous phantoms preserved the body dimensions and organ 

masses as seen in the original patients who were scanned, comprehensive adjustments were made 

for the Series B phantoms to better match International Commission on Radiological Protection 

(ICRP) age-interpolated reference body masses, body heights, sitting heights and internal organ 

masses. The CT images of arms and legs of a Korean adult were digitally rescaled and attached 

to each phantom of the UF series. After completion, 73 distinct organs were defined with a 

resolution of 0.86 mm×0.86 mm× 3.0 mm, 0.90 mm × 0.90 mm × 5.0 mm, 1.16 mm × 1.16 mm 

× 6.0 mm, 0.94 mm × 0.94 mm × 6.00 mm and 1.18 mm × 1.18 mm × 6.72 mm for the 9-month, 

4-year, 8-year, 11-year and 14-year, respectively. 

Accurate calculations of the patient dose from diagnostic imaging exposures need to rely 

on sound computational algorithms and faithful representations of the human body. The two 

radiation transport methods, Monte Carlo and deterministic, implemented in the computer codes 

presented above, MCNP5 and PENTRAN, respectively, along with the state-of-the-art UF Series 

B voxelized phantoms certainly meet these pre-requisites. 
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A third essential ingredient for a successful dose assessment endeavor is the knowledge of 

reliable radiation source energy spectra. This source spectral distribution is particularly important 

since the radiation interactions in the human body (inherently low-Z (atomic number) material) 

are highly energy-dependent in the diagnostic energy range. In the following chapter, the 

computer code DXS, specially developed to provide reliable tungsten target radiographic x-ray 

spectra, is presented. 
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Table 2-1. Comparison of the SN and Monte Carlo (MC) methods 

Method Advantages Disadvantages 

SN Detailed solutions 

Short execution time 

Discretized geometry representation 

Large computer memory 

Difficulties in preparation of mesh, 

quadrature ordinates (directions) and 

multigroup cross sections 

MC Accurate geometry 

Accurate energy treatment (continuous 

energy dependent cross sections) 

Small computer memory 

Long execution time 

Limited solution detail 

Difficulty in using variance reduction 

techniques 

 

 

Figure 2-1 Stylized anatomic models of human anatomy developed at the Oak Ridge National 

Laboratory in the early 1980s. 

 

 

Figure 2-2 UF Series B pediatric phantoms – courtesy C. Lee 
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CHAPTER 3 

A DIAGNOSTIC X-RAY SPECTRA GENERATOR CODE - DXS 

3.1 Introduction 

Radiation transport simulations using sophisticated Monte Carlo and deterministic 

algorithms, as presented in the previous chapter, can be employed with detailed human phantoms 

models to provide important tools for patient dosimetry. To be successful, these methods must 

rely on precise knowledge of the x-ray energy spectrum governing the delivery of the radiation. 

Unfortunately, routine measurements of diagnostic spectra are not common due to the practical 

complexities in the performance of such measurements in a clinical setting. Saturation of the 

spectrometric system, spurious signals due to Compton interactions, and x-ray production in the 

detector itself are examples of these difficulties
38

. Two useful theoretical models published for 

computer generation of tungsten-target x-ray spectra have been proposed: one by Birch and 

Marshall
39

 (BM) in 1978, and a second by Tucker, Barnes, and Chakraborty
31

 (TBC) in 1991.  

However, these models are not fully based on first-principles, and require fitting to 

measurements using a parametric differential energy spectrum (distribution of the 

bremsstrahlung photons per incident electron of a given kinetic energy). Subsequent studies
40,41 

have analyzed the spectra generated using these two models through comparisons to 

experimentally recorded spectral data. It has been shown that the TBC model, which rectifies an 

error in the relativistic correction factor originally found in the BM model, and accounts for the 

variation of the efficiency of characteristic photon production with depth in the target, generates 

softer spectra that provide better agreement with measured spectra.
42

 Several computer codes 

have been developed based on these models: IPEM
43

 (BM model),  X-rayb&m (BM model), and 

X-raytbc (TBC model) are widely used in the diagnostic imaging community. 
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Powerful and sound alternatives to the semi-empirical methods, though much more time-

consuming,  are the methods employing Monte Carlo simulations.
44-46

 which use full electron 

and generated photons transport through targets and filters to calculate x-ray spectra, providing at 

the same time an insight into the underlying physics. The accuracy of the spectra generated with 

these methods has been extensively evaluated by comparisons amongst each other and against 

experimental data
47

, and it has been shown that there is no statistically significant difference 

between the measured and predicted spectra. The main discrepancy noted was found to be 

related to the proper representation of the characteristic lines.   

DXS (Diagnostic X-ray Spectra) is a Fortran 90 computer code developed for this research 

that implements the original semi-empirical model proposed by Tucker et al. in 1991
31

 using 

updated interaction data and analytical formulations.
48

 The model parameters in the DXS code 

were adjusted by comparison with corresponding MCNP5 simulated spectra. Though developed 

to serve the Monte Carlo and deterministic radiation transport simulations for patient dose 

assessments in different ionizing radiation imaging modalities (for which it has several features 

particularly dedicated to this purpose, which will be described in the next chapter), DXS may 

also be successfully used to generate spectra needed for radiation protection calculations or 

characterization and comparisons of imaging systems. Obtaining DQE (detective quantum 

efficiency) values, for example, requires knowledge of the x-ray spectrum incident on the 

detector.  The accuracy of these calculations critically depends on the availability of reliable x-

ray spectra for operational settings.  The DXS code generates these spectra, according to user 

specified input parameters (tube potential, anode angle, type and amount of filtration), and 

accommodates them to any discretized energy group structure.   
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To further validate DXS, experimental HPGe spectral measurements performed in a 

Toshiba Infinix VC-I (Toshiba America Medical Systems, Long Beach, CA) single-plane 

interventional angiography system at Shands Hospital at the University of Florida were 

compared with corresponding MCNP5 simulations. To minimize the inherently large stochastic 

errors when modeling the complex measurement setup, a methodology that provides an 

equivalent source projected on a plane close to the region of interest (i.e., detector site in this 

study case) used in subsequent simulations for the desired evaluations (such as the detector 

response) has been established The equivalent projected planar source “beam” methodology may 

beneficially assist future transport simulations for dose assessments by reducing the 

computational time, minimizing the Monte Carlo stochastic error or the numerical difficulties 

(e.g. ray effects, etc) in the deterministic transport approach. 

3.2 Theoretical Formulation 

In the DXS code, the number N(E) of bremsstrahlung photons with energy between E and 

E+dE from a target with atomic mass A, atomic number Z, and density ρ is generated according 

to: 
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where T0, the kinetic energy of the incident electron, and T, the electron kinetic energy at a 

distance x within the target of angle θ, are related by the Thomson-Whiddington constant
31,39 

C 

which we redefined and recalculated based on a recent Monte Carlo study,
47 

as will be shown in 

the following sub-sections: 

22
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where α is the fine structure constant, re is the classical electron radius, 









dx

dT



1  is the target mass 

stopping power, and μ(E) is the linear attenuation coefficient of the photon with energy E in the 

target.  

Finally, B is the polynomial function, 
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whose parameters were determined by fitting to measured bremsstrahlung spectra
4
. 

The formulation for the number N(Ei) of Ei-characteristic x rays per incident electron with 

fractional emission f(Ei,T0) is modeled through parameters Ak and nk by: 

   
 
























R
xEn

k

kii dxe
R

x
P

E

T
ATEfEN

i
k

0

sin0
0 1, 



                                              (3-4) 

where R is the distance, as given by Equation (3-2), within the target where the average electron 

kinetic energy is equal to the K-shell binding energy, and  
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is the related depth-dependent probability distribution function. 

In preliminary versions of DXS, the bremsstrahlung and characteristic model parameters 

were those obtained from the TBC model. However, there is a caveat in the TBC model, already 

mentioned in a previous study,
40 

that became evident when comparing DXS generated spectra 

with experimental ones from the published literature
40,41

 (see Table 3-1): the K-peaks require 

adjustment for various tube potentials.  

Hence, the fractional emission f(Ei,T0) has been separated into two factors, 

     00, TfEyTEf ii                                                                                                    (3-6) 
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the first one, y(Ei), being the published relative intensities of the characteristic K-lines of 

tungsten (Table 3-2), while the second term, f(To), is the analytical fitting function (given in 

Equation (3-7) in the next section) of the MCNP5 Monte Carlo simulation results. 

3.3 Code Implementation 

In DXS, the target-generated spectra may be further theoretically attenuated (in a narrow 

beam geometry assumption) considering the tube’s inherent and added filtration (aluminum, 

beryllium, copper and tantalum are current options in DXS) and possible air path. The self-

attenuation in the target and any other attenuation due to inherent and added filtration or air path 

are expressed through parametric fitting functions of the mass attenuation coefficients generated 

with XCOM
49

 for the materials and energy ranges of interest. The general form of the fitting 

function is that proposed by Tucker et al.
31

, namely, 
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where u=E(keV)/100 and the resulting coefficients are entered in Table 3-3. For tungsten and 

tantalum (used as one of the standard filter materials by Toshiba in all their fluoroscopic and 

angiographic systems), two different sets of parameters are used, depending on whether the 

photon energy is below or above their K-absorption edge, respectively.  

In the case of the mass attenuation coefficient of copper, a different analytical function,  

                 (3-9) 

where u=E(keV)/100, resulted in a best fit (R
2
=0.9999) in the considered energy range.  

For programming convenience, the mass stopping power in tungsten is also represented by 

the analytical function in Equation 3-10, 

 
1

𝜌

𝑑𝑇

𝑑𝑥
= 𝑎𝑚 + 𝑏𝑚𝑒

−𝑐𝑚𝑇                                                                                                                (3-10) 

  1535.002792.006041.0 34813.550474.37726914.4303623.0

uuu

eeeu









 

47 

whose coefficients were determined by iteratively fitting the interaction data from ESTAR 

database at NIST and entered in Table 3-4. 

The original TBC model, as well as all the other semi-empirical models, is based on a 

linear dependence between the electron’s square energy and its penetration depth in the target 

(Equation 3-2). However, a recent study of Poludniowski and Evans
45

 shows that the linear 

dependence breaks down as the electrons slow down in the target (Figure 3-1, based on results of 

the mentioned study). The departure from linear behavior is more evident at higher incident 

electron energies.  

Consequently, in DXS, we elected to model the electron penetration and target self-

attenuation considering the dependence on electron incident energy (T0) of the parameter C in 

the Thomson-Whiddington relation (Equation 3-2) defined as follows: 

 𝐶(𝑇0) =

 
 

 
𝑐1 + 𝑐2𝑇0 + 𝑐3𝑇0

2 + 𝑐4𝑇0
3    𝑓𝑜𝑟  𝑇0 ≤ 70𝑘𝑒𝑉    

𝑐1 + 𝑐2𝑇0 + 𝑐3𝑇0
2 + 𝑐4𝑇0

3 𝑓𝑜𝑟 𝑇0 > 70𝑘𝑒𝑉 𝑎𝑛𝑑 (𝑇 𝑇0) 2 ≥ 0.45 

73200 
𝑘𝑒𝑉  𝑚2

𝑘𝑔
   𝑓𝑜𝑟  𝑇0 > 70𝑘𝑒𝑉 𝑎𝑛𝑑 (𝑇 𝑇0) 2

< 0.45

                       (3-11) 

where the coefficients c1-4 (entered in Table 3-5) were calculated based on the results of the study 

mentioned before. The new formulation for the electron penetration in the target presented in the 

same study
45

 is used in the updated version of DXS to calculate the distance parameter R in 

Equations 3-4 and 3-5. 

To validate the modified formulation and to obtain a better representation of the 

characteristic x-ray production that correctly accounts for dependence on the tube potential, full 

photon and electron physics Monte Carlo simulations have been performed for several tube 

potentials. In the MCNP5 model, depicted in Figure 3-2, the x-ray tube consists only of a 

tungsten target as a 12º wedge – in a vacuum held in an aluminum case, 1.2 mm width, which 

represents the tube’s equivalent inherent filtration. A monoenergetic (energy determined by the 
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x-ray tube voltage) electron surface source, 1-mm diameter, mimics the electron beam impinging 

upon the target’s focal spot. The emerging photon current was tallied at the small exit window 

(indicated at the bottom in Fig 3-2) on the central axis employing 0.5-keV energy bins, 

subsequently normalized to unit area and compared with the corresponding DXS code-generated 

spectrum. 

The improvement provided by the updated description of the electron penetration in the 

target can be observed in Figure 3-3 which displays spectra for two selected tube potentials, 140 

and 90 kVp, generated with the DXS code having implemented the old formulation (blue 

triangles) and the improved one (black line) compared to the reference MCNP5 calculated 

spectra (red points with error bars). For a more quantitative assessment, Table 3-6 contains the 

rms deviation of the results (in the two implementations) from the reference Monte Carlo. As 

expected, the more pronounced improvement is noted at higher tube potentials where the old 

description was less accurate. Based on the MCNP5 simulations we adjusted the f (T0) factor in 

Equation 3-6 for 80, 90, 100, 120, 130, and 140 kVp tube potentials, and then determined the 

analytical formulation by fitting using least squares techniques: 

f(T0)=89.972 - 3.789T0 + 0.0642 x 10
-2

T0
2 

- 5.44925 x 10
-4

T0
3
 

+ 2.3117 x 10
-6

T0
4
 - 3.917 x 10

-9
T0

5
                                                                               (3-12) 

Using the above discussed formulations for the bremmstralung and characteristic radiation, 

the DXS code quite accurately calculates central axis spectra in the radiographic range, 45 -140 

kVp, with a minimum value of 10 keV (assuming that the amount of inherent filtration of the x-

ray tube is enough to totally attenuate these low energy photons), in 0.1 keV energy bins 

according to the user defined input parameters (kVp, target angle, amount of total – i.e., inherent 

plus additional - aluminum filtration, type and amount of other filtration, air path). The DXS 
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code outputs the spectra (normalized to unit area) in 0.5 keV intervals, but also allows for 

accommodating the generated spectrum to alternate user-defined energy group structures. 

3.4 Validation of DXS  

3.4.1 Comparison with MCNP5 Generated Spectra 

To assess the quality of the DXS-generated spectra for different combinations of tube 

potential, filtration, target angle, we performed corresponding MCNP5 simulations (considered 

as the references for this exercise), and then we calculated the rms deviation of the DXS-

generated spectra (black line in all the following figures) from the reference ones (red points 

with error bars in all the following figures). Figure 3-4 displays normalized spectra for three x-

ray tube potentials at which the characteristic production is not activated in the case of a 12
⁰ 

tungsten anode and 1.2 mm Al inherent filtration.  

The excellent agreement between the DXS and MCNP5 generated spectra is demonstrated 

by the rms deviation shown in Table 3-7. The relative differences in all the energy bins were 

generally less than 2% with few exceptions at the low and high energy tails of the spectra. It 

should be noted that Table 3-7 contains also the rms of the spectra for six other higher tube 

potentials, four of which are shown in Figure 3-5. These data demonstrate the same excellent 

agreement, inclusive of the characteristic K-peaks. 

The effect of the type and amount of filtration on the spectral distribution was studied for a 

10
⁰
 target angle at 100 kVp tube potential by varying the thickness and the material of the filter 

in the MCNP5 simulations. Figures 3-6 and 3-7 show the fidelity of the DXS code to describe 

beam hardening effects due to increased aluminum and copper filtration, respectively. There is, 

however, a slight decrease in agreement as the thickness of the copper filter is increased, which 

may be due to the scattering in the filter, not accounted for in the DXS code.  
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3.4.2 Comparison with Published Measured Spectra 

Figure 3-8 displays for comparison DXS-generated spectra along with measured spectra 

published by Bhat et al. in 1998.
41,

 While the DXS spectra still agree relatively well with the 

measured spectra, there are factors influencing the measured spectra, such as target composition, 

collimation, voltage ripple, etc, that are not accounted for in the DXS code. Bhat et al.
41

 reported 

the three sets of data for a 12
º
 tungsten target, 1.2 mm inherent Al filtration, recorded on-axis at 

3.5 m away from the target using intense collimation at the detector site to prevent the saturation 

of the detector and noted the presence of molybdenum K x rays. Other authors
39,42

 also observed 

traces of rhenium in their measured spectra. While these variants may be always present in 

clinical x-ray units, for the sake of generalization, DXS generates spectra for pure tungsten 

anodes, but may be adjusted if exact composition of the target is available. 

3.4.3 MCNP5 Simulations of Clinical Spectral Measurements 

An HPGe detector (Princeton Gamma Tech NTGC-3020) and Ortec MAESTRO radiation 

spectroscopy system were employed to record on-site spectral data for the Toshiba Infinix VC-I 

interventional angiography system, which possesses a tungsten target x-ray tube, 11º anode 

angle, 1.1 mm Al inherent filtration for the x-ray tube, and 1.5 mm Al for the x-ray beam 

limiting device. 
241

Am (Eγ=60 keV), 
109

Cd (Eγ=88 keV), 
57

Co (Eγ1=122 keV, Eγ2=136 keV) and 

137
Cs (Eγ=662 keV) nominal γ sources were used to perform energy and efficiency calibrations 

of the detection system. The planar Ge detector, of 2.72 cm radius and 5.7 cm in height, was 

energy calibrated to record pulses in 1 keV energy bins. The measured full energy peak 

efficiency of the detector was subsequently validated via MCNP5 simulations (Figure 3-9 a).  

A radiograph of the Ge detector (Figure 3-9 b) used in the clinical validation experiment 

provided necessary information for an appropriate geometrical description. 
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Because clinical fluoroscopy systems must comply with 21 CFR 102.32 (a), which 

establishes that the x-ray beam cannot be activated unless the image receptor is fully intercepting 

the beam, it is impossible to position the Ge detector adequately for meaningful on-axis 

measurements of the primary beam for the purposes of experimental validation of the DXS 

generated spectra. In addition to the geometrical limitations, saturation of the HPGe 

spectrometric system due to the high fluence of the incident photon beam could not be prevented 

by utilizing the smallest x-ray field (tightest collimation) and minimum beam current.  Hence, to 

prevent saturation, the data had to be collected off-axis (~60º) at ~400 cm radial distance from 

the source head. In this configuration, spectra were recorded for a highly collimated beam using 

1.5 mm Al added filtration at 70, 88, 100, and 120 kVp acceleration potentials. 

The special circumstances in which the experimental measurements were performed posed 

real challenges in the computational effort to validate DXS-generated spectra. The MCNP5 pulse 

height tally F8 provides the ability to appropriately simulate a detector spectral response. 

However, a detailed and faithful representation of the complex experimental setup is a real 

obstacle in the attempt to transport the photons from the source to the detector computationally. 

Consequently, significant but reasonable modifications had to be made to obtain an efficient and 

reliable Monte Carlo model to represent the clinically derived results.  To accomplish this, it was 

necessary to place the source housing and the detector inside a long cylinder of air (Figure 3-10).  

The assumption was made that scattered radiation throughout the room had negligible 

contributions to the detector response as compared to the radiation coming directly from the 

source. Such an assumption is supported by the fact that for the materials present in a typical x-

ray room, in the fluoroscopic range, the photoelectric effect is both significant and inherently 

dominant. Besides, multiple scatterings have a large probability to reduce the energy of the 
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photons under the detector lower level discriminator (LLD), set to 25 keV in these 

measurements, and the scattered radiation inside the source housing was also accounted for in 

our MCNP5 model. Using the manufacturer’s specifications available from Toshiba, the source 

was modeled as a small (collimator opening size) surface source with a forward cosine-weighted 

angular distribution placed in a lead housing. The exit window was modeled as an aluminum slab 

of thickness equal to the specified inherent filtration thickness of the collimator.  

Methodology in minimizing stochastic errors: Despite the simplifications necessary to 

facilitate the Monte Carlo model, special techniques still had to be employed to reduce the 

computation time while achieving acceptable statistical errors. Hence, we divided our simulation 

in two separate modeling steps: 

(i) generation of an equivalent source plane close to the detector region of interest 

(analogous to a “Beam” methodology) 

(ii) transport of radiation from the equivalent surface source (ESS) to the detector   

Step (i) – transport to source plane: A preliminary simulation, in which the large air path 

between the source head and detector was modeled using cell importance variance reduction and 

implemented as several regions of increasing importance, was meant to provide an equivalent 

surface source, 1 cm away from the detector. An MCNP5 F1 tally was used to obtain the number 

of photons in 1 keV energy intervals passing the unit cross sectional area of the cylinder in 

several angular bins defined with a local reference to the long cylinder axis. The relative error is 

generally less than 10%, increasing for the first and the last energy bins, and mostly for higher 

angle intervals directed away from the cylinder axis. Figure 3-11 shows that the photon current is 

oriented primarily tangent to the axis, since the values for the 0º-15º bin are notably 2 to 5 orders 

of magnitude larger than for all the other intervals.  
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Consequently, the ESS is determined as the normalized photon distribution of the outward 

current passing the cylinder base along a surface normal vector pointed toward the detector. A 

large number of histories (on the order of 10
9
) must be executed to achieve an acceptable (<10%) 

relative error in most energy bins. Even in these conditions, the low and high energy tails of the 

spectrum are affected by large errors (>20% in certain cases), an inevitable fact due to the 

inherent poorer sampling induced by the source distribution. To alleviate this effect, the two ends 

of the spectrum were tallied in larger energy intervals, typically 25 keV widths vs. 1 keV widths 

in the mid-spectrum.  The resulting ESS from this first step was used in subsequent simulations 

(step ii) of the detector response.  

Step( ii) – transport from source plane to detector: The model of this second step 

consists of a detailed MCNP5 geometrical description of the HPGe detector (Figure 3-12) and 

the previously determined ESS located 1 cm away from the detector. Much shorter computer 

time was required for this simulation to achieve less than 2% relative error in all energy bins. To 

enable a direct comparison, the results and the measured data are both normalized to unit area 

under the spectrum. Figures 3-13 and 3-14 show comparisons of the spectra yielded by MCNP5 

simulations with those recorded by the HPGe spectrometric system for potentials of 70, 88, 100, 

and 120 kVp, respectively.  

Overall, good agreement was obtained in comparing computational and clinically 

measured responses, the relative difference being on average smaller than 10%, with a few 

exceptions that will be further discussed, even though the system was placed at a large off-axis 

distance in the clinic, which presented clear challenges in the computations.  In addition, Figure 

3-13 contains a DXS-generated source spectrum that illustrates beam hardening due to the 

transport of the radiation through the system. This emphasizes why knowledge about the system, 
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including the source, detector design, and structural materials are crucial to obtain accurate 

results throughout the simulation. Because certain specific details were not available from the 

manufacturer, we used an intuitive representation of the x-ray unit in our models. We believe 

that the lack of fine details and related information is the primary reason for the disagreement in 

the spectra corresponding to higher kVps (>90 kVp). 

Analysis of the results, allows for some general remarks regarding the reliability of the 

computational model to be made: 

-  the main features (shape, position of the bremsstrahlung peak, presence of tungsten and 

lead characteristic lines, when theoretically possible) of the measured spectra are also rendered 

by the simulations; 

- the largest disagreement is shown for the spectra where the lead characteristic lines are 

present (i.e., 100 and 120 kVp).  However, their height in the measured spectra is much lower 

than that resulting from simulations, which suggests the presence in the beam limiting device of 

components made of a material or compound that has a high probability for photoelectric 

absorption in that energy range.  This is also corroborated by the shape of the spectrum beyond 

the tungsten absorption edge.   

Because experience shows that real-life medical physics problems usually involve large 

and complex computational models that require either impractically long running times (in the 

case of Monte Carlo methods) or intractable computer memory demands (for deterministic 

methods), we consider that the methodology presented here to obtain an equivalent source close 

to the region of interest is indeed a very useful tool that can beneficially support computational 

investigations in the field. 
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3.5 Conclusions 

Based on the model proposed by Tucker et al. in 1991
31

 (herein referred as TBC model), a 

new code, DXS,  has been developed and evaluated to numerically generate central axis spectra 

for tungsten target x-ray tubes spanning the diagnostic radiographic energy range (50-140 kVp) 

according to user-defined input parameters (target angle, type and amount of filtration, air 

distance, kVp). The code reports the spectra in 0.5-keV bin probabilities and optional in any 

user-defined energy group structure. It also generates input files for other codes, if opted for, as it 

will be described in the next chapter. Based on a recent Monte Carlo study of Poludniowski and 

Evans
45

, we implemented in the DXS code a modified description of the electron penetration and 

self-attenuation in the target, which improved the accuracy of the generated spectra. Using 

MCNP5 Monte Carlo simulations, we were able to improve the description of the characteristic 

x-ray production of the TBC model, adjusting the fractional emission to account for the 

dependence on the tube potential. The spectra calculated with the DXS code are, however, 

limited to central axis, small target angles (less than 15º), and constant tube potentials. Future 

studies are intended to investigate off-axis spectra and the possibility to incorporate the off-axis 

effect in the DXS code, which can be extremely useful for modeling filtered spectra with bowtie 

filters in CT scanners. 

Reasonably good agreement was obtained between spectra recorded in a clinical laboratory 

environment with an HPGe spectrometric system and those results rendered from 3-D Monte 

Carlo simulations using the DXS-generated source. We noted inherent difficulties that arose in 

our attempt to computationally transport radiation from source to an off-axis detector a 

considerable distance away to model what was performed in the clinic to prevent detector 

saturation.  The difficulties were overcome by appropriately generating an equivalent plane 
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source (ESS) close to the detector and then simulating the detector response, denoted as a 

“beam” methodology. 

Overall, the DXS code should be of great benefit to the medical physics community in 

providing standard source terms for general Monte Carlo or deterministic transport simulations 

for diagnostic radiology, since attention was paid to necessary clinical and computational 

parameters in a practical approach.  This is particularly important given the growing importance 

associated with evaluating radiological doses resulting from medical procedures, especially in 

potentially high-dose modalities such as CT and angiography.  

Particularly for the present work, DXS code has been designed to conveniently support and 

streamline the proposed computational methodology, presented in the next chapter, for patient 

dosimetry.  
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Table 3-1 Percent difference between the characteristic lines in this work’s implementation of 

the original Tucker et al. model (TBC) and measured spectra reported by Fewell
41

; 

rms deviation for the entire spectrum is also included; similar for DXS results    

Voltage 

(kV) 

rms 

x 10
-3 

Kα1 
Diff (%) 

Kα2 
Diff (%) 

Kβ1 

Diff (%) 
Kβ2 

Diff (%) 

DXS TBC DXS TBC DXS TBC DXS TBC DXS TBC 

80 0.19 0.22 0.06 -4.54 1.34 -0.64 -1.38 -8.46 -4.56 -2.4 

100 0.20 1.8 2.35 110.6 -2.9 79.6 1.86 65.9 4.4 43.6 

 

Table 3-2 Characteristic x-rays for tungsten and their relative intensities 

 Ei (keV) y
* 

Kα1 

Kα2 

Kβ1 

Kβ2 

59.32 

58.00 

67.15 

69.13 

1.000 

0.576 

0.321 

0.084 
*
normalized relative to Kα1 

 

Table 3-3 Parametrization of mass attenuation coefficients (in m
2
/kg) in the 10 to 200 keV 

energy range; the K-edges, Ek, of tungsten and tantalum are 69.5 keV and 67.42 keV 

Material a1 a2 a3 a4 a5 

Al 1.212 x10
-2 

 2.074 x10
-3

 - 1.550 x10
-3

  7.717 x10
-4

 -2.192 x10
-5

 

Be 1.065 x10
-2 

 3.034 x10
-3 

 -9.973 x10
-4 

 2.117 x10
-4 

-7.496 x10
-6 

W, E<Ek 2.394 x10
-2

 -1.401 x10
-2

   1.023 x10
-1

 -4.795 x10
-3

   1.318 x10
-4

 

W, E≥Ek 4.245 x10
-2

 -3.455 x10
-1

  1.426 x10
0
 -8.837x10

-1
   2.044 x10

-1
 

Ta, E<Ek 6.913 x10
-3

   1.478 x10
-2

   7.574 x10
-2

   3.531 x10
-3

  -4.756 x10
-4

 

Ta, E≥Ek 2.418 x10
-2

 -1.527 x10
-1

   8.572 x10
-1

  -3.709 x10
-1

   7.217 x10
-2

 

Air 1.088 x10
-2

  6.004 x10
-3

 -2.581 x10
-3

   8.473 x10
-4

  -3.613 x10
-5

 

 

Table 3-4 Mass stopping power parameters for tungsten 

am (keVm
2
/kg) bm (keVm

2
/kg) cm (keV

-1
) 

2.024 x 10
2 

1.036 x 10
2 

4.695 x 10
-2 

 

Table 3-5 Parametrization of the Thomson-Whiddington constant, based on the Monte Carlo 

electron transport simulation results of Poludniowski and Evans
45

  

c1 (keV
2
m

2
/kg) c2 (keV

2
m

2
/kg) c3 (keV

2
m

2
/kg) c4 (keV

2
m

2
/kg) 

2.42 x 10
4 

7.69 x 10
2 

-2.70 5.50 x 10
-3 
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Table 3-6 Root mean square deviation of the spectra generated with DXS using the classical 

Thomson-Whiddington (rms_oldTW) and updated (rms_DXS) formulation for the 

electron penetration and self-attenuation in the target; compared with the reference 

MCNP5-calculated spectra 

kVp  140 130 120 100 90 80 70 

rms_oldTW  

rms_DXS  

0.0011 

0.0004 

0.0009 

0.0003 

0.0008 

0.0003 

0.0005 

0.0001 

0.0004 

0.0002 

0.0004 

0.0002 

0.0003 

0.0003 

 

Table 3-7 Root mean square (rms) deviation from the reference of the DXS-generated spectra for 

several tube potentials; 12
⁰
 target angle, 1.2 mm Al filtration  

kVp 50 65 70 80 90 100 120 130 140 

rms 0.0004 0.0003 0.0004 0.0003 0.0002 0.0001 0.0002 0.0003 0.0004 
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Figure 3-1 Electron fractional residual energy; dependence of the (T/T0)
2
, on the mass 

penetration, ρx, in the tungsten target, based on the results of Poludniowski and 

Evans
45

   

 

 

 
 

Figure 3-2 Simplified MCNP5 model for the tungsten target  
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A 

B 

Figure 3-3 DXS-generated spectra using the updated formulation for the electron penetration in 

the target (black line) are more accurate when compared to the reference MCNP5 

spectra (red points with error bars) than the spectra generated using the classical 

Thomson-Whiddington formulation (blue triangles); A) 140 kVp, B) 90 kVp 
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Figure 3-4 Comparison between DXS (black line) and MCNP5 (red points with error bars) 

spectra for 50, 65, and 70 kVp tube potentials, 12
⁰
 target angle, 1.2 mm Al filtration   
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Figure 3-5 Comparison between DXS (black line) and MCNP5 (red points with error bars) 

spectra for 80, 90, 130, and 140 kVp tube potentials, 12
⁰
 target angle, 1.2 mm Al 

filtration   
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Figure 3-6 DXS spectra (black lines) compared to MCNP5 results (red points with error bars) for 

100 kVp, 10° target angle, and different thicknesses of aluminum filter 

 

 
 

Figure 3-7 DXS spectra (black lines) compared to MCNP5 results (red points with error bars) for 

100 kVp, 10° target angle, and different thicknesses of copper filter 
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Figure 3-8 Comparison between the DXS-generated spectra and the measured spectra by Bhat et 

al. (left column) and Fewell (right column) for 80 kVp (top raw) and 100 kVp 

(bottom raw) tube potentials 

  



 

65 

 A   B 

 

Figure 3-9 Ge detector characterization A) Full peak efficiency of the Ge detector used in the 

clinical measurements B) Radiograph of the Ge crystal and Al case (acquired using 

an SAIC RTR-4 portable x-ray imaging system). 

 

 
 

Figure 3-10 Simplified MCNP5 model to simulate experimental measurements 
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Figure 3-11 Photon current spectral distribution for 6 direction intervals 

 

 
 

Figure 3-12 MCNP5 model of the HPGe detector 

  



 

67 

 
 

Figure 3-13 Comparison of the measured and simulated detector response for the Toshiba Infinix 

VC-I system at 70 kVp; for reference, the DXS-generated source spectrum is also 

included. 
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                  A 

                         B 

                            C 

 

Figure 3-14 Comparison of the measured and MCNP5-simulated detector response using DXS-

generated source spectra for the Toshiba Infinix VC-I system at: A) 88 kVp, B) 100 

kVp, and C) 120 kVp. 
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CHAPTER 4 

PENTRAN-MP CODE SYSTEM 

Monte Carlo methods have been long-established as the “gold standard” for computer 

simulations in the medical physics community. Chapter 2 discussed that, depending on the 

problem and user’s needs, deterministic radiation transport simulations may provide a more 

detailed and faster solution. The accuracy and efficiency of the deterministic methods have been 

well-demonstrated for nuclear reactor and detection problems, but have yet to be proven for wide 

use in medical physics applications. To investigate the possibility of using deterministic radiation 

transport simulations as a viable and more convenient tool in real clinical applications, a code 

system, PENTRAN-MP, and a methodology (Figure 4-1) for patient radiation dose calculations 

using voxelized human phantoms was developed with contributions from this research work.  

PENTRAN-MP is a package of existing (PENTRAN
32

, PENMSH
32

, PENDATA
32

, 

CEPXS
33

) or specially developed (DXS, GREPXS, GHOST-3D, 3D-DOSE) codes to facilitate 

the simulation methodology, which is organized in three stages of calculations: pre-processing 

(GHOST-3D, DXS, PENMSHXP and CEPXS), radiation transport calculation (PENTRAN), and 

post-processing (PENDATA and 3D-DOSE). 

4.1 Pre-Processing Codes 

4.1.1 PENMSHXP – PENTRAN’s Input File Generator 

PENMSHXP, the code developed by Haghighat and Yi, is a 3-D Cartesian-based mesh 

generator that prepares material and source distributions for PENTRAN particle transport code. 

As part of the PENTRAN-MP package, PENMSHXP has been adapted to read two binary input 

files, one for the phantom geometry containing the material distribution (which can be 

established from real CT data) and another one with the radiation activity value for each 

voxel/fine mesh (which can be used to specify the fixed source distribution in the model) and to 
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combine them to generate the input deck for the PENTRAN transport calculations. More details 

and the user guide can be found in the code’s manual.    

4.1.2 DXS – The Pilot Code of the PENTRAN-MP System 

Usually, a deterministic transport simulation may require a considerable amount of time 

and effort to prepare all the needed ingredients for the actual execution. Also, there may be 

considerable effort involved in the post-processing of the large amount of data generated. To 

ease and streamline this effort, which is of great importance in a commonly busy clinical 

environment, the DXS code, previously described (see Chapter 3 of this work) as a standalone 

code that generates x-ray spectra in the diagnostic radiographic range, has been designated as the 

pilot code in the PENTRAN-MP system and dose computation methodology. Several options 

have been implemented in the code that make DXS an important tool to conveniently and 

consistently prepare input or part of the input files, as well as intermediate files needed for the 

proper execution of other codes in all the stages of a simulation. Namely, it generates the 

“problem_name.spc” file containing the energy group probabilities in the right order (higher to 

lower energy) and format to be used by PENMSHXP to write the source definition section of the 

PENTRAN input deck.  It also prepares a complete input file (“cepinp”) for CEPXS, the 

multigroup macroscopic cross sections mixer, a product of Sandia National Laboratories
33

. This 

capability is extremely convenient, considering the large number of materials (each with several 

components of different content) that make up the voxelized phantoms, as well as the non-

standard way in which the parameters required for cross section calculations are defined in 

CEPXS. It must be mentioned that the CEPXS original code had to be debugged and modified to 

accommodate the large number of materials, elemental components per material, and energy 

groups involved in the specific simulations needed for this work. DXS also writes the “sdef” card 

with the energy bin bounds (“SI”-source information) and bin probabilities (“SP”-source 
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probability) for a corresponding MCNP5 simulation. In support of the post-processing stage, 

DXS provides the mid-energies of the energy groups employed in the radiation transport 

simulation needed by 3D-DOSE to convert the calculated flux into dose.   

4.1.3 GREPXS – The Cross Sections Extractor and Writer 

GREPXS is a small but very handy code designed to strip out from the CEPXS output file 

the problem’s specific cross sections and write them in a proper format (format 2 – see the 

PENTRAN code manual for details) that can be automatically read by PENTRAN during the 

execution of the transport simulation.    

4.1.4 GHOST-3D – Computational Human Phantoms Builder  

A key factor to guarantee accurate results with our dose computation methodology is the 

availability of exact anatomical models for the human body. We showed in Chapter 2 that the 

ALRADS group at UF has built a state-of-the-art series of high-resolution voxelized human 

phantoms using CT images of live patients. These phantoms consist of very large arrays of 

numbers assigned to the different anatomical tissues and organs; for example, the matrix size for 

the 11-year-old male phantom that was used in our evaluation tests presented in Chapter 5 is 398 

x 242 x 252, which translates to more than 24 million meshes in the computational model. Due 

to several constraints in simulating such large models, like limited computer memory, long 

running time, slow convergence or unphysical oscillations in the solution, GHOST-3D code has 

been developed   (Ghita & Al-Basheer),  to provide an equivalent model with a down-sampled 

number of total meshes (adjustable, depending on the user requirements), overcoming the 

mentioned difficulties. GHOST-3D transforms the high-resolution phantom into a coarser one by 

“down sampling” adjacent voxels (of variable number, user dependent, on each Cartesian 

direction) and assigning to the equivalent voxel the dominant and closest approaching material 

tag number with an averaged density. As a result of this transformation, the geometric volume 
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and the mass of the phantom are conserved, but the size and shape of internal organs are shifted 

by varying degrees, depending upon the “collapsing” steps applied (Figure 4-2). 

 Inevitably, a significant price may be paid in certain situations for this computational gain: 

some tiny organs may vanish during the “down sampling” procedure. Discussion about the 

impact of this down-sampling procedure on the efficiency of the simulations, but also on the 

accuracy of the dose computation results is included in the second sub-section of the next 

chapter. The GHOST-3D generated material distribution is written in a binary file, which is 

processed by PENMSHXP to generate a PENTRAN computational model, and also in a text file, 

with the correct format to be directly included in the MCNP5 input deck. GHOST-3D also writes 

the file with all the information needed by PENMSHXP to provide the complete input deck for 

the PENTRAN radiation transport simulation. An auxiliary file, containing the tag number for 

each fine mesh of the deterministic model in the indexing order defined in PENTRAN, is also 

produced to be used in the post-processing stage for converting the scalar flux into dose. 

4.2 Post-Processing Codes 

Post processing in the PENTRAN-MP code system includes seamless parallel data 

extraction using the PENDATA code developed by Sjoden and Haghighat to generate the scalar 

flux distribution in the phantom which is converted into dose distribution by 3D-DOSE (Al-

Basheer and Ghita), which applies Equation 4-1 to compute the dose in each voxel, Di, using 

fitting functions for the mass-energy absorption coefficients, (μ/ρ)en, of four materials (dry air, 

ICRU-44 lung tissue, ICRU-44 soft tissue and ICRU-44 cortical bone). 

𝐷𝑖 =  𝐸𝑔  
𝜇

𝜌
 
𝑒𝑛 ,𝑔

Φ𝑔 ,𝑖
𝐺
𝑔                                                                                                  (4-1) 

In Equation 4-1, G is the number of energy groups used and Eg the group midpoint energy.  

The initial version of the code was used to calculate the dose in each voxel using fitting 

functions for the mass-energy absorption coefficients of the four materials (dry air, ICRU-44 
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lung tissue, ICRU-44 soft tissue and ICRU-44 cortical bone) also employed in the early 

PENTRAN-MP transport calculations. The values of the mass energy-absorption coefficient, as a 

function of photon energy, for these compounds were obtained from NIST database. However, as 

the entire code system evolved, 3D-DOSE was also modified further for this work to 

accommodate dose distribution and organ dose calculation based on all materials that define the 

computational model. Hence, the code reports spatial dose distribution for each energy group, 

total dose distribution, doses for user-selected organs, and, optionally, dose volume histograms.  

Several tests have been performed, using the above described PENTRAN-MP code 

system, to investigate the readiness of the deterministic methodology to be employed for 

calculations of patient organ doses from MDCT protocols. The next chapter includes the results 

of these tests and the derived conclusions.  
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Figure 4-1 Simulation methodology for dose distribution and organ dose calculations using the 

PENTRAN-MP code system 

 

          A    B 

 

Figure 4-2 GHOST-3D down-sampled models of the 11-year-old male phantom of UF Series B 

(398 x 242 x 252 voxels, 73 materials); A). 3 x 3 x 3 collapsing steps, resulting in a 

132 x 80 x 84 voxels model (72 materials), B). 5 x 5 x 5 collapsing steps, resulting in 

a 79 x 50 x 48 voxels model (66 materials)   
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 A 

 

 B 

 

 C 

 

Figure 4-3 Corresponding axial slices in different voxel phantoms: A) the original, high-

resolution phantom B) the 900k voxels computational model with 72 materials and C) 

the 900k voxels computational model with four equivalent materials  
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CHAPTER 5 

BENCHMARKS AND VALIDATION TESTS – DETERMINISTIC APPROACH 

5.1 PENTRAN Solutions to the “TIEL” Steady-State Transport Benchmark Problems 

Recently, a benchmark suite has been developed to provide a set of analytical benchmark 

problems and solutions to the transport equation in infinite media for a variety of source 

configurations.
34

The TIEL benchmarks are unique, in that they offer a set of problems that are 

well documented and solved using quasi-analytic methods and can be unequivocally used as 

standards of comparison.  Therefore, these benchmarks enable one to directly assess the quality 

of solutions generated from a variety of numerical transport codes and methodologies.  The 

Analytical Benchmark Source Series 1 proposed by Ganapol provides four simple 1-D and two 

2-D semi-analytical solutions to the one group transport equation in infinite media for a variety 

of source configurations, including a plane, point, spherical shell, solid sphere, ring, and finite 

line sources. The benchmark problem solutions are obtained via Fourier Transform inversions 

performed numerically, along with other involved integrations, depending on the specific case 

considered. While demonstrating the quality of the benchmark results, several other 

characteristics of the particle transport in media with different scattering properties are 

analyzed.
50

 To simulate the requisite 1-D and 2-D geometries using PENTRAN, full 3-D 

Cartesian computations are necessary with appropriate boundaries set to be reflected when 

required to represent the prescribed geometry.  

5.1.1 Benchmark Problem 1 - Plane Source 

The first proposed case is a planar isotropic source placed at x=0 in an infinite medium. 

The medium scatters anisotropically, and the benchmark calls for varying the orders of 

truncation for the Legendre expansion of the scattering kernel.  The geometry of the problem was 

modeled as a rectangular box of dimensions 30 x 1 x 1 cm, spatially discretized among 7 x 1 x 1 
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coarse meshes, each coarse mesh containing a number of fine spatial meshes. The mid-problem 

coarse mesh (numbered four out of seven), contained only one fine mesh (0.001 cm width), and 

was used to represent the planar source that was normalized to 1 n/sec. Reflective boundary 

conditions for the faces perpendicular to the y- and z-axis secured the infiniteness of the source 

and medium in these directions, while vacuum boundary conditions were used for the remaining 

boundaries perpendicular to the x-axis. Several tests were performed to assess the effect of the 

source width and of the fine mesh size related to solution accuracy (see Figure 5-1). While the 

width of the source region significantly affects the solution in close proximity to the source 

(within ~1 mfp), a very fine spatial mesh has little to no effect on it. Consequently, the width of 

the volumetric source was kept as small as possible to permit resolution by the code; the entire 

medium outside the source was discretized with 1-mm width fine meshes along the x-axis. 

All planar cases were performed using S34 angular quadrature (1224 total directions for the 

angular discretization) and one energy group. Due to the high orders required for the Legendre 

scattering order prescribed for the benchmark problems, built-in Legendre-Chebychev 

quadratures were selected for all PENTRAN computations.
51

  The cross sections were generated 

using the prescribed Henyey-Greenstein scattering kernel, σl=cg
l
, where c is the scattering ratio 

(number of secondaries) and “g” is the average cosine that serves as a measure of the forward 

scattering bias, g=0 corresponding to isotropic scattering. Note that the (2l+1) multiplier of the 

Legendre expansion of the scattering kernel is implemented as an option inside the PENTRAN 

code. 

The first test was performed for g=0.9, c=0.9, and L=12, the order of Legendre expansion 

of the scattering kernel. In PENTRAN, the DTW differencing scheme was used in the source 

region, while outside this region, the new EDI scheme
52

 was used.  The criterion for the 
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convergence of the flux was set to a 10
-3

 relative error. Table 5-1 contains the scalar flux yielded 

by the PENTRAN code compared to the reference (the numerical evaluation of the analytical 

solution provided by Ganapol) at several points along x.  

Excellent agreement between the two solutions is demonstrated by the relative differences 

provided in Table 5-1, all of which are less than 0.7%, with the exception of the selected point 

close to the source (0.01 mfp).  Again, this is a notable result given that PENTRAN computations 

are carried out in a full 3-D Cartesian mode.  It is also worth noting that in the benchmark 

reference, Ganapol advises that a user should be cautious at distances directly adjacent to the 

sources due to numerical difficulties in the solution. In any case, the accuracy of PENTRAN 

calculations for the points in the proximity of the source significantly improved with an 

increasing number of angular quadrature (Legendre-Chebychev) directions on the unit sphere, 

spanning (in each mesh) from 1224 total directions for S34, up to 4224 total directions for the 

case of S64.  Results at 0.01 mfp from the source (a distance where again Ganapol notes as 

numerically difficult) for various quadratures are provided in Table 5-2.  

This larger difference between the PENTRAN and reference solutions adjacent to the 

planar source can be explained by the inherent limitation of both methods to accurately describe 

the behavior of the flux (which is infinite on the source plane) in the proximity of the source 

(Ganapol’s semi-analytical solution).  Again, Ganapol recommends for best results, edit points 

should be at least 0.05 mfp away from any source considered in the proposed series of 

benchmarks.
34

  Another remark may be made about the solution far away from the source. Since 

the PENTRAN model is actually finite in the x-direction with vacuum boundary conditions at 

each end (with a zero reentrant flux), there is a finite leakage from the system, which can be 
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decreased as the width of the slab is increased (see Table 5-3). This leakage leads to a very small 

underestimation of the scalar flux far from the source. 

The second test was meant to describe the convergence of the scattering kernel with 

respect to the scattering order L. An extremely forward-peaked scattering kernel with g=0.99 and 

c=0.9 was considered. Figure 5-2 illustrates the behavior of the flux that is quite consistent with 

that noted by Ganapol,
34

 with a reduction of neutrons close to the source as the degree of 

anisotropic scattering increases. 

5.1.2 Benchmark Problem 2 – Solid Spherical Source 

This case refers to the neutron flux generated by a solid spherical source of radius 1 that 

isotropically emits in an infinite medium. The initial PENTRAN model for the problem consisted 

of a 3-D network of uniform 1-mm size cells having at its central region the source spatial 

distribution. The volume effect due to the Cartesian discretization of the spatial variables (~0.8% 

relative volume difference) was eliminated by normalizing the source to 1 n/sec. To mimic an 

infinite medium, the system was extended to 8 mfp which posed, when corroborated with the 

requirements for the angular variable representation, significant parallel computer memory 

demands. Therefore, we took advantage of the inherent symmetry of the problem, and the system 

was modeled only in one octant (Figure 5-3, left) employing reflective boundary conditions at 

origin and vacuum on the other side on each axis. The model was divided in regions (coarse 

meshes) with larger fine meshes staged further away from the source, namely, 2 mfp of 1 mm 

fine mesh size, then 2 mfp of 2 mm fine mesh size, and, finally, 4 mfp of 4 mm fine mesh size.  

For an accurate solution, based on the studies already performed for the planar source, the 

calculations were accomplished using 3024 angular directions/mesh on the unit sphere (S54). Due 

to memory constraints and to speed up the calculations, the problem was run on 16 processors in 

parallel (2 angular x 8 spatial). The full 3-D distribution of the scalar flux rendered by 



 

80 

PENTRAN is displayed in the right side of Figure 5-3. As the results entered in Table 5-4 show, 

a very good agreement (less than 0.7% relative difference) with the semi-analytical solution was 

achieved. A higher SN order seems to have little to no effect on the accuracy of the calculations, 

so the difference between the results for the point just on the surface of the source has to be 

attributed to the already mentioned numerical difficulties in the proximity of the sources.  Note 

that Table 5-4 contains also the radial positions determined from the Cartesian coordinates of the 

meshes where the PENTRAN results were computed and reported and these positions are 

slightly different from the reference ones. 

5.1.3 Benchmark Problem 3 – Spherical Shell Source 

This case refers to the neutron flux generated by an infinitesimally thin shell source of 

radius 1 that isotropically emits in an infinite medium. The geometry of the problem (Figure 5-4 

left) was modeled in a similar way as that for the solid spherical source. However, to adequately 

simulate a spherical shell, a hyper-fine mesh of very tiny cells (0.5 mm x 0.5 mm x 0.5 mm) had 

to be used in the coarse mesh, 10 mm x 10 mm x 10 mm, where the shell was defined. The 

source was uniformly distributed in the space between the two spheres used to define the shell 

and normalized to 1 n/sec. The results reported in Table 5-5 illustrate again the very good 

agreement (less than 0.4% relative difference) between the numerical PENTRAN and semi-

analytical reference solutions with again the exception of the first two points, one inside the shell 

and the other in the very proximity of the source. For completeness, the 3-D spatial distribution 

of the scalar flux is illustrated in Figure 5-4, the right side. 

 5.1.4 Benchmark Problem 4 – Point Source 

In this problem, a point source emits isotropically in an anisotropically-scattering infinite 

medium. Though the semi-analytical solution is relatively simple to obtain when having the 

explicit representation of the scalar flux in a planar infinite medium known, the numerical 
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solution with a 3-D Cartesian coordinates solver is really quite challenging. There were several 

issues regarding both geometry representation and appropriate radiation transport for this 

extremely localized source in a large anisotropically-scattering medium. The 3-D model of this 

problem (Figure 5-5, left) consists in a 12 x 12 x 12 mfp box divided in 86,000 fine cells of 5 mm 

size, except in the first coarse mesh where the source was defined at origin as one single fine 

mesh cell of 0.5 mm size. The results in Table 5-6 suggest that a higher SN order and appropriate 

spatial discretization are required to resolve the solution in this case. To be effective in resolving 

these issues and differences, more computer resources must be allocated. The comparison 

between the scalar fluxes generated by all 1-D sources in media with similar scattering properties 

(Henyey-Greenstein scattering kernel with c=0.9 and g=0.9) and computed for the same 

scattering order L=12 is displayed in Figure 5-6, which clearly illustrates the convergence of the 

solutions at large distances from the sources with spherical symmetry. 

The PENTRAN 3-D parallel SN code was used to solve the TIEL benchmark problems. All 

the problems refer to isotropic sources emitting in infinite media with different scattering 

properties. PENTRAN computations were in excellent agreement with the published semi-

analytic solutions, with less than 0.7% overall relative difference (excepting the points in the 

close proximity of the sources where the reference solution is affected by inherent numerical 

difficulties) in the scalar fluxes for the planar, spherical shell, and solid sphere sources. These 

results prove that PENTRAN, albeit a general 3-D Cartesian coordinates SN solver, has great 

flexibility in accurately performing particle transport for both simple and very complex problem 

geometries. The results also demonstrate the soundness of the algorithms and the high accuracy 

of the numerical results rendered by PENTRAN computations when exact cross sections are 

provided. 
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5.2 PENTRAN-MP Dose Computations in Voxelized Phantoms 

The previous set of tests reinforced the confidence in the numerical solution rendered by 

PENTRAN for simple or more complex geometries, extended or localized sources with 

Cartesian or spherical symmetry, but in a rather highly idealized scenario: monoenergetic source, 

one energy group, theoretical (exact) cross sections. Unfortunately, this is far from what real-life 

applications suppose. It is therefore essential to assess the accuracy of the results and the 

computational efficiency, in terms of computer memory demands and running times before 

considering employing the deterministic PENTRAN-MP methodology for dose calculation in 

clinical imaging applications with real patients. Hence, several tests have been done using the 

11-year-old male voxelized phantom of the UF Series B pediatric phantoms (see Chapter 2), 

having as reference corresponding MCNP5 simulations. 

5.2.1 Case Study 1 – Flux and Dose Distribution; Volumetric Isotropic Source 

The initial test was performed
53

 to compare the individual voxel flux values. For this work, 

the high-resolution phantom was down-sampled into a 4.7 mm × 4.7 mm × 30.0 mm voxel size 

(79 × 48 × 50 matrix size) model using the four-equivalent-materials method implemented in 

GHOST-3D (see Chapter 4). Subsequently, using PENMESH-XP, the collapsed model was cast 

into a 3-D spatial distribution and sub-divided into six coarse-mesh z-levels, with five coarse 

meshes in x-y domain containing a corresponding number of fine-mesh cells (Figure 5-7). An 

isotropic volumetric (17.8 cm x 3.65 cm x 30 cm) x-ray source was overlaid above the upper left 

side of the phantom. The source spectrum was generated and linearly binned in 8 energy groups 

by DXS for an arbitrarily chosen 90 kVp tube potential.  

The GHOST-3D ASCII-formatted matrix file containing the material spatial distribution in 

the down-sampled phantom was incorporated into a lattice-defined input, with same multi-group 

source definition, for equivalent MCNP5 simulations. The fluxes were scored in the MC run 
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using the MCNP5 FMESH tally, where the spatial and energy meshes were defined to match the 

SN fine meshes and energy bins. Overall, this study showed that deterministic techniques are 

capable of producing accurate results within the statistical error of MC methods with the proviso 

that the MC method produces a solution with an acceptable stochastic error.  

The SN calculation was executed on 16 Opteron processors and was completed in 3.8 hours 

rendering a converged solution over all the system. To achieve an equivalent-accuracy Monte 

Carlo simulation with converged-mesh tally information 70 cm away from the source in energy 

group 1, the estimated MCNP5 execution time on 16 processors would be over 2000 hours. 

Using 3D-DOSE, spatial dose distribution was calculated in the whole 11-year-old male 

phantom model for broad-beam external photon field. Figure 5-8 shows a selected slice from the 

high-resolution phantom (a), the corresponding slice in the computational 189-k voxels model 

(b), and the corresponding dose distribution (c). Figure 5-8 (d) displays as well the 3D Dose 

distribution for the entire phantom. 

5.2.2 Case Study 2 – Organ Dose Calculations; Isotropic Source 

The previous test proved that with an adequate quadrature, mesh size, and cross-section 

library, it is possible to produce results with the PENTRAN discrete ordinates code that agree 

within the statistical uncertainty of the “on-axis” MCNP5 Monte Carlo calculations for the 

proposed model. Parallel deterministic PENTRAN results were obtained within comparable 

running times to parallel MCNP5 Monte Carlo calculations for tally sites adjacent to the source.  

A major advantage of the SN method is that it provides a detailed, accurate flux distribution at 

thousands of cells throughout the system while the Monte Carlo method only provides highly 

accurate values for selected points near the source. However, in diagnostic imaging, of main 

interest are average organ doses rather than dose distributions. Hence, another set of calculations, 

using same UF Series B phantom, were performed to evaluate the solution accuracy and 
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computational efficiency (computer memory requirements, execution times) of the deterministic 

method when compared to state-of-the-art Monte Carlo simulations.  

For clarity, several things related to this set of calculations have to be mentioned: 

 deterministic radiation transport in the high-resolution phantom cannot be performed on 

commodity parallel clusters (e.g. 10’s of processors) due to insufficient computer 

memory (in spite of scalable memory options); however, even simulations using a 

partial model (for example, just torso of the phantom) may be challenging due to the 

difficulty in converging the solution, especially for the low energy groups (this behavior 

is to a degree problem-dependent, and is also subject to the energy structure and 

available capacity of the parallel-machine architecture; with thousands of processors 

available, it is conceivable that little to no down sampling may be needed) 

 very long execution times are needed for Monte Carlo simulations in the full high-

resolution phantom; this is because poor statistics will result as one attempts to tally 

histories far away from the radiation field, but also due to the long time required for the 

geometry to be represented in the computer memory 

 for the purpose of this particular set of tests, “state-of-the-art” Monte Carlo simulation 

means radiation transport using the same down-sampled voxelized model as in the 

deterministic calculations, but using quasi-continuous (0.5 keV energy bins) source 

energy spectrum as opposed to the multi-group spectrum  

 to preserve a reasonable degree of detail in the computational phantom, the high-

resolution phantom was down-sampled based on the dominant material method of 

GHOST-3D code to (79 x 48 x 125) matrix size with 4.7 mm x 4.7 mm x 12 mm voxel 

size (all the organs/tissues were preserved except for the lens of the eye) 

 the x-ray radiation field was modeled as a thin parallelepiped 21 x 0.5 x 30 cm
3
 in close 

proximity to the phantom’s chest, isotropically irradiating the phantom 

There are several ways to compute dose using MCNP5 tallies. One can use F4 tally to 

compute the photon flux and then convert it to dose by multiplying with appropriate mass energy 

absorption coefficients using an FM card. A more convenient and direct way is to obtain the 

energy deposited by the photon beam in the selected region (cell) using F6 tally card with the 

proviso that charge particle equilibrium (CPE) is valid in the tallied region. This is justified 

since, for the x-ray radiographic energy range, the range of secondary electrons produced is 

smaller than the voxel dimensions used in the model. Moreover, the atomic number of the 



 

85 

materials present in the model is relatively low, excluding major production of bremsstrahlung 

radiation. So, practically all of the energy is deposited locally, and consequently kerma is equal 

to dose. This fact was confirmed by obtaining the same results with MCNP5 F6 and *F8 (the 

latter of which scores all the photons and secondary electrons to obtain the energy deposited) 

tallies for even the smallest organs. Hence, all the doses in the MCNP5 simulations were 

obtained using an F6 tally in “mode p” code execution (which provides a significant savings in 

the execution time because the electrons, though accounted for, are not explicitly transported 

throughout the model).   

To ensure that any unphysical oscillations that may result in deterministic solution are 

eliminated, after several tests, S48 Legendre-Chebychev quadrature order
51

 was chosen for the 

deterministic calculations. 

Several energy group structures for the source spectrum and for the multi-group cross 

sections were tested in the attempt to optimize the deterministic transport calculations. The same 

80-kVp energy spectrum (2 mm Al, 140 cm air) produced by DXS was rebinned in 8, 16, 24, and 

32 energy groups, as shown in Figure 5-9. Figure 5-10 displays the percent difference between 

the average organ doses calculated with PENTRAN-MP methodology and with “state-of-the-art” 

MCNP5 simulation.  

Overall, the best results were obtained using 8 energy groups. In the attempt to understand 

this counterintuitive result, the effect of the energy group structure on the energy-dependent 

computational components (source spectrum, cross sections, and mass energy absorption 

coefficients) has been studied. To estimate the effect of the bin structure of the source energy 

spectrum on the computed organ doses, MCNP5 calculations were performed using the same 8-

group energy spectrum, and the results were compared with an S48 discrete ordinates 
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computation and state-of-the-art MCNP5 ones. The percent difference for the aforementioned 

comparison is shown in Figure 5-11. Analyzing the graph, one may be tempted, generally, to 

correlate the differences in the calculated doses with the differences due to the source energy bin 

probabilities. However, as the comparison between same multi-group calculations (MCNP5 and 

PENTRAN) reveal, the macroscopic cross sections (flat averaged over the energy bin) and the 

mass absorption coefficients play an important role. This statement is supported also by the fact 

that MCNP5 simulations for another energy spectrum (80 kVp, 10° target angle, 1.2 mm Al) 

using the same phantom yielded very similar values for all the organ doses independent of the 

number of energy bins, which were linearly spaced (the spectrum was partitioned in 8, 14, and 

35 energy bins and compared to the quasi-continuous spectrum). However, when a varying 

energy bin interval was considered for the 8-group simulation, 2 to 9% differences from the 

reference case were obtained for the calculated doses. In the case of the previously discussed 

spectrum (80 kVp, 12° target angle, 2 mm Al), linearly spacing the energy range in 8 groups 

affected less than 1% the values of the MCNP5 calculated organ doses compared to the 

corresponding state-of-the-art MC simulations, while the S48 yielded results were 1 to 12 % 

different, depending on the organ, and overall worse than the variable energy bin structure 8-

group calculation. The comparison between the average organ fluxes obtained with the different 

deterministic calculations and the “state-of-the-art” MCNP5 simulation (Figure 5-12) shows a 

better and less energy-group-structure-dependent agreement than the doses, but still some organ-

specific behavior. 

This difficulty in predicting the simulation behavior is expected, considering the huge 

variation of the interaction and mass-absorption coefficients of low-Z (atomic number) materials 

involved in these simulations for the radiographic x-ray energy range (Figure 5-13). In 3D-
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DOSE, the scalar fluxes are converted into absorbed doses based on analytical fitting functions 

considering the median energy of each energy group. While the mass energy absorption 

coefficient is highly energy-dependent over almost all the diagnostic range, the attenuation 

coefficient shows this dependence only for the low-energy x rays. This explains why the 

deterministic fluxes agree much better with the corresponding MC reference ones than the 

respective doses. Moreover, the photon (primary and scatter) spectrum is different for each 

individual organ and hence, this leads to the erratic effect of the energy group structure on the 

associated doses. We can speculate that the 8-group (variable energy bin) calculation seems to 

provide the best overall solution due to the broad low-energy bin, where the most severe 

approximations for the source, cross section and absorption coefficients combined may average 

out better than for thinner energy bins. It can be concluded that the energy group structure 

considerably impacts the accuracy of the deterministic solution for the radiographic x-ray 

radiation transport through human phantoms. Though an optimization (depending on the level of 

accuracy needed) for the energy group structure is possible, it is not the only problem. The 

accuracy is also individual-organ dependent, which imposes substantial limitations of the 

deterministic method for practical diagnostic applications. Other work has shown that it is indeed 

quite viable for therapy photon energies (facilitated by the fact that the photon interaction 

coefficients for the materials of interest in these applications vary significantly more slowly in 

the therapy energy range), using electron dose kernels.
 

5.2.3 Case Study 3 – Dose Calculations; Monodirectional Source 

The above case studies involved isotropic sources. However, this is far from an appropriate 

representation of the x-ray sources used in diagnostic imaging modalities, whether radiography, 

fluoroscopy, or computed tomography. 
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Monte Carlo codes in general, and MCNP5 in particular, have a great flexibility in 

representing the spatial, angular, and energy distribution of the radiation sources. To investigate 

the performance of the PENTRAN-MP code system in rendering an accurate solution for 

radiation transport problems involving directional sources, the simulations of the previous study 

case have been repeated, this time for the source emitting the radiation normally toward the 

phantom. In PENTRAN, this type of source can be modeled by enabling (setting probability 1) 

only one (appropriate) ordinate (direction) and assigning 0 probabilities for all the other 

ordinates in the quadrature level. Figure 5-14 illustrates again that the energy group structure is 

essential (and unfortunately hard to optimize due to strong organ dependence) for the accuracy of 

the deterministic solution.  

5.2.4 Case Study 4 - Optimization Studies 

The tests previously presented were intended to assess the performance of the deterministic 

method and, for that purpose, a coarser, voxelized phantom (which reduces considerably the 

execution time for both SN and MC codes) was considered appropriate enough. However, when 

it comes to accurate dose calculations, it is essential to evaluate the impact of the degree of 

detail/fidelity in the anatomical description of the phantom. On the other hand, from the 

perspective of a methodology that might be routinely employed in the clinical dose assessments 

(which is not necessary the primary goal of this research work, but evidently taken into 

consideration) the execution time is an important parameter. Some computational optimization 

studies in terms of the joint expected accuracy of the results and execution times have been 

performed. For the first set of investigations, from practical execution time considerations, the 

matrix size of the high-resolution computational phantom has been reduced to (252 x 204 x 33) 

by eliminating the arms and selecting only the chest region (covered by the radiation field). 

Using GHOST-3D, two other coarser phantoms have been prepared: one down-sampled by (5 x 
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5 x 2) resulting in a matrix size of (51 x 42 x 16) and the other one down-sampled by (3 x 3 x 1) 

with matrix size (84 x 68 x 33). Similar parallel MCNP5 simulations were performed on 24 

CPUs with all these three voxelized models until the statistical error was less than 0.1% in all 

tallies. The execution times (though not dedicated runs) were ~50 min, 5 min, and 4 min for the 

full resolution, the (5 x 5 x 2), and the (3 x 3 x 1) models, respectively. Figure 5-15 displays the 

percent difference relative to the full resolution case of selected organ doses. 

5.3 Conclusions about the deterministic approach 

PENTRAN-MP code system has been developed to support the deterministic radiation 

transport methodology proposed for accurate and rapid dose assessments in medical physics 

applications. The tests presented in this chapter proved the soundness of the algorithms and the 

high accuracy of the numerical results rendered by PENTRAN computations when exact cross 

sections are provided (“TIEL” benchmark problems). They also demonstrated that for similar 

multi-group calculations PENTRAN and MCNP5 results agree very well in the radiation field. If 

the global dose distribution in a complete voxelized human phantom is the objective of a 

calculation, then the deterministic method is preferable, since it yields a converged solution over 

the entire system, solution whose accuracy cannot be easily established with Monte Carlo, since 

stochastic simulations cannot provide whole body results (in a reasonable time) with enough 

precision for reliable comparison.  

For patient dosimetry in diagnostic imaging modalities, of major importance are organ 

doses. If evaluation of organ doses using the deterministic approach assumes the same execution 

time as that for an entire system dose distribution calculation, in the Monte Carlo simulation 

there is a significant reduction in the computational time (tallies are scored in bigger volumes, 

with better statistics in less time). Moreover, the tests demonstrated that the accuracy of the 

deterministic solution critically depends on the energy group structure. Due to the steep variation 
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with energy of the interaction coefficients for the organs and tissues in the human body in the 

radiographic energy range (50-150 keV), it is a real challenge to optimize an energy group 

structure for deterministic simulations. This optimization is problem/objective dependent and 

needs to be performed for every source energy spectrum and almost for every organ in part. 

Generation of special weighted cross sections and mass energy absorption coefficients in the 

radiographic energy range may overcome the present difficulties. Hence, it can be concluded 

that, at this stage, the PENTRAN-MP methodology is a potential solution due to its numerical 

accuracy and sound algorithms for applications specifically calling for whole body dosimetry, 

but is not ready yet to be generally employed for challenging organ-specific diagnostic dose 

calculations; other work has shown that it is quite viable for therapy photon energies when 

coupled to electron dose kernels (EDK) under the recently developed EDK-SN procedure.
54 

Therefore, while continuing to investigate and improve the deterministic methodology, the 

focus was, in this work, directed toward optimizing the Monte Carlo MCNP5 simulations for 

dose evaluation using voxelized human phantoms. One of the challenges in this endeavor was to 

appropriately describe the delivery of radiation from the x-ray tube in axial or helical motion to 

the scanned region after passing through the shaping (bowtie) filter. In the next chapter, the 

development and implementation of the source subroutine (option provided in the MCNP5 code) 

that enabled the planned Monte Carlo simulations is presented. 
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Table 5-1 Scalar flux solution for the plane source c=0.9, g=0.9, L=12, ε=10
-3

 

x (mfp) PENTRAN-S34 Ref[34] Rel_diff (%) 

0.01 

1.12 

2.23 

3.34 

4.45 

5.56 

6.67 

7.78 

8.89 

10.00 

3.05371 

0.9458 

0.62624 

0.45239 

0.33914 

0.25937 

0.20073 

0.15651 

0.12256 

0.09618 

3.29089 

0.94499 

0.62603 

0.45228 

0.33908 

0.25937 

0.20081 

0.15671 

0.12295 

0.09681 

7.20 

-0.08 

-0.03 

-0.02 

-0.02 

-0.00 

0.04 

0.13 

0.31 

0.65 

 

 

Table 5-2 Scalar flux solution at x=0.01 mfp for the plane source: effect of the SN order  

 S34 S44 S54 S64 Ref[34] 

Scalar flux 

Rel_diff (%) 

3.05371 

7.20 

3.17748 

3.44 

3.2678 

0.70 

3.33902 

-1.46 

3.29089 

- 

 

 

Table 5-3 Scalar flux solution for the plane source: effect of the slab width  

x (mfp) 15 mfp slab 20 mfp slab Ref[34] 

7.78 

8.89 

10 

0.15651 

0.12256 

0.09618 

0.1565 

0.12265 

0.09644 

0.15671 

0.12295 

0.09681 

 

 

Table 5-4 Scalar flux solution for the spherical source: c=0.99, g=0.95, L=20, ε=10
-3

 

r_ref (mfp) r (mfp) Ref[34] 
PENTRAN 

S54 
Rel_diff (%) 

PENTRAN 

S64 

Rel_diff 

(%) 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

0.99373 

1.09886 

1.20312 

1.29928 

1.40268 

1.49917 

1.59609 

1.69926 

1.79652 

1.89934 

1.99687 

0.12159 

0.08639 

0.06865 

0.05623 

0.04735 

0.04080 

0.03547 

0.03113 

0.02758 

0.02463 

0.02216 

0.1250 

0.0859 

0.0690 

0.0557 

0.0474 

0.0409 

0.0356 

0.0311 

0.0277 

0.0247 

0.0221 

-2.80451 

0.5672 

-0.50251 

0.93727 

-0.11194 

-0.24510 

-0.36934 

0.08353 

-0.42053 

-0.28421 

0.26176 

0.1250 

0.0858 

0.0689 

0.0566 

0.0473 

0.0408 

0.0354 

0.0310 

0.0276 

0.0245 

0.0222 

-2.80 

0.68 

-0.35 

-0.66 

0.10 

0.00 

0.19 

0.40 

-0.06 

0.53 

-0.19 
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Table 5-5 Scalar flux solution for the shell source: c=0.9, g=0.9, L=12, ε=10
-3

 

r_ref (mfp) r (mfp) PENTRAN-S54 Ref[34] Rel_diff (%) 

0.56444 

1.11889 

1.67333 

2.22778 

2.78222 

3.33667 

3.89111 

4.44556 

5.00000 

0.56292 

1.11887 

1.67351 

2.22725 

2.78265 

3.33663 

3.89134 

4.44578 

5.00006 

0.09240 

0.09700 

0.03060 

0.01550 

0.00931 

0.00614 

0.00427 

0.00309 

0.00233 

0.08669 

0.09936 

0.03060 

0.01554 

0.00931 

0.00612 

0.00426 

0.00310 

0.00232 

6.59 

-2.37 

0.00 

-0.24 

0.00 

0.38 

0.15 

-0.26 

0.38 

 

 

Table 5-6 Scalar flux solution for point source: c=0.9, g=0.9, L=12, ε=10
-3

 

r_ref (mfp) r (mfp) Ref[34] PENTRAN-S60 Rel_diff (%) 

1.12 

2.23 

3.34 

4.45 

5.56 

6.67 

7.78 

8.89 

10.00 

1.1211 

2.23383 

3.33916 

4.44860 

5.56018 

6.66938 

7.78079 

8.89048 

10.0015 

0.060370 

0.014270 

0.005870 

0.003020 

0.001750 

0.001090 

0.000707 

0.000477 

0.000329 

0.06530 

0.01435 

0.00588 

0.00304 

0.00180 

0.00110 

0.000717 

0.000491 

0.000340 

-8.15 

-0.59 

-0.14 

-0.86 

-3.10 

-1.35 

-1.41 

-2.97 

-1.30 
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Figure 5-1 Plane source: effect of the source width and fine mesh size 

 

Figure 5-2 Plane source: effect of the scattering order L 
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Figure 5-3 Solid spherical source: PENTRAN model (left) and full scalar flux solution (right) 

 

 

     

 

Figure 5-4 Spherical shell source: PENTRAN model (left) and full scalar flux solution (right) 
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Figure 5-5 Point source: PENTRAN model (left) and full scalar flux solution (right) 

 
Figure 5-6 Scalar flux solution for the 1-D sources: c=0.9, g=0.9, L=12 
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   A               B 

 

Figure 5-7 Computational models for case study 1: A) PENTRAN, B) MCNP5 

 

 A     B 

 C     D 

 

Figure 5-8 Dose distribution: A)Selected slice from the high-resolution UF Series B phantom, B) 

the corresponding slice in the computational 189 k voxels model, C) the 

corresponding dose distribution; D) whole-body dose distribution 
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Figure 5-9 Energy bin probabilities (color lines) for the 8 group S48 calculation generated by 

DXS; black line – the quasi-continuous corresponding DXS generated spectrum used 

in the state-of-the-art MCNP5 simulation   

 

 
 

Figure 5-10 Percent difference from state-of-the-art MCNP5 results of the average organ doses 

calculated with PENTRAN-MP methodology using different energy group structures 

in the case of isotropic x-ray source  
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Figure 5-11 Comparison between average organ doses due to the same x-ray radiation exposure 

but calculated using different simulations: deterministic 8 group (S48_P3_G3), 

MCNP5 8 group energy spectrum with continuous cross sections (MCNP5_G8), 

“state-of-the-art” MCNP5  

 

 
Figure 5-12 Average organ flux comparison between PENTRAN-MP and state-of-the-art 

MCNP5 results 
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Figure 5-13 Mass attenuation and mass energy attenuation coefficients for soft tissue 

 
 

Figure 5-14 Percent difference from state-of-the-art MCNP5 results of the average organ doses 

calculated with PENTRAN-MP methodology using different energy group structures 

in the case of monodirectional x-ray source 
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Figure 5-15 Effect of the down-sampling order of the computational phantom on the accuracy of 

the calculated organ doses 
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CHAPTER 6 

MONTE CARLO MODEL FOR MDCT DOSIMETRY SIMULATIONS 

6.1 Introduction 

Computer tomography (CT) is an extremely valuable diagnostic tool.  The life-saving and 

health benefits of this modality are widely known and accepted.  Recent advances, particularly 

multiple detector CT technology (MDCT), have provided increased and more diverse 

applications including, but not limited to, multiphase exams, vascular and cardiac exams, 

perfusion imaging, and screening exams. Notwithstanding the benefits to the patient undergoing 

a CT study, the fundamental concern in radiation protection is the optimization of the radiation 

exposure used in order to minimize the potentially increased risk resulting from inappropriate 

use of the modality and the corresponding unnecessary radiation dose.  Because some data 

indicate that low-dose radiation (such as that in CT) may have a non-negligible increase in risk 

of cancer, especially in young children,
5,6

 it is important to limit CT doses by following the 

ALARA (as low as reasonably achievable) principle.  Equally important is to develop a 

standardized methodology to evaluate and archive patient radiation dose data, which can be 

useful in minimizing potential risks from cumulative medical exposures.
1
 In the last decade, the 

work to establish reliable patient radiation dose assessment methods that account for the 

impressive technological advances has significantly intensified.
14-17,55-59

 Owing to their known 

flexibility and accuracy, Monte Carlo simulations using voxelized phantoms in which the helical 

motion of the source/table combination in modern CT scanners has been explicitly modeled 

seem to be the most successful.
19,60

 Comprehensive studies have been conducted to compare 

Monte Carlo simulation results with experimental dose measurements in physical 

anthropomorphic phantoms or software generated values for typical imaging protocols.
19,60-62

 

While greatly valuing the pioneering work of such efforts, the goal of the present study is to 
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move a step forward and apply this methodology for dose calculation to actual clinical exams as 

they are conducted for real patients. The focus of this project is to perform such study using the 

new broad beam Aquilion ONE 320-slice scanner (Toshiba America Medical Systems, Newport 

Beach, CA), since the new geometry of the detector (a larger detector array made of small 

individual elements) raises important questions about radiation efficiency especially with regard 

to new applications (the scanner has its most significant advantages in performing perfusion 

studies, cardiac electrocardiogram (ECG) gated and dynamic 3D imaging, among others). The 

scanner possesses a larger detector array (16 cm wide) with the same detection quantum 

efficiency (DQE) per individual element.  A justified assumption on the use of the scanner and 

the radiation dose consequences would be the need for increased tube current values and hence 

increased radiation dose in order to attain consistent detected signal-to-noise ratios and therefore 

same image quality. The manufacturer, however makes the claim that, depending on the clinical 

application, the scanner allows for significant dose reduction.
63,64

 For example, in the case of 

computed tomography angiography (CTA) studies, the dose reduction in the ECG 

(electrocardiogram) gated cardiac exams, assumed to require fewer acquisitions, is claimed to be 

around 50% compared to current CTA protocols. Regarding neurological CT exams, the 

manufacturer’s claim is that, because the entire brain can be scanned in a single tube rotation 

(shorter exam time), this can lead to a reduction in the amount of contrast needed to perform the 

study and hence lower beam techniques and lower dose. For trauma and pediatric applications, 

the possibility of shorter scan times (the entire pediatric chest-abdomen-pelvis region is covered 

in 2 or 3 rotations) is an added bonus for the pediatricians; however, thorough dose optimization 

studies need to be done to guarantee the proper use and application of the protocols. Another 

very attractive possibility in the clinical use of the 320-slice scanners is true dynamic 3-D 
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imaging (volumetric cine imaging) of moving organs such as the heart or lungs. However, these 

may results in considerable dose increases for larger patients due to the total scan time and wider 

coverage. Conclusively, each of these applications prompts the need for accurate dose 

assessment and optimization studies. 

6.2 Overview of MDCT Technology 

In a transmission imaging computed tomography system, an x-ray source is collimated to 

form a fan beam with a defined fan beam angle. The fan beam is orientated to lie within the x-y 

plane of a Cartesian coordinate system, termed the "imaging plane" (usually, the axial or axial-

oblique anatomic plane). The x-ray beam is transmitted through the imaged anatomy to an x-ray 

detector array orientated within the imaging plane. The detector array is comprised of individual 

detector elements each measuring the intensity of the transmitted beam along a ray projected 

from the x-ray source to that particular detector element. The detector elements are arranged 

along an arc each to capture photons from the x-ray source along a different ray of the fan beam. 

The intensity of the transmitted radiation is solely dependent on the attenuation of the x-ray 

beam by the scanned anatomy. The source and the detector array in a CT system are rotated 

inside the gantry within the imaging plane and around the patient so that the angle at which the 

x-ray beam intersects the scanned anatomy constantly changes. A group of x-ray attenuation 

measurements from the detector array at a given angle is referred to as a "view" while a "scan" of 

the object refers to the set of views made at different angular orientations during one revolution 

of the x-ray source and detector around the patient. In a 2-D scan, data is processed to 

reconstruct an image that corresponds to a two-dimensional cross section taken through the 

anatomy of interest. Earlier x-ray CT scanners, called single detector CT (SDCT), imaged one 

slice at a time by rotating the x-ray tube, i.e., the source and a single array of detectors while the 

patient remained stationary, a process commonly called “axial scanning”. Newer multiple 
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detector (MDCT) scanners make use of multiple detector rows along the z-direction 

(perpendicular to the axial CT plane) which give the scanner the ability to acquire several slices 

simultaneously. In addition, the acquisition of projection data can be made considerably faster by 

continuously translating the patient table along the z-direction during the x-ray tube - detector 

array rotation. This mode of operation is called “helical scanning”. In SDCT, the slice width is 

primarily determined by the pre-patient x-ray beam collimation, while in MDCT, the z-extent of 

the data acquisition is determined by the pre-patient x-ray beam collimation, but the slice width 

of the image is primarily defined by the detector configuration, that is, the way in which detector 

elements are combined into data channels -the smallest units in the z-direction from which data 

can be independently collected along the z-direction. 

From a radiation dose perspective, when specifying an imaging protocol, it is very 

important to note the detector configuration used to acquire the desired slice thickness because 

slices of the same thickness may be acquired with different beam collimations. Another 

important imaging parameter, specific to helical CT, is the “pitch”, defined as the ratio of the 

table travel per x-ray tube rotation and the total beam collimation. The pitch describes the 

amount of overlap of the radiation beam over the scanned anatomy; a pitch of one indicates 

contiguous radiation beams, while a pitch value less than one indicates overlap of the radiation 

beams and a pitch greater than one indicates gaps between the radiation beams.  

The tube voltage, filtration, mAs (tube current times exposure time per rotation) and the 

effective mAs (mAs/pitch), are other decisive parameters which impact the radiation dose from a 

given imaging protocol. Due to the circular geometry of a CT scanner, the amount of beam 

attenuation is non-uniform as the x-ray beam rotates around and passes through the object 

scanned, which results in non-uniform hardening of the x-ray beam having a negative effect on 
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image quality. In order to obtain uniform noise levels in a given CT image, a shaping filter, 

called a bowtie filter because of its particular profile, is placed close to the x-ray tube within the 

gantry. The goal of a bowtie filter is the attenuation of the x-ray beam to a greater degree at the 

edges of the beam, as compared to the minimum amount of attenuation at the center of the beam, 

where the distance between the x-ray source and the subject is the shortest and amount of 

attenuating material is the largest. Clinically, the selection of the bowtie filter is dependent on the 

beam energy and on the field of view (FOV) required by the specific study and anatomical 

region of interest (for example, a head scan requires a small filter while a larger filter is needed 

in a chest or abdominal study due to the larger area to be imaged). 

6.3 Broad Beam MDCT Scanners 

Since the introduction of MDCT scanners, there has been a trend to expand the coverage in 

the z-axis by increasing the width of the detector array. The first wide area detector CT system, 

manufactured by Toshiba, became commercially available in late 2007. The Aquilion ONE 

scanner (Toshiba America Medical Systems, Newport Beach, CA) has a 320 x 0.5 mm detector 

array that provides 16 cm coverage in the z-axis in one gantry rotation (see Figure 6-1 for a 

schematic representation of the scanner’s geometry), enabling the imaging of entire organs (like 

brain or heart) without table movement. The gantry rotation time of 350 ms assures a temporal 

resolution of 175 ms with half reconstruction. In addition to the broad-beam acquisition full 

coverage, the scanner also offers conventional multislice modes such as axial or helical with 

varying beam collimation from 1 to 32 mm and five different choices for beam shaping filtration 

(Small-SS, Small-S, Medium-M, Large-L, and Large-LL). 



 

106 

6.4 Development of the Monte Carlo Model for MDCT 

6.4.1 Monte Carlo Formulation for a Source in Axial and Helical Motion 

One of the challenges faced when using a Monte Carlo approach for dose calculations in 

MDCT is the faithful modeling of the source which can produce a collimated photon beam in 

axial and helical motion. MCNP5 provides the user with great flexibility for source definition by 

using standard sources implemented in the code or by editing the available source subroutine. 

When choosing the source subroutine option, the user needs to specify the spatial coordinates, 

the direction vector and the energy and weight of the emitted particle. The Monte Carlo 

formulation implemented in the source subroutine to sample the required parameters from 

appropriate probability distribution functions that was derived for this work is described below. 

The starting position of the source particles is randomly sampled on a helix defined by the 

parametric functions, 

 
𝑥 = 𝑟𝑠𝑖𝑛 ∝ +𝑥0

𝑦 = 𝑟𝑐𝑜𝑠 ∝ +
𝑧 = 𝑏 ∝

 𝑦0                                                                                                         (6-1) 

with the position of the imaging plane 𝑧 = 𝜂1𝐿 uniformly sampled along the scan length, L, η1 

being a random number between 0 and 1. The helix parameter b is related to the scan pitch (ratio 

of the table displacement per rotation and the beam width) through: 

𝑝𝑖𝑡𝑐 =
2𝜋𝑏

𝑏𝑒𝑎𝑚  𝑤𝑖𝑑𝑡 
                                                                                                            (6-2) 

Hence,   

𝛼 =
2𝜋𝜂1𝐿

𝑝𝑖𝑡𝑐 ∙𝑏𝑒𝑎𝑚  𝑤𝑖𝑑𝑡 
                                                                                                       (6-3) 

where r, the helix radius, corresponds to the source (focal spot) to isocenter (defined by x0 and y0 

in the axial imaging plane) distance (sid).  
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The direction of the particle is uniformly sampled in the fan beam defined by the fan beam 

angle (β) and the beam width at isocenter. The fundamental formulation of Monte Carlo 

(Equation 6-4), 

𝑃 =
 𝑑𝜇  𝑑𝜑

2𝜋
0

𝜇
−1

𝛥𝛺𝑚
= 𝜂3                                                                                                       (6-4) 

enables the derivation for the random sampling of the polar angle 𝜃 , cos 𝜃 =𝜇, within the fan 

beam.  Giving the isotropic distribution of the azimuthal angle 𝜑, 𝜑=2𝜋 η2 and the extent of 

the polar angle (𝜃m) limited to half the fan beam angle, the maximum solid angle within the 

direction can be sampled is: 

𝛥𝛺𝑚 =  𝑑𝜇  𝑑𝜑
2𝜋

0

0

𝑐𝑜𝑠𝜃𝑚
= 2𝜋 1 − 𝑐𝑜𝑠𝜃𝑚                                                                   (6-5) 

Substituting Equation 6-5 in Equation 6-4, the formulation for the polar angle becomes: 

𝜃 = 𝑎𝑐𝑜𝑠 𝜂3 1 − 𝑐𝑜𝑠𝜃𝑚  − 1      𝑤𝑖𝑡   𝜃𝑚 =  
𝛽

2
 (

𝜋

180
)                                                (6-6) 

Based on the formulations for 𝜃 and 𝜑, the direction of the source particle, consistent 

with the notation used in the MCNP5 code, is given by: 

 
𝑢 = 𝑠𝑖𝑛𝜃𝑠𝑖𝑛𝜑
𝑣 = 𝑐𝑜𝑠𝜃

𝑤 = 𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑

                                                                                                                               (6-7) 

with the constraint that the direction of the particle is within the z collimation of the fan beam: 

−𝑏𝑒𝑎𝑚 𝑤𝑖𝑑𝑡/2 ≤ 𝑧𝑓𝑎𝑛 = 𝑠𝑖𝑑
𝑠𝑖𝑛𝜃𝑐𝑜𝑠𝜑

𝑐𝑜𝑠𝜃
= 𝑠𝑖𝑑

𝑤

𝑣
≤ 𝑏𝑒𝑎𝑚 𝑤𝑖𝑑𝑡/2                             (6-8) 

To provide the direction cosines as required by a proper MCNP5 run, a rotation 

transformation (due to the rotation of angle 𝛼  of the reference frame - Equation 6-9) needed to 

be applied to the direction vector defined by Equation 6-7: 

 
𝑢𝑢𝑢
𝑣𝑣𝑣
𝑤𝑤𝑤

 =  
𝑐𝑜𝑠 ∝ 𝑠𝑖𝑛 ∝ 0
−𝑠𝑖𝑛 ∝ 𝑐𝑜𝑠 ∝ 0

0 0 1
  

𝑢
𝑣
𝑤
                                                                          (6-9) 
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yielding, 

 
𝑢𝑢𝑢 = 𝑢𝑐𝑜𝑠 ∝ +𝑣𝑠𝑖𝑛 ∝
𝑣𝑣𝑣 = −𝑢𝑠𝑖𝑛 ∝ +𝑣𝑐𝑜𝑠 ∝

𝑤𝑤𝑤 = 𝑤

                                                                                            (6-10) 

For validation, the above derived formalism has been implemented in the subroutine 

sample provided by the MCNP5 code, with the energy of the source particle randomly sampled 

from the discrete probability function (the energy spectrum provided in an external file by the 

DXS code) using the fundamental formulation of Monte Carlo for discrete variables and the 

weight of the source particle arbitrarily set to one, meaning that all source particles have equal 

weight. The code has been recompiled (in the Unix cluster) using the instructions from the 

MCNP5 manual and a series of simple preliminary tests have been done to verify the subroutine.  

6.4.2 Preliminary Tests to Validate the Source Subroutine 

In the test, a box 40 x 20 x 40 cc was centered at isocenter (x0 = 20 cm, y0 = 10 cm) and a 

helical scanning was modeled with the following parameters: 10 cm z start position, 20 cm scan 

length, 0.5 cm beam width, pitch=1, 26° fan beam angle. The energy spectrum was generated in 1 

keV bins using DXS code for 100 kV, 11° target angle, 1.2 mm Al filtration. The flux was tallied 

using a 1 x 1 x 1 cc cell mesh over the entire box. Figure 6-2 (a) displays the flux per source 

particle along the z-axis at different y positions in the central sagittal plane (x=20 cm) for the box 

filled with water. For comparison, Figure 6-2 (b) displays the variation of the flux in the midscan 

plane for water (red dots) and air (black squares). As expected, the flux is uniform for the air 

case due to the symmetry of the problem and the absence of attenuation and scattering effects. 

The smaller values of the flux for the first 2 cells and the last two are explained by the 

underexposure of these cells since the beam width was 0.5 cm, half the size of the cells. The 

effect of attenuation is evident in the water case, the flux being lower at the center y position 

(y=10 cm) (more attenuation) and increasing towards the periphery. Scatter effects in water are 
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also reflected in the graphs by the decreasing of the flux along z-axis from center toward the end 

points of the scan length, with non-zero values outside the area exposed by the primary beam. 

These preliminary qualitative tests prove the fidelity of the source subroutine to emulate 

the radiation exposure due to the helical motion of the x-ray tube. However, to completely 

validate the source representation for a confident use in the intended MDCT dose assessments, 

the crucial effect of the bowtie filter needs to be incorporated and validated as well. 

6.4.3 Equivalent Energy Spectra and Filtration Models Based on Measurements 

An accurate MC simulation for MDCT typically requires a detailed description of the 

scanner under investigation, including photon energy spectra, total (inherent and bowtie) 

filtration design, and scan geometry (focal spot to isocenter distance, fan beam angle, beam 

collimation, etc). Some of this information may be available from the scanner documentation but 

the scanner-specific source spectra and filtration are proprietary and to obtain them special 

disclosure agreements with the manufacturer are needed. To overcome these restrictions, a 

method to generate an equivalent scanner-specific source model for MC simulations based 

entirely on physical measurements with standard clinical CT equipment has been developed. 

This “equivalent source” model is defined by an equivalent energy spectrum and an analytical 

function to generate the weight of the source particles in the MC simulation that emulates the 

variable attenuation of the actual photon beam across the fan angle by the actual total filtration 

(including the tube’s inherent filtration and the bowtie filter). To obtain the “equivalent source” 

model, two type of air kerma measurements were performed using a traditional 6-cc ionization 

chamber and corresponding monitor unit (10X6-6 and 9095, Radcal, Monrovia, CA) with a non-

rotating gantry (a feature accessible through the service mode of the scanner): (a) half value layer 

(HVL) and (b) bowtie filter attenuation profile across the fan beam. DXS (see Chapter 3) 

generated spectra for a 7° tungsten target anode angle (as specified for the x-ray tube in the 
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documentation of the 320-slice scanner) with varying amount of Al filtration were used in Monte 

Carlo simulations to determine the equivalent Al filtration that provides an x-ray beam of similar 

quality (same HVL) as the actual beam. The attenuation profile across the fan beam was 

subsequently fitted using the OriginPro 8 Student Version software package and the analytical 

function was implemented in the Monte Carlo formulation to generate directional dependent 

weights for the source particles. Once generated, the equivalent source model was incorporated 

in the source subroutine described in Section 6.4.1 (see Appendix B for the complete version of 

the subroutine used in the MC simulations for the 320-slice scanner), the MCNP5 code was 

recompiled, and comprehensive tests were performed to validate the method by comparing 

physical air kerma measurements in a CTDI phantom with results from corresponding 

simulations. It is important to note that even though the method has been developed and 

validated for the 320-slice scanner (the object of investigation in this work) it can be applied to 

characterize any given scanner, eliminating the need to obtain proprietary information.  

6.4.3.1 Half value layer  

Standard HVL measurements were performed for the nominal beam energies and the three 

filters (Small-S, Medium-M, and Large-L) used in the clinical protocols investigated in the 

present work. The gantry was set so the x-ray tube remained stationary at the 6 o’clock position 

during each exposure while the ion chamber was fixed at the scanner’s isocenter. A lead shield 

with a small aperture was placed in the CT gantry (between the x-ray tube and the ionization 

chamber) to collimate the beam to approximately the size of the chamber to attain good 

geometry conditions. The initial measurement was made without filtration in the beam using a 

particular kVp, mAs, and beam collimation followed by exposures made for the same settings 

but with increasing amounts of 1100 aluminum alloy filters of known thickness placed on top of 

the lead collimating device until the resulting exposure was less than half of the initial value. 
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Table 6-1 displays the measured HVL for the nominal beam energies and filter combinations 

along with the Monte Carlo calculated equivalent Al filtration that generates beams of similar 

quality. It is worth noting that the medium and the large filters provide same attenuation along 

the central ray (meaning they have same central thickness) however, as may be seen in the next 

section, their attenuating properties are different across the fan beam span. 

6.4.3.2 Bowtie filter attenuation profile 

These exposure measurements were performed to characterize the attenuation across the 

fan beam due to the scanner’s bowtie filters and inherent filtration. Again with the gantry parked, 

the x-ray tube was fixed at the 3 o’clock position for this set of measurements. To ensure free-in-

air exposure measurements as much as possible, the ion chamber was fixed at the end of a 

wooden stick approximately 50 cm long securely attached to the scanner’s table (Figure 6-3). 

The table height was adjusted so that the ion chamber was initially positioned at isocenter and 

then incrementally decreased to obtain the beam profile across the entire lower half of the fan 

beam. The experimental setup enabled measurements for the entire vertical opening of the 

gantry; thus, one full set of measurements was done to verify the assumed symmetry of the 

scanner design and then the measurements for all the other tube voltage – filter combinations 

were done for just one half of the gantry opening. The measured values as a function of distance 

were normalized to the central value and then best fitted with a Boltzmann function (Equation   

6-11) using an iterative algorithm provided by the software package.   

𝑦 = 𝑎1 +  (𝑎2 − 𝑎1)/(1 +  𝑒 𝑥−𝑥0 𝑑𝑥 )                                                                               (6-11) 

Figures 6-4 to 6-6 illustrate the beam profiles for the tube voltage-filter combinations 

presented in the previous section using both the normalized raw data and the fitting functions. 

Though not very prominent, the differences in the beam profiles at different nominal tube 



 

112 

voltages provide the way to characterize the expected energy dependence of the attenuation 

properties of a given filter in the developed Monte Carlo source model. The parametric functions 

are implemented in the source subroutine (see Appendix B) to generate directional-dependent 

source particle weights. This aim was achieved using the relationship (Equation 6-12) among the 

particle’s directional cosines u and v from Equation 6-7, the focal spot to isocenter distance, 

sid, and the distance x across the fan beam.  

𝑥 = 𝑠𝑖𝑑
𝑢

𝑣
                                                                                                                        (6-12) 

It is important to note that in the current source formulation the directional dependence of 

the source particles is limited to the x-axis (across the fan angle direction); no y-axis (across the 

beam width) variation is assumed. Of course, this assumption is reasonable for narrow beams 

(usually used in helical CT acquisitions) but it’s a limitation for the broad beam used in the 

volumetric acquisitions; this issue is addressed and discussed later in this chapter.  

Although the HVL measurements made along the central ray of the fan beam yielded same 

results for the medium-M and large-L filters at a given nominal tube voltage (Table 6-1), in 

Figure 6-7 it can be seen that the attenuating properties of these filters differ across the beam, 

which proves that their design (size, thickness) is different. 

6.4.4 Validation of the Monte Carlo Model for MDCT Dosimetry Simulations 

To validate the MCNP5 model for MDCT dosimetry simulations, comprehensive tests 

consisting in comparisons between air kerma measurements in CTDI phantoms for various 

scanning scenarios and corresponding simulation results were done. The scanning scenarios for 

these validation tests were mostly chosen based on the scanner settings of the clinical protocols 

investigated for patient organ dose assessments including axial narrow beam acquisitions, axial 
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broad beam acquisitions (named respectively “axial scans” and “volume scans” for the rest of 

this dissertation) and helical acquisitions. 

6.4.4.1 Air kerma measurements in CTDI phantom 

Conventional CTDI100 type experiments using the standard head (16 cm in diameter, 15.4 

cm in length) and body (32 cm in diameter, 15.6 cm in length) polymethylmethacylate (PMMA) 

phantoms (Figure 6-8) and the standard 100 mm 3-cc pencil ionization chamber (10X6-3CT, 

Radcal Corporation, Monrovia, CA) were used for validation and comparison purposes. The tests 

involving one single tube rotation (i.e. the axial and volume scans) were performed in the 

scanner’s service mode, which provides the user greater flexibility in selecting the scan settings. 

The helical scans were performed in the scanner’s clinical mode using the standard “Head 

without Contrast” protocol. With the CTDI phantom centered at scanner’s isocenter, air kerma 

measurements were done in all the five available sockets (center, 3, 6, 9, and 12 o’clock 

positions in the phantom). Before the actual experiments for validation purposes, preliminary 

tests for scanner’s reproducibility were performed. It was found that for the single axial 

acquisitions, the smallest CV (coefficient of variation) was 1.2% at the center position, and the 

largest CV of 6.2%, was found at the 9 o’clock position. Full details are provided in Table 6-2. 

Explanation for these findings could be accounted for from the intrinsic scanner’s mode of 

operation: when the tube’s rotation speed is reached, the x-ray exposure is initiated. It is likely 

that the manufacturer set a margin in the rotation time so that to avoid signal loss at the end of 

one tube rotation. The difference among these measurements is most likely due to the variation 

in the starting position of the x-ray tube for each acquisition corroborated with the overexposure 

at the end position. It follows that the center position experiences the least amount of variation in 

the dose measurements as this location is independent of x-ray tube starting position; the 
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measurement is made at isocenter and the material surrounding the center position is uniform in 

the radial direction. 

This can be easily verified by using the scanner’s service mode again. This mode provides 

a second option (that can be enabled using the “Sync orbit” button, as displayed on the scanner’s 

monitor) to perform the axial scans in a reproducible manner. The measurements performed 

using several different scan settings, but all with the “Sync orbit” option enabled, yielded air 

kerma values at the 3 o’clock position systematically 6% higher than those at the 9 o’clock 

position as can be seen in Table 6-3. Though not desired, these findings additionally support the 

already addressed supposition about the overexposure at the end point of the tube’s rotation, 

which, from the clinical use perspective, does slightly affect patient dose. Regarding the 

validation tests, this mode of acquisition has been selected for the axial and volume scans since it 

provided a more predictable systematical error.  

For the helical protocol, the measured doses were reproducible at all phantom positions, as 

shown in Table 6-4. The coefficients of variation were 0.1% or less. This high degree of 

reproducibility shows that the helical mode is not affected by the starting position of the x-ray 

tube during acquisition While the starting position of the x-ray may be just as variable as seen in 

the axial scan, the x-ray tube rotates around the phantom so many times during the full scan that 

any variability in tube starting position is negated. 

The actual settings for the entire set of experiments performed for validation and 

comparison purposes are entered in Table 6-5.  

6.4.4.2 Simulations for air kerma measurements in CTDI phantoms 

Analogous Monte Carlo simulations using the model developed and implemented in the 

MCNP5 code (as described in Section 6.4.1-6.4.3) have been performed for the CTDI 

experiments summarized in Table 6-5. The phantom, ion chamber, and scanner’s table were all 
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simulated using standard MCNP5 geometry and material description (Figure 6-9). The ion 

chamber was explicitly modeled as three concentric cylinders of 0.07, 0.32, and 0.5 radii 

defining the chamber’s electrode, active volume, and wall respectively, filled with air. The table 

was modeled as two 5-mm thick shells of carbon separated by air, based on measurements 

performed on CT images. The scanner’s intrinsic characteristics (focal spot to isocenter distance 

and fan beam angle) and the particular scan settings (scan start position, scan length, beam width, 

pitch, isocenter position in the MCNP5 simulation reference frame, filter type) were entered in 

the RDUM card of the input file as the developed method requires for a proper simulation (see 

Appendix B for explanation and illustration of the RDUM card). While the scan settings are 

available from the scanner’s user interface, the fan beam angle and the focal spot to isocenter 

distance were made available by the manufacturer (as a note, the focal spot to isocenter distance 

was initially estimated through magnification measurements using a computed radiography - CR 

– imaging detector and then confirmed by the manufacturer).  

In order to satisfy signal-to-noise ratio requirements across the entire MDCT detector 

array, the actual beam width in the z-direction is larger than the nominal beam collimation. 

Because this parameter defines the actual radiation field used, it directly impacts the dose so it is 

essential to be measured. There are several ways in which this task can be accomplished, such as 

using a small volume ion chamber and displace it across the beam width, or using optically 

stimulated luminescence (OSL) dosimeters. For this work, actual beam width measurements 

were conducted using a CR imaging detector (AGFA CR MD4.0) 35 cm x 43 cm in size. A 1 

mm copper filter was placed between the x-ray tube and imaging plate to attenuate the x-ray 

beam and better match the exposure expected by the CR imaging plate. The images were 

processed by a CR digitizer (CR85-X, AGFA) using a flat field algorithm (Figure 6-10) and 
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analyzed using Image J (National Institutes of Health, Bethesda, MD) software analysis program. 

The beam profiles were generated across the mid-line of the CT x-ray beams (Figure 6-11) and 

the beam widths were calculated using the full width at half maximum (FWHM) of the profiles. 

These values are entered in Table 6-5 as well. Clearly, because the actual beam width is 10 mm 

wider than the nominal width, this result in exposure of regions for which images are not 

reconstructed, but this is a margin set by the manufacturer for image quality purposes, to prevent 

any detector element from entering the penumbra and hence losing signals.
68

 This overbeaming 

is not covered by the FDA in its manufacturing regulations for CT scanners (21CFR1020.33), 

and thus it is not addressed from that perspective.  

To obtain air kerma in the simulations, energy deposition F6 tally (as described in Section 

5.2.2) was used in the cell defining the active volume of the ion chamber. A large number of 

photon histories were generated in each performed simulation so that the statistical relative error 

associated to every tallied quantity was less than 0.1% (at one standard deviation).  

In MCNP5 the tally results are reported per source particle. Therefore, to obtain the 

simulated air kerma values Dscan, normalization factors as described by Jarry et al.
60 

had to be 

applied to the reported results (Dsim)scan as shown in Equation 6-13. 

𝐷𝑠𝑐𝑎𝑛 =  𝐷𝑠𝑖𝑚 𝑠𝑐𝑎𝑛  
 𝐷𝑚𝑒𝑎𝑠 𝑎𝑥𝑖𝑎𝑙 ,𝑎𝑖𝑟

 𝐷𝑠𝑖𝑚 𝑎𝑥𝑖𝑎𝑙 ,𝑎𝑖𝑟
 
𝑚𝐴𝑠 /𝑟𝑜𝑡

 #𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑠 𝑚𝐴𝑠 /𝑟𝑜𝑡  

 =  𝐷𝑠𝑖𝑚 𝑠𝑐𝑎𝑛  
 𝐷𝑚𝑒𝑎𝑠  𝑎𝑥𝑖𝑎𝑙 ,𝑎𝑖𝑟

 𝐷𝑠𝑖𝑚  𝑎𝑥𝑖𝑎𝑙 ,𝑎𝑖𝑟
 

 𝑚𝐴𝑠 /𝑟𝑜𝑡

(𝑚𝐴𝑠)𝑡𝑜𝑡𝑎𝑙                                            (6-13) 

The normalization factors were calculated from air kerma measured with the 100 mm 

pencil chamber free-in-air at the scanner’s isocenter (Dmeas)axial,air in one axial scan with 

identical settings (kVp, rotation time, mA, nominal beam collimation, filter, focal spot) as the 

investigated scan and the analogous simulation for the single axial scan in-air measurements 

(Dsim)axial,air . If preliminary exposure linearity measurements for the same scan settings (kVp, 
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collimation, filtration, focal spot) have been performed then those can be used to obtain the 

normalization factor per mAs/rot and multiply it by the total mAs in the investigated scan. 

While the free-in-air measurements are trivial when using narrow beams, especially in the 

scanner’s service mode, they become more challenging for broad-beam acquisitions that exceed 

the active length of the standard 100-mm ion chamber. Since a longer ion chamber is not 

commercially available (though the use of a 300 mm pencil ion chamber has been reported
63,65-

66
) the air kerma for the broad beams was to be obtained by performing two successive 

measurements: 

 a first measurement obtained during the volume scan of interest performed with the ion 

chamber aligned with the z-axis using a wood bar tightly fixed at the edge of the scanner 

table and positioned with the end of the active volume at isocenter 

 a second measurement for the same volume scan but obtained after stepping up the table 

10 cm horizontally until the other end of the chamber was at isocenter 

For the needed normalization factors, two axially contiguous ion chambers have been 

simulated and the F6 tally results in their active lengths were summed.  

Taking into account the non-standard way in which they needed to be performed, the 12% 

difference between the values obtained in these two successive measurements corresponding to 

the two transversal halves of the beam provided an additional insight about the particularities of 

the new broad beam scanner, namely, a noticeable heel effect across the anode-cathode direction 

of the beam, i.e. across the width profile. Indeed, a detailed investigation of the intensity 

distribution across the width of the 160 mm nominal beam of this scanner
67

showed a gradual 

decrease in the intensity to about 20% on one half of the beam. This effect seems to decrease at 

positions further away from the center of the fan angle. Moreover, similar beam profile 

investigations on the Toshiba 256-slice scanner prototype
68

 showed that the scatter radiation 

averages out the heel effect present in the primary beam from measurements done inside a CTDI 
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phantom. From a patient dose perspective, these findings indicate that the average dose for the 

deep organs is insignificantly affected by the heel effect, which may not be the case for surface 

organs as the lens of the eye or the skin.  

6.4.4.3 Comparison between measurements and simulations in CTDI phantoms 

The percent difference between the air kerma values measured and simulated in the five 

available positions of the CTDI phantoms are shown in Table 6-6 for all of the performed test 

scans described in Table 6-5. All the relative differences are less than 9%. The root mean square 

(RMS) of the percent errors reported for every validation test is between 1.32% for one of the 

helical scans and 5.33% for one of the broad-beam (volume) scans; the overall RMS of the 

reported percent differences is 3.35%. Excellent agreement is seen in the results for the axial and 

volume scans at the center, 3, and 6 o’clock positions in the phantom. The larger percent 

differences at the 9 and 12 o’clock positions, around 5% for the axial scans and 8% for the 

volume scans, respectively, were expected since the simulation model is mirror-symmetric 

relative to the sagittal plane, but the actual measurement conditions were not. The exposure 

overlapping at the end of the tube rotation explains also the larger differences at the 9 o’clock 

position for the volume scan case due to the larger overlap area of the broad beam. This effect 

was not experimentally seen in the helical acquisitions, which is a fact reflected by the 

simulation results also. An Successful (however not thorough due to obvious unpractical 

usefulness) attempt has been made in the source model to account for this scan overlap by 

sampling the source particles more than one full rotation, by an arbitrary small degree at the 

overlap position.  

Since this inherent variability in the starting and the end position of the x-ray tube that 

correlates observed increased doses in completing the scan can be neither controlled clinically 
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nor such accounted for in the simulations, it remains a systematic, though not significant, source 

of errors in the developed computational methodology. 

The validity of the simulations relies on the accuracy with which the x-ray spectra, the 

filtration and the geometry are modeled. While their exact knowledge and representation would 

certainly guarantee high accuracy for the results, it is unlikely their availability for any scan 

settings of the actual clinical exams. Moreover, the information that a manufacturer would 

eventually provide may not exactly characterize the actual scanner being evaluated. Therefore, 

the “equivalent” model developed based on measurements of the actual x-ray tube – bowtie filter 

combination used in the CT exam investigated may be not only a convenient solution, but also an 

even more accurate one in some situations. The approximations in representing the source along 

with the uncertainties in the exact composition of the table’s material contribute to the overall 

error of the simulation results in addition to the statistical error inherent to any Monte Carlo 

approach and uncertainties in the experimental ion chamber measurements (4%).  

Despite the discussed limitations of the model developed, the very good agreement with 

the various experimental measurements in diverse scanning scenarios proves its robustness and 

provides the necessary confidence in its use for assessments of patient organ doses from clinical 

CT studies performed on the 320-slice scanner. 
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Table 6-1 Measured HVLs for different tube voltage-filter combinations for the 320-slice 

scanner; Monte Carlo calculated equivalent Al filtration 

Nominal tube voltage (kVp) Filter HVL (mm Al) Equivalent Al filtration (mm Al) 

80 S 3.87 2.0 

80 M/L 4.65 3.3 

100 S 4.88 2.1 

100 M/L 5.80 3.8 

120 S 5.91 2.3 

120 M/L 6.85 4.2 

 

Table 6-2 Air kerma (mGy) measured in CTDI head phantom (axial scan in service mode of the 

320-slice scanner with “sync orbit” option enabled) 

 Air Kerma (mGy) 

 80 kVp 100 kVp 120 kVp 135 kVp 

Center 22.46 45.52 71.91 95.31 

3 o'clock 26.99 52.28 80.63 105.91 

6 o'clock 25.49 49.82 77.43 102.05 

9 o'clock 25.41 49.30 76.05 99.78 

12 o'clock 27.13 52.20 80.13 104.77 

Rel diff (%) 6.20 6.04 6.02 6.15 

 

 

Table 6-3 Reproducibility of an axial scan. 

 Position within phantom  

 Center  3 o’clock  6 o’clock  12 o’clock  9 o’clock 

Measured air kerma (mGy)  20.10  22.12  24.65  22.74  18.96  

 20.15  21.33  22.98  22.13  20.03  

 20.64  22.00  25.32  21.88  21.12  

 20.35  21.72  24.52  24.08  19.31  

 20.68  21.80  23.00  23.58  19.47  

 20.17  22.60  26.18  24.74  19.62  

 20.65  23.30  23.07  26.29  20.67  

 20.13  21.74  24.10  23.82  19.61  

 20.59  21.63  23.93  24.99  19.54  

 20.59  21.31  26.40  21.88  20.95  

Coefficient of variation  1.2%  2.8%  5.1%  6.2%  3.7%  

 

 

 Table 6-4 Reproducibility of a helical scan. 

 Position within phantom  

 Center  3 o’clock  6 o’clock  12 o’clock  9 o’clock 

Measured air kerma (mGy)  76.49  78.78  77.08  81.65  80.13  

 76.59  78.83  77.20  81.76  80.23  

 76.60  78.83  77.11  81.80  80.21  

Coefficient of variation  0.1%  0.0%  0.1%  0.1%  0.1%  
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Table 6-5 Scanner settings for the air kerma measurements in CTDI phantoms  

Scan name kVp Filter mAs 
Nominal beam 

collimation 

Beam width 

FWHM (mm) 

Scan length 

(mm) 
Pitch 

axial scan1 80 S 200 0.5 x 32 mm 26 - - 

axial scan2 100 S 200 0.5 x 32 mm 26 - - 

axial scan3 120 S 200 0.5 x 32 mm 26 - - 

axial scan4 135 S 200 0.5 x 32 mm 26 - - 

axial scan5 80 M 200 0.5 x 32 mm 26 - - 

axial scan6 100 M 200 0.5 x 32 mm 26 - - 

axial scan7 120 M 200 0.5 x 32 mm 26 - - 

helical scan1 100 S 225 0.5 x 32 mm 26 160 0.656 

helical scan2 120 S 225 0.5 x 32 mm 26 160 0.656 

helical scan3 120 M 225 0.5 x 32 mm 26 160 0.656 

volume scan1 100 S 120 0.5 x 240 mm 130 - - 

volume scan2 120 S 120 0.5 x 240 mm 130 - - 

volume scan3 80 M 300 0.5 x 320 mm 170 - - 

volume scan4 120 M 300 0.5 x 320 mm 170 - - 

 

 

Table 6-6 Comparison between air kerma measurements and simulations in CTDI phantoms 

Scan name 
Relative difference (MC-CTDI)/CTDI (%)  RMS 

Center 3 o'clock 6 o'clock 9 o'clock 12 o'clock  (%) 

axial scan1 -0.02 -1.44 -1.45 4.19 1.67  2.22 

axial scan2 -0.13 -0.08 0.35 5.51 3.94  3.03 

axial scan3 0.18 -0.91 -0.22 5.09 3.34  2.75 

axial scan4 -0.43 -1.78 -0.85 4.91 3.24  2.78 

axial scan5 -0.08 -1.82 -0.98 6.88 4.25  3.73 

axial scan6 0.23 -1.58 -0.48 5.75 3.66  3.14 

axial scan7 0.15 -1.84 -1.35 5.22 3.46  2.98 

helical scan1 -0.15 -3.65 -5.61 -1.65 -0.24  3.08 

helical scan2 -2.31 -4.67 -6.10 -3.18 -1.11  3.89 

helical scan3 -2.21 -0.30 -1.09 1.60 -0.14  1.32 

volume scan1 0.96 1.89 -3.02 8.38 6.77  5.09 

volume scan2 2.51 1.91 -1.79 8.79 7.18  5.33 

volume scan3 -0.06 1.57 0.12 6.02 4.20  3.36 

volume scan4 -0.01 -0.99 0.00 5.01 3.23  2.70 
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Figure 6-1 Schematic representation of the geometry of the 320-slice scanner 
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 A 

 B 

 

Figure 6-2 Flux variation along z-axis in a helical scan (flat filter) simulation: A) at different y 

positions in the central saggital plane of the box filled with water; B) comparison of 

the central flux in air (black squares) and water (red dots) 
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Figure 6-3 Experimental setup to measure beam intensity profile across the fan beam 

 

 

 

Figure 6-4 Attenuation profile for the small-S bowtie filter of the 320-slice scanner 
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Figure 6-5 Attenuation profile for the medium-M bowtie filter of the 320-slice scanner 

 

 

Figure 6-6 Attenuation profile for the large-L bowtie filter of the 320-slice scanner 
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Figure 6-7 Attenuation profiles at 80 kVp nominal tube voltage for the three bowtie filters of the 

320-slice scanner 

 

 

 

Figure 6-8 Conventional head and body CTDI phantoms 
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Figure 6-9 Model for the MCNP5 simulations of the air kerma measurements in the CTDI head 

phantom  

 

 
 

Figure 6-10 Radiographic image of the 160 mm nominal CT x-ray beam 
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Figure 6-11 Beam profile of the 160 mm nominal CT x-ray beam. 
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CHAPTER 7 

ORGAN DOSE SIMULATIONS FOR THE 320-SLICE MDCT SCANNER 

The value and applicability of Monte Carlo dosimetry simulations using tomographic 

phantoms have been proven and have become quite popular due to their versatility and accuracy. 

For dose assessment in CT, the lack of availability of proprietary information about various 

critical components of the scanner has prevented a more widespread use of these simulations. 

Therefore, the approach presented here, which is based on measurements performed in the 

clinical setting, can be easily implemented in an open source code like MCNP. This easier 

approach may awaken the interest in computer simulations in response to the increased demand 

for patient dose assessments in CT. Besides the novel method presented to model the scanner- 

specific source, the present work also includes an original approach to the way in which the 

patient dosimetry in CT is performed. The dose assessment by Monte Carlo simulations 

introduced here was performed for real, complete clinical CT studies using corresponding 

computational tomographic phantoms and not just for a few typical scans. In addition, the results 

from these simulations were compared with organ doses measured with optically-stimulated 

luminescence (OSL) dosimeters previously obtained by Lavoie.
67

 To investigate potential dose 

reductions resulting from the novel broad-beam acquisition mode in the 320-slice scanner, 

comparisons with simulated organ doses from corresponding CT studies using clinical protocols 

from a standard 64-slice scanner were performed. The imperative need for access to certain 

scanner’s characteristics such as source output spectrum and photon fluence, table design and 

material, which are essential in conventional MC approaches, is eliminated using this approach, 

so the contribution of the intrinsic acquisition mode alone can be such investigated. Moreover, 

variability in patient positioning is also obviated. 
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Despite the availability of the large number of UF’s state-of-the-art hybrid tomographic 

phantoms, the choice of the computational anatomical models utilized in this project was 

determined by the physical tomographic phantoms used by Lavoie in the experimental 

measurement of CT doses. Namely, the UF Series B nine-month voxel phantom for the pediatric 

studies and the adult male KTMAN-2 phantom for the neuro and cardiac studies, respectively, as 

described in Section 2.2. 

All the simulations were performed on a fast parallel cluster of 24 CPUs. However, the 

geometrical representation in MCNP5 of these high-resolution voxelized phantoms requires a 

large amount of computer time (typically more than 12 hours prior to proceeding with any 

radiation transport calculations). Using GHOST_3D, the code described in Section 4.1.4, the 

matrix of the original phantoms was reduced while preserving the voxel resolution, by cropping 

out the arms and the legs (same as in the physical phantoms used for measurements). Since the 

“cropping” procedure can be done only in rectangular blocks, the removed parts of the shoulders 

were substituted in the MCNP5 model by a box with water on each side to mimic the attenuation 

and scatter from the missing part of the anatomy. The scanner table was represented as described 

in Chapter 6, Section 6.4.4.2.  Special attention was given to best simulate the scanning 

conditions regarding the positioning of the phantom (scan start position, x and y relative 

positions of the gantry isocenter and of the phantom’s matrix). Part of the input files used in each 

of the MCNP5 Monte Carlo simulations are included in Appendix B, showing the geometrical 

representation of the model, the RDUM cards for the scan settings, and the F6 tally sites. The 

average organ doses were calculated by multiplying the tally results per source photon with the 

normalization factor (Equation 6-13) determined as described in the previous chapter, Section 

6.4.4.2. The statistical error for all the reported values was less than 1% (on averages 0.5%) at 
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one standard deviation. However, due to the normalization factor, all the organ doses are affected 

by the 4% uncertainties in the ionization chamber air kerma measurements.  

The doses reported are for organs of prioritized interest, as determined both by their 

proximity to the primary CT x-ray beam and by their radiosensitivity as indicated in Table 7-1, 

which contains the corresponding tissue weighting factors according to the ICRP 2007.
4
 In order 

to address deterministic effects, the dose to the lens of eye and skin dose were also estimated. 

Lens of the eye doses were estimated for the head protocols (pediatric and neuro studies) to 

compare against threshold doses for radiation-induced cataracts (i.e., from an acute dose of 2-3 

Gy). In terms of average skin dose, two approaches were used: 

 for comparison with corresponding 64-slice protocols, the average skin dose for the entire 

phantom used was calculated and reported 

 for comparison with experimental OSL dosimeter skin dose measurements (for which the 

dosimeters are placed on the phantom along an axial slice) to compare against threshold 

doses for erythema, a separate simulation using only the part of the phantom delineated by 

the scan range was performed and the average skin dose (in these simulations, the missing 

part of the phantom was substituted with boxes with water to approximate the scattering 

conditions). 

7.1 Pediatric Study 

The increased coverage combined with the 0.35 ms rotation time make the 320-slice 

scanner conducive to pediatric studies, where patient motion during the acquisition is frequently 

a problem. A common CT study for pediatric patients is a non-contrast head scan to evaluate for 

craniosynostosis, a deformity of the skull caused by irregular fusing of cranial sutures. While this 

study has traditionally been performed on a 64-slice scanner, the ability to scan the entire head in 

a single rotation with the 320-slice scanner made this study a good candidate for organ dose 

evaluation and comparison. The scan parameters for the 320-slice pediatric head CT study are 

listed in Table 7-2. 
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7.1.2 Organ Dose Comparison with Provided OSL Dosimeter Measurements 

The craniosynostosis study has traditionally been performed using a 120 kVp beam. To 

evaluate the potential ability to perform the study at a reduced dose, a second series of 

simulations was performed using the same phantom in the 320-slice protocol but decreasing the 

tube voltage from 120 kVp to 100 kVp. As expected, all organ doses are higher for the studies 

using a tube voltage of 120 kVp as compared to 100 kVp. The results of all the simulations for 

the organs that were accessible to the OSL dosimeter measurements
67

 are summarized in Table 

7-3 and show good agreement with the measured doses. As discussed in Section 6.4.4.2, the 160 

mm radiation field of this 320-slice scanner presents an evident heel effect. The small difference 

in radiation output from one end of the beam profile to the other may affect the measured 

absorbed doses of superficial organs such as skin and lens of the eye. Since the heel effect was 

not accounted for in the simulations, this may explain the slightly larger difference in the 

measured and simulated skin dose for both nominal tube voltages investigated, while the very 

good agreement for the lens of the eye dose is likely due to the axial position (anode-cathode 

direction) of the eyes in the radiation field corresponding to the average exposure. In the 

comparative measured results, the fact that the OSL dosimetry is based on point measurements 

could explain the comparison results for the average thyroid dose, which was estimated 

experimentally through just one point measurement. 

7.1.1 Organ Dose Comparison from 320-Slice and 64-Slice Studies 

For organ dose comparison purposes, the corresponding traditional 64-slice head protocol 

was also simulated. The scan parameters for this protocol are also included in Table 7-2, while 

the results of these simulations and comparisons are summarized in Table 7-4. Again, only the 

doses to the most radiosensitive organs inside or proximal to the scanned region were reported. 

The rest of the tally results, though available, were intentionally omitted because of being either 
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negligibly small or unreliable due to insufficient statistical sampling. Even though red bone 

marrow and breast are more highly radiosensitive tissues and thus of special dosimetric interest 

in pediatric studies, their corresponding doses could not be evaluated since these organs are not 

defined in the UF Series B nine-month pediatric phantom. At the same tube voltage (120 kVp), 

the organ doses that resulted from the 64-slice helical scanning are roughly 50% higher than the 

doses from the 320-slice broad-beam acquisition. Since the scan range was the same for both 

acquisitions, the difference in organ doses is most likely due to the difference between the 

volumetric-axial and helical acquisitions, which require higher total mAs due to the numerous 

rotations of the x-ray tube during the helical scan. This total mAs is calculated by multiplying the 

tube current, rotation time and the number of tube rotations. The fact that the scan pitch was less 

than 1 resulted in significant beam overlapping, which is augmented by the fact that the actual 

beam width is larger than the nominal beam collimation. Therefore, the organs inside the primary 

x-ray field experience higher exposure to the beam and hence higher doses while the organs 

outside the scan range experience higher scatter radiation and the effect of the intrinsic extra half 

rotation at the beginning and end of the helical scan, also known as helical overscan.  

One parameter that impacts the measured organ doses and which is patient-dependent is 

the total scan length. For a volumetric acquisition, the scan range is selectable from 100 mm to 

160 mm in 20 mm increments. The scan length needed to cover the entire brain is determined 

clinically from the localizing tomogram. For this project, a range of 120 mm was selected to 

adequately cover the phantom. Clearly, an increase in scan range will increase some organ doses, 

especially that of the thyroid as the scan length extends down towards the neck bringing the 

primary radiation field closer to the organ. It is therefore essential from the dose reduction 

perspective to keep the FOV and range of the scan as small as is needed for a proper diagnosis. 
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One limitation of the simulations, in general, is the inability to assess patient motion. A 

single volumetric acquisition acquired in 0.6 seconds will most likely result in significantly less 

patient motion than the helical comparison. While the actual x-ray tube rotation time is less (0.5 

second), the smaller beam width of the 64-slice scanner requires several rotations of the x-ray 

tube about the patient to adequately cover the entire scan range. This longer total scan time may 

prove too long to prevent the patient from moving during the scan. This phantom study did not 

allow for investigation into this issue however, one can conclude that the lower dose and 

decreased total scan time make this protocol a more viable option on the 320-slice scanner than 

on a 64-slice scanner. 

7.2 Adult Brain Perfusion 

One of the most powerful tools of a 320-slice volumetric CT scanner is its ability to image 

an entire organ in a single rotation of the x-ray tube. One clinical application for this type of 

acquisition is the evaluation of suspected stroke patients using brain perfusion data. The 

Radiology Practice Committee (RPC) took on the task of optimizing this protocol in the clinical 

setting to maximize image quality and reduce dose. Organ dose assessments were made for each 

of the required iterations and then compared to the previous standard of perfusion imaging as 

preformed on a 64-slice scanner. 

The volumetric adult brain perfusion protocol used for the evaluation of stroke consists of 

four general acquisitions. First among these is a non-contrast scan of the head to evaluate for 

potential bleeding. At Shands at UF, this is performed as a helical acquisition. This non-contrast 

scan is immediately followed by several dynamic volume scans to acquire perfusion data. 

Depending on the particular study protocol, a helical CT angiogram (CTA) of the head followed 

by a helical head scan with contrast may complete the study. These acquisitions are further 

detailed in Table 7-5. 
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While the scanning parameters used in the non-contrast head, head with contrast and CTA 

of the head remained the same for all iterations of the protocol optimization, parameters for the 

dynamic volumes were varied to reflect the clinical changes the protocol underwent during 

development. The first perfusion study assessed was the one originally suggested by the 

manufacturer, labeled “Manufacturer at 80 kVp” throughout this research project. During the 

optimization process, volumetric acquisitions were done with the tube voltage increased from 80 

kVp to 100 kVp and 120 kVp labeled “Manufacturer at 100 kVp” and “Manufacturer at 120 

kVp,” respectively, with all other scanning and acquisition parameters remaining the same. The 

fourth iteration (the perfusion study labeled “Continuous”) involved changing the timing of the 

arterial-phase acquisitions from intermittent to continuous and adding the helical acquisitions 

(CTA and head with contrast) at the end of the study. Finally, an altogether different acquisition 

protocol (labeled “mA Boost” in this research project) was evaluated. In this protocol, the initial 

helical head CT without contrast was followed by twenty intermittent volume scans with the tube 

current increased during certain portions of the arterial phase.  

For comparison, the protocol used for evaluation of stroke utilized in the 64-slice scanner 

was also evaluated. Because of the smaller beam width (32 mm) compared to the volumetric 

scanner (160 mm), the entire brain is not covered during a single acquisition of the perfusion 

data. Therefore, using the full width of the beam, the perfusion images are acquired during 1 

minute of continuous axial acquisitions (a total of sixty tube rotations). As was the case with the 

320-slice scanner, a helical scan of the head without contrast is acquired before the perfusion 

acquisition. Helical CTA of the head and a second helical of the head with contrast are also 

acquired following the perfusion scan. The parameters for each of these acquisitions are detailed 

in Table 7-6. 
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7.2.1 Organ Dose Comparison with Provided OSL Dosimeter Measurements 

Table 7-7 lists the average organ doses resulting from the brain perfusion protocols 

investigated by Monte Carlo (MC) simulations and the available OSL dosimeter measurements 

performed by Lavoie
67

 for comparison purposes. A more thorough comparison analysis is 

provided in Table 7-8 where the resulting organ doses are detailed per individual acquisition 

type. Some general observations can be made regarding the comparison results: 

• Good agreement, especially in the case of the volume scans, is obtained for small (i.e. eye) or 

well-sampled (i.e. skin) organs which are inside the radiation field, proving the soundness of 

both methods 

• For larger organs, which lie partially inside and partially outside the radiation field, it is clear 

that a certain number and spatial distribution of OSL dosimeter within such organs is 

required to guarantee a proper average organ dose  

• The previous statement is crucial in the case of large organs which extend in the craniocaudal 

direction outside the edges of the radiation field (as is the case of esophagus in this study) 

since there is a large variation of the dose with distance from the isocenter.   

• Because in a helical scan the dose distribution from the primary beam in the phantom varies 

significantly, obtaining an accurate average organ dose from point dose measurements is 

likely to be more challenging; meanwhile the simulations also may not accurately model all 

the aspects of the actual helical scan (amount of the helical overscan, for example)) 

7.1.1 Organ Dose Comparison for the 320-Slice and 64-Slice Studies 

Of the three original manufacturer protocols, the simulations for the acquisitions 

performed at 120 kVp (which provided images of adequate diagnostic quality) resulted in the 

highest mean organ doses, as expected. While initially the 100 kVp volume acquisitions seemed 

a possible compromise between image quality and patient dose, the” mA Boost” and 

“Continuous” protocols resulted in approximately the same mean doses for all organs, roughly 

50% lower than the “Manufacturer 120 kVp”. Since image quality was clinically validated by the 

radiologists, the patient dose consideration was the deciding factor in the selection of the 

“Continuous” and “mA Boost” as the standard 320-slice brain perfusion protocols.  
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When compared to the doses resulting from the simulation of the standard 64-slice brain 

perfusion protocol (Table 7-9), the currently implemented (after the iteration process just 

described) 320-slice protocols show considerable dose savings for the most radiosensitive 

organs. Since the three helical acquisitions (head without contrast, head CTA, and head without 

contrast) are included (with the same scan settings) in all these compared protocols from both 

scanners, it is the dynamic-volume acquisition of the perfusion data that determines these 

differences in absorbed doses. Despite the total scan volume being much smaller (32 mm 

compared to 160 mm nominal beam collimation), the long acquisition time in the 64-slice study 

(one minute of continuous axial acquisitions, while the patient table remains stationary) 

generates a much higher total mAs (9000 compared to 3180 or 3157.5) which clearly results in 

higher organ doses especially for those organs exposed by the primary beam, such as the brain. 

The smaller volume does slightly spare some of the dose to the eyes, but this benefit is far 

outweighed by all the other dose considerations since the risk of deterministic effects (such as 

cataract formation, which is the main concern regarding the eyes from a radiation dose 

perspective) is practically null in these compared perfusion studies. Therefore, it is reasonable to 

conclude that the “mA Boost” and “Continuous” 320-slice protocols are recommended for the 

brain perfusion studies in place of the 64-slice protocol whenever possible. 

7.3 Adult Cardiac CT Angiography 

Cardiac imaging is another area that greatly benefits from the expanded craniocaudal 

coverage provided by the 160-mm-wide CT x-ray beam. Like the brain, the entire heart can be 

imaged with a single gantry rotation and, as in the case of brain perfusion studies, the short 

rotation time allows the contrast bolus to be imaged at a single moment in time producing 

temporally-uniform images
70

 with a temporal resolution of 175 ms using half-rotation 

reconstruction.  
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Cardiac CTA offers an advantageous alternative to invasive coronary angiography 

catheterization for adequate detection of coronary artery disease (CAD). While the American 

College of Cardiology (ACC) considers the 64-slice system as the current standard for cardiac 

CT studies, high doses have been seen as a limitation of its more widespread applicability. 

However, the particularities of the new broad beam volumetric acquisition allow for important 

dose savings as reported in several cardiac CTA studies,
70-72

 even though these results are based 

on effective doses measured with pencil chambers and CTDI phantoms. 

Three cardiac CTA protocols were investigated to assess organ doses for the 320-slice 

volumetric scanner (Aquilion ONE, Toshiba America Medical Systems, Tustin, CA):  

1. Cardiac functional analysis (CFA): If cardiac function needs to be assessed, the CT 

exposure begins with a half-rotation acquisition just before the R-R interval in the cardiac cycle, 

as represented by an electrocardiogram (ECG), continuing through the full R-R interval and 

ending with another half-rotation acquisition just after the R-R interval. Image acquisition during 

the entire heartbeat allows reconstruction images at any point during the cardiac cycle. 

2. CFA with dose modulation (CFA/Mod): In an effort to reduce dose to the patient, the 

CFA protocol may be modified by using dose modulation. While the image acquisition process 

is the same, the tube current (mA) can be decreased during the systole and increased during the 

diastole portion of the heartbeat cycle by selecting a corresponding phase window (the portion of 

the R-R interval) for the scan. 

3. Propective electrocardiogram (ECG) gating (ProspECG): When functional 

information is not necessary, prospective ECG gating is the preferred protocol. If the patient’s 

heart rate is below 65 beats per minute (bpm), images can be acquired during one heart beat 

limiting the x-ray exposure to just a portion of the diastole (phase window).The minimum 
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exposure time needed is 350 ms (one rotation) but can be lengthened (selecting the phase 

window) to obtain more cardiac phases. If the patient’s heart rate is above 65 bpm, several 

acquisitions occur during different heartbeats. In the case of prospective ECG gating, less 

contrast is administered to the patient because of the decreased time needed for the entire study.
71

 

For comparison, the most commonly-performed 64-slice cardiac CTA protocol at Shands 

was investigated. The protocol consists of a single helical scan that covers the entire heart. The 

details of all these cardiac CTA protocols investigated for organ dose assessment are listed in 

Table 7-10. 

 7.3.1 Organ Dose Comparison with Provided OSL Dosimeter Measurements 

The average organ doses resulting from the simulations of the 320-slice cardiac CTA 

studies investigated are listed in Table 7-11. The estimated doses based on OSL dosimeter 

measurements provided by Lavoie
67

 are entered in the same table for comparison. The relative 

differences (considering the simulation results as reference) between the doses evaluated with 

these two methods validate their soundness, but also indicate their limitations. The excellent 

agreement (for CFA and CFA/Mod studies) in the case of the thyroid and lungs proves the 

fidelity of the computational approach in modeling the actual scanning conditions. This 

statement is ensured by the fact that the average dose to the lungs, even though they are large 

organs, was evaluated based on a very well sampled set of point measurements (see Lavoie
67

). 

The slightly larger disagreement in values simulated for the case of the Prospective ECG gated 

study is very likely to be due to the already discussed (Section 6.4.4.3) limitation of the 

simulations to account for exposures from partial rotations. For this particular cardiac study, a 

minimum of one rotation of the tube is required. However, depending on the selected phase 

window (60%-100% for the investigated protocol), more than one rotation is necessary to 

complete the scan. Despite the fact that the total primary beam exposure was correctly 
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represented by the normalization factor (determined as described in Section 6.4.4.2) non-

symmetric irradiation of the phantom introduces additional errors in the simulation results. In the 

case of the stomach dose, the choice of the number and spatial distribution of the point 

measurements to estimate average organ dose is extremely important since this is a relatively 

large organ which happened to be just at the edge of the primary x-ray beam, so it experienced a 

larger non-uniform irradiation. 

7.3.2 Organ Dose Comparison for the 320-Slice and 64-Slice Studies 

Significant dose reductions are provided by the broad-beam volumetric acquisition of the 

320-slice CT scanner for the cardiac CTA studies when compared to standard 64-slice protocol, 

as can be seen from the results of the simulations listed in Table 7-12. As expected due to the 

short exposure time, the largest patient dose savings resulted from the prospectively gated 

protocol (ProspECG). Whenever possible, and clinically indicated, this is the protocol that 

should be used. The clinical limitation of this protocol is the requirement of a low heart rate. The 

manufacturer-specifies a maximum heart rate of 60 bpm; if the heart rate is too high, one heart 

beat is not long enough to acquire the necessary data in one diastole. Therefore, patients with 

heart rates higher than 60 bpm need to be given medication to slow the heart during the scan or 

receive higher doses because more than one heart beat and hence more exposures are needed for 

acquisition of data for proper diagnosis. This may not be clinically possible all times. In addition 

to this fact, arrhythmias and others indications of CAD or a myocardial episode are to be 

detected and inferred from evaluating the heart at the altered rate, thus defeating the actual 

purpose of the study. 

When complete functional analysis of the heart is clinically necessary, the prospectively-

gated protocol is not an option. Of the two functional analysis protocols, the protocol that 

includes dose modulation resulted in lower organ doses, as expected. On average, there was a 
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55% dose reduction in all mean organ doses (and even more significant (as high as 72%) for 

organs in the primary beam such as skin and lung) using the dose modulation feature for the 

functional analysis protocol and should be the preferred protocol for functional analysis. 

7.4 General Comment 

Some considerations about the practicality of these MCNP5 Monte Carlo simulations using 

voxelized tomographic phantoms of huge matrices need to be addressed from a clinical patient 

dosimetry perspective. The computer time required by a simulation using the full phantom (more 

than 12 hours, depending on the size and resolution of the phantom, just for representing the 

model, followed by adequate running time to achieve reliable precision in the simulated results) 

is unpractical. However, the results of the simulations in this research work show that the doses 

to the organs outside of the primary x-ray beam are reasonably small as compared with those 

from organs in the beam and therefore can be neglected. Consequently, in order to estimate the 

average doses for the organs of interest (depending on the CT study) the full phantom can be 

adjusted using a code like GHOST_3D (described in Chapter 2) so that only the relevant part of 

it (according to the user needs) can be used in the simulations. The attenuation and scatter from 

the missing part of the anatomy can be reasonably modeled by cylinders or boxes filled with 

water or soft tissue. Huge savings in the simulation time can be such achieved with very small 

compromise in the accuracy of the results. For example, for simulations of the perfusion studies 

performed with a reduced model, only the head and part of the torso (just below the end of the 

esophagus) rendered in one hour of simulation time average doses for eyes, brain, esophagus, 

and thyroid within 3% of the “full model results”; while the average skin dose was 

overestimated, as this is one example of a large organ for which an extremely non-uniform 

radiation dose distribution occurs, indicating that the average organ dose may not be the most 

adequate dosimetric quantity. It appears then that an evaluation of the average dose which 
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includes only the part of the skin irradiated by the primary beam may be more useful, at least for 

assessing risk for deterministic effects until more realistic and reliable risk estimate models for 

stochastic effects are developed.  

Since the main goal of this research work was to develop a computational methodology 

that can be clinically used for MDCT patient dosimetry purposes, the computational approach 

using partial tomographic phantoms is the choice for routine use. 
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Table 7-1 Tissue-weighting factors. 

Tissue  wT ΣwT 

Bone-marrow (red), colon, lung, stomach, breast, remainder tissue* 0.12 0.72 

Gonads  0.08 0.08 

Bladder, esophagus, liver, thyroid  0.04 0.16 

Bone surface, brain, salivary glands, skin  0.01 0.04 

 Total 1.00 

* Remainder tissues: adrenals, extrathoracic (ET) region, gall bladder, heart, kidneys, lymphatic 

nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thymus, uterus/cervix. 

 

 

Table 7-2 Scan parameters for the protocols of the pediatric head studies investigated 

Scan Parameter  Helical  Volume 

Nominal Tube Voltage  120 kVp   120 kVp 

Tube Current  200 mA   200 mA 

Tube Rotation Time  0.5 sec   0.6 sec 

Effective mAs  157   121 

Helical Pitch  0.641   - 

Scan Range  120 mm   120 mm 

Nominal Beam Collimation  0.5 mm x 64  0.5 mm x 240 

Focal Spot  Small   Small 

Filter  Small - S   Small – S 

 

 

Table 7-3 Average organ dose (mGy) comparison for the 320-slice CT pediatric studies 

investigated; Monte Carlo simulations (MC)
*
 vs. measurements (OSL) 

 120 kVp 100 kVp 

 OSL MC Rel. Diff. (%) OSL MC Rel. Diff. (%) 

 max mean   max mean   

Skin 22.57 18.98 19.96 -4.93 14.21 12.02 13.11 -8.32 

Lenses 24.08 22.14 21.36 3.52 15.33 13.85 13.62 1.72 

Thyroid 2.13 1.95 2.20 -11.38 1.22 1.15 1.28 -9.83 
*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 
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Table 7-4 Average organ dose (mGy) comparison for the pediatric head CT simulations; 

                320-slice vs. 64-slice corresponding studies 

 64-slice 320-slice Rel. Diff.(%) 

Salivary glands 18.37 8.06 -56.11 

Stomach 0.34 0.18 -47.17 

Brain 34.03 21.32 -37.34 

Lung 2.32 1.20 -48.27 

Skin 8.86 5.27 -40.54 

Thyroid 5.42 2.20 -59.44 

Liver 0.35 0.19 -45.68 

Esophagus 1.64 0.76 -54.03 

Eye 36.98 21.36 -42.25 
*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 

 

Table 7-5. Details of 320-slice brain perfusion protocols. 

Scan name  Scan type  kVp Tube current 

(mA) 

Rotation 

Time (s) 

Number of 

volumes 

Head without  Helical  120 300 0.5 - 

CTA head  Helical  120 400 0.5 - 

Head with  Helical  120 300 0.5 - 

Manufacturer at 80 kVp  Dynamic volume 1  80 310 0.75 5 

 Dynamic volume 2  80 150 0.75 1 

 Dynamic volume 3  80 150 0.75 13 

Manufacturer at 100 kVp  Dynamic volume 1  100 310 0.75 5 

 Dynamic volume 2  100 150 0.75 1 

 Dynamic volume 3  100 150 0.75 13 

Manufacturer at 120 kVp  Dynamic volume 1  120 310 0.75 1 

 Dynamic volume 2  120 150 0.75 13 

 Dynamic volume 3 120 150 0.75 5 

Continuous  Dynamic volume 1  80 300 1.0 1 

 Dynamic volume 2  80 120 1.0 17 

 Dynamic volume 3  80 120 1.0 7 

mA Boost  Dynamic volume 1  80 310 0.75 1 

 Dynamic volume 2  80 150 0.75 2 

 Dynamic volume 3  80 300 0.75 7 

 Dynamic volume 4  80 150 0.75 4 

 Dynamic volume 5  80 150 0.75 6 
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Table 7-6. Scan parameters for helical adult brain perfusion protocol. 

Scan name Scan type  kVp Tube current 

(mA) 

Rotation 

Time (s) 

Helical 

Pitch 

Nominal 

collimation 

Head without  Helical  120 300 0.5 0.641 0.5 x 64 mm 

Perfusion  Dynamic volume
* 

120 150 1.0 -- 8.0 x 4 mm 

CTA Head Helical  120 400 0.5 0.641 0.5 x 64 mm 

Head with delay  Helical  120 300 0.5 0.641 0.5 x 64 mm 
*
sixty continuous axial acquisitions with patient table stationary 

 

 

Table 7-7 Average organ dose (mGy) comparison for the 320-slice CT brain perfusion studies 

investigated; Monte Carlo simulations (MC)
*
 vs. measurements (OSL) 

Study  Organ Dose (mGy) 

  Esophagus
a 

Thyroid
b 

Brain
c 

Skin
d 

Eye
e 

Manufacturer 80 kVp OSL 3.23 4.99 199.82 258.41 301.58 

 MC 2.04 5.81 265.24 280.46 285.95 

 Rel. Diff. (%) 58.07 -14.07 -24.67 -7.86 5.46 

Manufacturer 100 kVp OSL 5.98 9.05 356.57 424.97 496.88 

 MC 4.04 11.03 464.20 444.32 466.92 

 Rel. Diff. (%) 48.13 -17.96 -23.19 -4.36 6.42 

Manufacturer 120 kVp OSL 9.78 14.37 561.66 602.34 735.15 

 MC 6.87 18.33 722.24 654.04 713.83 

 Rel. Diff. (%) 42.33 -21.58 -22.23 -7.90 2.99 

Continuous OSL 3.46 5.01 193.56 233.33 269.74 

 MC 2.29 6.40 260.18 273.12 264.43 

 Rel. Diff. (%) 51.35 -21.70 -25.61 -14.57 2.01 

mA Boost OSL 3.43 5.14 191.76 241.38 273.24 

 MC 2.29 6.42 261.28 274.42 265.60 

 Rel. Diff. (%) 49.59 -19.92 -26.61 -12.04 2.87 
a
long (axially) organ outside the radiation field; 

b
smaller organ outside the radiation field; 

c
large 

organ inside the radiation field; 
d
only the area of the skin inside the radiation field included in the 

simulation; 
e
small organ inside the radiation field 

*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 
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Table 7-8 Average organ dose (mGy) comparison for each protocol in the brain perfusion studies 

investigated; Monte Carlo simulations (MC)
*
 vs. measurements (OSL) 

Protocol kVp  Organ Dose (mGy) 

   Esophagus Thyroid Brain Skin Eye 

Head without 120 OSL 0.76 1.09 30.86 32.57 37.62 

  MC 0.31 1.27 43.96 44.81 40.86 

  Rel. Diff. (%) 143.34 -14.10 -29.80 -27.31 -7.94 

CTA Head  120 OSL 0.93 1.34 40.59 42.32 48.02 

  MC 0.40 1.61 55.86 56.94 51.93 

  Rel. Diff. (%) 134.32 -16.90 -27.34 -25.68 -7.53 

Head with  80 OSL 0.76 1.09 30.86 32.57 37.62 

  MC 0.31 1.27 43.96 44.81 40.86 

  Rel. Diff. (%) 143.34 -14.10 -29.80 -27.31 -7.94 

Continuous 80 OSL 1.01 1.49 91.25 125.87 146.48 

  MC 0.50 2.06 121.45 126.56 147.92 

  Rel. Diff. (%) 102.08 -27.67 -24.87 -0.54 -0.98 

 mA Boost  80 OSL 0.98 1.62 89.45 133.92 149.98 

  MC 0.50 2.08 122.58 127.86 149.17 

  Rel. Diff. (%) 94.27 -22.09 -27.03 4.74 0.54 

Manufacturer  80 OSL 1.71 2.81 138.10 193.27 226.34 

  MC 0.75 3.10 182.93 190.84 222.58 

  Rel. Diff. (%) 127.15 -9.44 -24.51 1.27 1.69 

Manufacturer  100 OSL 4.46 6.87 294.85 359.83 421.64 

  MC 2.01 8.09 385.32 354.71 412.10 

  Rel. Diff. (%) 121.80 -15.10 -23.48 1.44 2.31 

Manufacturer  120 OSL 8.26 12.19 499.94 537.20 659.91 

  MC 3.89 15.14 647.14 564.42 670.52 

  Rel. Diff. (%) 112.11 -19.50 -22.75 -4.82 -1.58 
*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 

 

 

Table 7-9 Average organ dose (mGy) comparison for the brain perfusion CT simulations;  

                 320-slice vs. 64-slice corresponding studies 

 64-slice Cont Rel. Diff. (%) mABoost Rel. Diff (%) 

Eye 240.57 273.14 13.54 274.44 14.08 

Skin 29.58 20.60 -30.37 20.69 -30.07 

Brain 690.58 265.23 -61.59 266.36 -61.43 

Thyroid 7.34 6.21 -15.36 6.23 -15.10 

Colon 0.07 0.04 -41.07 0.04 -40.90 

Stomach 0.27 0.17 -35.50 0.17 -35.30 

Liver 0.39 0.24 -38.55 0.24 -38.38 

Esophagus 2.01 1.52 -24.34 1.53 -24.11 

Lung 1.62 1.12 -30.85 1.12 -30.63 
*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 
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Table 7-10. Scan parameters for adult cardiac CTA protocol. 

Protocol  Tube voltage 

(kVp) 

Tube current 

(mA) 

Rotation time 

(s) 

Nominal collimation 

(mm) 

Helical 

pitch 

Prosp ECG  120 P400 0.35 0.5 x 320 -- 

CFA/Mod  120 M500 0.35 0.5 x 320 -- 

CFA  120 M500 0.35 0.5 x 320 -- 

64-slice  120 490 0.4 0.5 x 64 0.212 

 

 

Table 7-11 Average organ dose (mGy) comparison for the 320-slice cardiac CTA studies 

investigated; Monte Carlo simulations (MC)
*
 vs. measurements (OSL) 

Study Organ Dose (mGy) 

  Thyroid
a 

Lung
b 

Stomach
c 

Skin
d 

Prospectively Gated CTA OSL 2.50 13.94 2.08 21.29 

 MC 2.76 15.21 2.97 17.34 

 Rel. diff. (%) -9.36 -8.35 -30.03 22.81 

Functional Analysis (CFA) OSL 7.81 43.77 6.25 67.71 

 MC 8.12 44.76 8.75 51.02 

 Rel. diff. (%) -3.78 -2.22 -28.56 32.72 

CFA with Dose Modulation OSL 4.61 26.07 3.73 41.84 

 MC 4.88 26.90 5.26 30.66 

 Rel. diff. (%) -5.48 -3.08 -29.05 36.47 
a
small organ outside the radiation field; 

b
large organ all inside the radiation field; 

c
large organ at 

the edge of the radiation field; 
d
large surface organ 

 
*
The statistical relative error for all reported doses is less than 1% (at one standard deviation) 

 

 

Table 7-12 Average organ dose (mGy) comparison for the cardiac CTA studies simulations;  

                   320-slice vs. 64-slice corresponding studies 

 Skin Thyroid Colon Stomach Liver Esophagus Lung 

64-slice 74.30 10.69 1.41 9.73 11.14 61.99 99.25 

CFA 33.41 8.12 1.29 8.75 7.30 60.31 44.76 

Rel. Diff. (%) -55.04 -24.04 -8.21 -10.10 -34.49 -2.71 -54.90 

CFA/Mod 20.08 4.88 0.78 5.26 4.39 36.24 26.90 

Rel. Diff. (%) -72.98 -54.35 -44.84 -45.97 -60.63 -41.53 -72.90 

ProspECG 11.35 2.76 0.44 2.97 2.48 20.49 15.21 

Rel. Diff. (%) -84.72 -74.19 -68.81 -69.45 -77.74 -66.94 -84.67 

64-slice considered reference  
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CHAPTER 8 

CONCLUSIONS 

8.1 Analysis of the Results 

The overall purpose of this project was to develop an efficient and reliable computational 

methodology that can be clinically used for the assessment of average organ doses resulting from 

MDCT scans in general, and specifically from the new 320-slice MDCT scanner at Shands 

Hospital at the University of Florida. In order to accomplish this goal, the two available radiation 

transport methods, Monte Carlo and deterministic, were investigated using two robust and well-

validated computer codes, MCNP5 and PENTRAN, respectively. While the Monte Carlo method 

has been already used for MDCT dosimetry applications, the deterministic approach is yet to be 

validated for this particular application.  

A required step in the successful implementation of either of these methods was the 

availability of reliable x-ray spectra. To fulfill this need, a new code, DXS (Diagnostic X-ray 

Spectra), based on the model proposed by Tucker et al.
31

 (TBC model), was developed and 

evaluated to numerically generate central axis spectra for tungsten-target x-ray tubes spanning 

the diagnostic radiology energy range (50-140 keV) according to user-defined input parameters 

such as target angle, type and amount of filtration, air distance and kVp. Using MCNP5 Monte 

Carlo simulations, the description of the characteristic x-ray production of the TBC model was 

improved in the DXS code, by adjusting the fractional emission to better account for the 

dependence on the x-ray tube potential. Though developed to serve the Monte Carlo and 

deterministic radiation transport simulations for patient dose assessments in different ionizing 

radiation imaging modalities, including computed tomography for this research, DXS may also 

be successfully used to generate the spectra needed for radiation protection calculations or 

characterization and comparisons of imaging systems.  
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A code system, PENTRAN-MP, was assembled from existing and specially developed (as 

a result of this work) codes to support the deterministic radiation transport methodology 

proposed for dose assessments in medical physics applications. The preliminary tests performed 

proved the soundness of the algorithms and the high accuracy of the numerical results rendered 

by PENTRAN computations when exact or faithful cross sections for the physical particle 

interactions are provided. However, following tests demonstrated that the accuracy of the 

deterministic solution for photon radiation transport in the low energy (up to 200 keV) range 

critically depends on the energy group structure for which the required cross sections are to be 

provided. Because of the steep variation (1/E
3
) with energy of the interaction coefficients for 

organs and tissues in the human body in the diagnostic energy range (50-150 keV), the 

optimization of an energy-group structure for deterministic simulations appears to be 

insurmountable with present-time cross section and computer resources availability. This 

optimization is dependent on both the problem and the objective sought and thus needs to be 

performed for every source-energy spectrum and almost for every organ. Hence, at this stage it 

can be concluded that due to its numerical accuracy, sound algorithms, and capability of 

rendering fast and global results, the PENTRAN-MP methodology remains a potential solution 

to radiation transport problems in diagnostic medical physics but without further work on 

multigroup approaches, is not currently ready to be employed for routine organ dose calculations 

for diagnostic imaging procedures.  

Consequently, the Monte Carlo method was the selected approach to accomplish the 

objectives of the research and for that purpose, the source subroutine of the MCNP5 code was 

edited to appropriately model the source for the 320-slice MDCT scanner. An accurate MC 

simulation for MDCT typically requires a detailed description of the scanner under investigation, 
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including photon energy spectra, total inherent and bowtie filtration design, and scan geometry 

(i.e., focal spot-to-isocenter distance, fan beam angle, beam collimation, etc). In state-of-the-art 

systems, most of this information (the scanner-specific source spectra and filtration, for example) 

is usually proprietary. To overcome these restrictions, a method to generate an equivalent 

scanner-specific source model for MC simulations was developed and thoroughly validated. This 

method is based entirely on physical measurements performed on standard clinical CT 

equipment. This “equivalent source” model is defined by an equivalent energy spectrum and an 

analytical function to generate the weight of the source particles in the MC simulation that 

emulates the variable attenuation of the actual photon beam across the fan angle by the actual 

total filtration (including the tube’s inherent filtration and the bowtie filter).  

The developed equivalent source and filtration method was used to perform patient organ 

dose assessments, making use of the valuable UF tomographic phantoms, for the Aquilion ONE 

320-slice CT system. Dose measurements from the 320-slice scanner that have been reported to 

date are in the form of effective doses and CTDI values displayed by the scanner, rather than 

actual organ doses. Simulations were performed for the complete neuro, cardiac, and pediatric 

CT studies that were conducted on physical tomographic phantoms in parallel research work 

employing optically stimulated “OSL” dosimeters for organ dose evaluations 
67 

The expected 

variation of the organ doses when changing the scan settings (such as the tube voltage or the 

mAs) were correctly predicted by the simulations and confirmed by comparison with the 

available measurements. If these effects, at least qualitatively, could be anticipated without 

sophisticated simulations, less predictable were organ doses variations from modifications of the 

scan sequence in the protocol for a complete study (such as introducing or substituting 

volumetric scan acquisitions with helical ones, which was the case with the brain perfusion 
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studies investigated). The power of the computational method stemmed from the fact that a small 

database with the results from the simulations for the most used type of scans can be relatively 

easily built and in a reasonable amount of time (a good part of it has already been achieved as a 

result of this research work). Then, using normalization factors based on common air kerma 

measurements (also archived in the database), the organ doses for any new proposed protocol 

can be predicted almost immediately. The standard 320-slice brain perfusion protocol at Shands 

at UF was optimized based on this methodology, in overall very good agreement with the results 

of the corresponding OSL dosimetric measurements. Furthermore, comparisons were made 

between volumetric and standard helical protocols, showing a potential reduction in organ doses 

using the volumetric scanner for the protocols evaluated. The clinical impact of such results is 

very significant, especially in the case of pediatric patients and of traditionally high-dose cardiac 

CTA studies. For example, 50% in average dose reductions were estimated for the 320-slice 

volumetric pediatric head CT protocol. For the cardiac CTA, the dose reductions estimated were 

more significant in the case of the Prospective ECG gated protocol, more than 80% for the dose 

to lungs and around 65% for other radiosensitive organs inside or proximal to the primary x-ray 

beam (such as thyroid, colon, or liver). Also 56% in average dose reduction was estimated in the 

case of the Cardiac Functional Analysis protocol when tube current modulation is to be used. 

To conclude, the present research work provides a validated computational tool ready to be 

implemented clinically in the calculation of dose indices (or dose intervals) for the Shands’ CT 

protocols database. 

8.2 Future Work 

As normally should occur with radiation transport numerical methodology, this research 

work is perfectible and open to future work. There are several aspects that can be improved or 

further developed such as the modeling of the heel effect and of the bowtie filtration through a 
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more faithful source particle weighting or by direct modification of the DXS code to provide off-

axis spectra accounting for the heel effect at the tube’s exit window or after complex filtration, 

such as that resulting from the use of a bowtie filter.  

Of immediate practical benefit will be the use of the developed “equivalent source and 

filtration” model to characterize the other CT scanners at Shands Hospital for dosimetric 

assessment by computer simulations. 

A natural extension of this research should be to further develop and tune the 

computational methodology for retrospective patient dose estimation that can be archived in the 

patient’s electronic medical record/history. For this endeavor, of great benefit should be the use 

of appropriate simulation models from the UF’s series of hybrid phantoms. 

Regarding the deterministic method, generation of special weighted cross sections and 

mass energy absorption coefficients in the radiographic energy range may overcome the present 

difficulties. If enough computer resources are available (super clusters), a large number of 

properly weighted energy groups may also make viable the deterministic solution for diagnostic 

medical physics applications. However, studies need to be made regarding the practicality of 

super computers for routine clinical use. 
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APPENDIX A 

CODE DESCRIPTION AND SAMPLES OF OUTPUT FILES - PENIMP 

PENIMP is a Fortran 90 code developed to automatically generate source biasing 

parameters and space-energy dependent weight window lower bounds to be used in conjunction 

with the mesh-based option of the weight window variance reduction technique in MCNP5 (see 

MCNP5 manual, vol. II, p.3-43 to 3-50).  

The CADIS methodology (see A
3
MCNP manual) is implemented in the code to provide 

the parameters needed to increase the efficiency of MCNP5 simulation based on importance 

function calculated with PENTRAN adjoint transport. 

The execution of the code requires: 

• the "penmsh.inp" or "phantom.inp" file (the user is prompted to select which one is to be 

used by PENIMP) used to generate PENTRAN's input deck 

• the "problem_name1.inp" file (the input file of the first z-level) if "penmsh.inp" is going 

to be used 

• the "en_bin.txt" file (a file having on top a comment line, then on the second line the 

number of energy groups used in the PENTRAN adjoint calculation, and then, in 

ascending order, upper limits in keV of the energy groups); NOTE: if DXS was used to 

generate the energy spectrum or the input file "cepinp" to calculate the cross sections 

with CEPXS, then this file is automatically produced by DXS' execution. 

• the "problem_name.flx" files generated with PENDATA having the group scalar adjoint 

function in all the fine meshes (the files needs to have on the first four columns the x,y,z 

coordinates, and scalar adjoint, respectively) 

• the extent of the source (xmin, xmax, ymin, ymax, zmin, zmax) going to be used in the 

Monte Carlo run (the current version of the code works only for parallelepiped sources) 

- the user will be prompted to enter it from keyboard 

• the detector response factor (e.g. reaction rate, dose, etc.); if a rough estimation of the 

response function is available (for example calculated from the forward or adjoint 

transport), it is highly recommended to be used - the user is also prompted to enter it 

from keyboard 
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The code generates two files ready to be used in the MCNP5 run: 

• -"wwinp" containing the mesh specification and the space and energy dependent 

importances in the exact format required by MCNP5 (see Appendix J in the MCNP5 

manual, vol. II) 

• -"sdef.txt" containing the spatial distribution of the source (only volumetric source 

defined by points it's presently implemented)-"SI" cards, source probabilities-"SP" 

cards, and energy dependent source biasing parameters-"SB" cards;  

The “sdef.txt” file can be appended to an already prepared MCNP5 deck that has at its last 

part the "sdef" card defined as: 

sdef    erg=d1 pos=Ferg=d2 

followed by SI1 and SP1, source spectrum definition. Again, if DXS was used to produce this 

spectrum, all this part of the source definition is automatically generated in the "mc_spc.txt" file. 

Below is a sample of the “mc_spc.txt” generated with DXS for an eight group transport 

simulation. 

“mc_spc.txt” 

sdef    erg=d1 

si1  H  0.01 

        0.0300 

        0.0350 

        0.0400 

        0.0450 

        0.0500 

        0.0550 

        0.0600 

        0.0800 

sp1  D  0.00 

        0.2312445E+00 

        0.1439297E+00 

        0.1381250E+00 

        0.1222826E+00 

        0.1027741E+00 

        0.8291232E-01 

        0.7116665E-01 

        0.1075652E+00 
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As can be seen, the user needs to edit the first line of the file adding the string 

“pos=Ferg=d2” and then append it to the MCNP5 deck. To complete the MCNP5 deck the user 

only has to append the content of the “sdef.txt” file. Parts of one “sdef.txt” produced by PENIMP 

are shown below: 

“sdef.txt” 

DS2  S    3  4  5  6  7  8  9 10 

SI3  L   

       9.6093      4.4531     90.6000     10.0780      4.4531     90.6000 

     10.5470      4.4531     90.6000     11.0160      4.4531     90.6000 

     11.4840      4.4531     90.6000     11.9530      4.4531     90.6000 

     12.4220      4.4531     90.6000     12.8910      4.4531     90.6000 

     13.3590      4.4531     90.6000     13.8280      4.4531     90.6000 

---------------------------------------------------//-------------------------------- 

SP3  1  999r 

SB3 

     6.862E+23     6.339E+23     5.679E+23     5.115E+23     4.654E+23 

     4.189E+23     3.739E+23     3.371E+23     3.061E+23     2.773E+23 

     2.506E+23     2.271E+23     2.054E+23     1.854E+23     1.690E+23 

     1.681E+23     1.818E+23     1.819E+23     1.984E+23     2.042E+23 

--------------------------------------------------//----------------------------------- 

     4.889E+23     4.948E+23     5.015E+23     5.083E+23     5.150E+23 

     5.208E+23     5.257E+23     5.300E+23     5.336E+23     5.379E+23 

     5.509E+23     5.757E+23     5.752E+23     5.612E+23     5.827E+23 

wwp:p 4j -1 

*f6:p 

ctme 

print 

 

Obviously, it is the user’s responsibility to edit the last cards according to the 

needs/requirements of each simulation in part.  

For completeness, part of the “wwinp” file is also included. 
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“wwinp” 

         1         1         2        10 

         0         8 

           79           48          125 -0.20000E-01 -0.20000E-01 -0.20000E-01 

            1            6            5            1 

 -0.20000E-01   79.000       37.051       1.0000     

 -0.20000E-01   8.0000       3.7500       1.0000       8.0000       7.5000     

   1.0000       8.0000       11.250       1.0000       8.0000       15.000     

   1.0000       8.0000       18.750       1.0000       8.0000       22.520     

   1.0000     

 -0.20000E-01   25.000       30.000       1.0000       25.000       60.000     

   1.0000       25.000       90.000       1.0000       25.000       120.00     

   1.0000       25.000       150.02       1.0000     

  0.30000E-01  0.35000E-01  0.40000E-01  0.45000E-01  0.50000E-01  0.55000E-01 

  0.60000E-01  0.80000E-01 

  0.43871E-23  0.42294E-23  0.39328E-23  0.36163E-23  0.33653E-23  0.32204E-23 

  0.31969E-23  0.33011E-23  0.35358E-23  0.38908E-23  0.43200E-23  0.47114E-23 

  0.49025E-23  0.47925E-23  0.44419E-23  0.40140E-23  0.36479E-23  0.34143E-23 

  0.33418E-23  0.34517E-23  0.37820E-23  0.44047E-23  0.54395E-23  0.70309E-23 

  0.91462E-23  0.10975E-22  0.10888E-22  0.88248E-23  0.65203E-23  0.49000E-23 

  0.39768E-23  0.35881E-23  0.36585E-23  0.42650E-23  0.57355E-23  0.89288E-23 

  0.15954E-22  0.31392E-22  0.58201E-22  0.64366E-22  0.36195E-22  0.17744E-22 

  0.98714E-23  0.64596E-23  0.49170E-23  0.42830E-23  0.42090E-23  0.46071E-23 

…………………………………………………………………………………………. 
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APPENDIX B 

SUBROUTINE AND SAMPLES OF INPUT FILES - MCNP5 

Source.F90 Subroutine File 

 subroutine source 

   ! dummy subroutine.  aborts job if source subroutine is missing. 

   ! if nsr=0, subroutine source must be furnished by the user. 

   ! at entrance, a random set of uuu, vvv, www has been defined.  the 

   ! following variables must be defined within the subroutine: 

   ! xxx, yyy, zzz, icl, jsu, erg, wgt, tme and possibly ipt, uuu, vvv, www. 

   ! subroutine srcdx may also be needed. 

 

   use mcnp_global 

   use mcnp_debug 

   use mcnp_random 

 

   implicit real(dknd) (a-h,o-z) 

 

   real, dimension(140) :: spectrum 

 

!scanner specific variables 

   sid=RDUM(1)                  ! focal spot to isocenter distance 

   fan_angle=RDUM(2)       ! fan beam angle 

 

!scan specific variables 

  scanstart=RDUM(3)        ! start position of the scan on the z-axis 

   scanlenght=RDUM(4)     ! scan range (z-extent of the scan length); 0 if axial acquisition 

   beamwidth=RDUM(5)    ! actual beam width 

   pitch=RDUM(6)              ! pitch of the helical acquisition; 0 if axial acquisition 

   ifilter=RDUM(7)             ! type of the shaping filter used in the acquisition 

!                                                     ! 1 for small-S at  80 kVp 

!                                                     ! 2 for small-S at 100 kVp 

!                                                     ! 3 for small-S at 120 kVp 

!                                                     ! 4 for small-S at 135 kVp 

!                                                     ! 5 for large-L at   80 kVp 

!                                                     ! 6 for large-L at  100 kVp 

!                                                     ! 7 for large-L at  120 kVp 

!                                                     ! 8 for large-L at  135 kVp 

!                                                     ! 9 for medium-M at   80 kVp 

!                                                     ! 10 for medium-M at   100 kVp 

!                                                     ! 11 for medium-M at   120 kVp 

!                                                     ! 12 for flat filter 

 

!model specific variables 

   xcenter=RDUM(8) 

   ycenter=RDUM(9) 
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   n_source_cell=RDUM(10) 

 

c ------------------------------------------------------------------------ 

c Over scanning: half rotation before and after the scan range 

c ------------------------------------------------------------------------ 

   scanstart=scanstart-0.5*beamwidth*pitch 

   scanlenght=scanlenght+beamwidth*pitch 

 

!-------------------------------------------------------------------------- 

 ! Sample starting position (xxx,yyy,zzz) 

 ! alpha is the helix parameter 

!-------------------------------------------------------------------------- 

   zzz=rang()*scanlenght+scanstart 

 

   if (pitch==0) then 

 !    alpha=0 

  alpha=rang()*2*pie 

  zzz=scanstart 

   else 

  alpha=((zzz-scanstart)*2*pie)/(beamwidth*pitch) 

   end if 

 

   xxx=sid*sin(alpha)+xcenter 

   yyy=sid*cos(alpha)+ycenter 

 

 !---------------------------- 

 ! Sample within actual beam width; particle frame of reference 

 !---------------------------- 

   theta_min=(fan_angle*pie/180.)/2. 

 

   in=0 

   Do 100 while (in==0) 

  theta=acos(rang()*(1-cos(theta_min))-1) 

  phi=2.*pie*rang() 

 

!direction cosines 

  u=sin(theta)*sin(phi) 

  v=cos(theta) 

  w=sin(theta)*cos(phi) 

 

!particle x and z coordinates 

  d=sid/v 

  z=d*w…………. 

  x=abs(d*u) 

 

  if ((z > (-beamwidth/2)) .and. (z < beamwidth/2)) then 
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   in=1 

  end if 

100    continue 

 

! Assign directional cosines (rotate the spherical 

! coordinate system) in the code frame of reference  

 

   uuu=u*cos(alpha)+v*sin(alpha) 

   vvv=-u*sin(alpha)+v*cos(alpha) 

   www=w 

 

! Assign "icl" source cell number, 

! "jsu" =0 if the particle starting point not on any surface, and "tme" 

 

   icl=namchg(1,n_source_cell) 

   jsu=0  

   tme=0 

   ipt=2                                               !type of the source particle; 2=photon 

 

!----------------------- 

! Sample the particle energy according to the input spectrum 

!----------------------- 

   open(1,file='probabil.txt', status='old') 

 

   spectrum=0 

   read(1,*)n 

   Do i=1,n 

  read(1,*)spectrum(i) 

   end do 

 

   close(1) 

 

   iflag=0 

   do 200 while (iflag==0) 

  erg=rang()*n+3. 

  prob=rang()*0.08 

  ienbin=erg-1 

  ienbin=iebin-0.5 

 

  if (prob < spectrum(ienbin)) then 

   iflag=1 

  end if 

 

200    continue 

 

   erg=erg*0.001                                   !transform energy in MeV 
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!-------------------------------------------------------------------------------------- 

! Assign source particle weight based on nominal kVp and shaping filter 

!-------------------------------------------------------------------------------------- 

      if (ifilter==1) then 

          wgt=0.008184459183+(1.080446839107-0.008184459183)/ & 

   &(1+exp((x-6.511525165043)/2.410834827386)) 

      end if 

 

      if (ifilter==2) then 

          wgt=0.011572813393+(1.074326421266-0.011572813393)/ & 

   &(1+exp((x-7.410843351045)/2.594081798962)) 

      end if 

 

      if (ifilter==3) then 

          wgt=0.01465711441+(1.071606462458-0.01465711441)/ & 

   &(1+exp((x-7.884709630416)/2.712182381585)) 

      end if 

 

      if (ifilter==4) then 

          wgt=0.017021271941+(1.069003646586-0.017021271941)/ & 

   &(1+exp((x-8.179943569255)/2.783519960571)) 

      end if 

 

      if (ifilter==5) then 

          wgt=0.011901953471+(1.151824934094-0.011901953471)/ & 

   &(1+exp((x-7.186449694024)/3.359213631267)) 

      end if 

 

      if (ifilter==6) then 

          wgt=0.01248875341+(1.159459753996-0.01248875341)/ & 

   &(1+exp((x-7.83105445929)/3.754683239101)) 

      end if 

 

      if (ifilter==7) then 

          wgt=0.012854174257+(1.159532943306-0.012854174257)/ & 

   &(1+exp((x-8.384760008667)/4.031701345148)) 

      end if 

 

      if (ifilter==8) then 

          wgt=0.02836838399+(1.140602851738-0.02836838399)/ & 

   &(1+exp((x-8.76840943394)/3.93379138499)) 

      end if 

 

      if (ifilter==9) then 

          wgt=0.00537849721+(1.066680802101-0.00537849721)/ & 
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   &(1+exp((x-7.11889431028)/2.382517070947)) 

      end if 

 

      if (ifilter==10) then 

          wgt=0.008533695997+(1.067184467959-0.008533695997)/ & 

   &(1+exp((x-7.659468200997)/2.549873644541)) 

      end if 

 

      if (ifilter==11) then 

          wgt=0.011711866976+(1.064053422213-0.011711866976)/ & 

   &(1+exp((x-8.077007171583)/2.668894860883)) 

      end if 

      

   if (ifilter==12) then 

   wgt=1 

   end if 

 

 

   return 

   end subroutine source 

  



 

162 

Input File for the Simulations of Air Kerma Measurements in Head CTDI Phantom 

c    cells                                                                       

    1      2   -1.19         -2 3 4 5 6 7                           $ head phantom 

   12     1   -0.00129   -33                                        $ central electrode 

   22     1   -0.00129   33 -23                                   $ ion chamber active volume  

    2      1   -0.00129   23 -3                                     $ ion chamber wall 

    3      1   -0.00129   -4                                          $ 3 o'clock hole 

    4      1   -0.00129   -5                                          $ 12 o'clock 

    5      1   -0.00129   -6                                          $ 9 o'clock 

    6      1   -0.00129   -7                                          $ 6 o'clock 

    7      3   -1.4            8 -9 10 -11 -12                     $ inner table shell 

   10     3    -1.4 13 -14 10 -11 -12                           $ outer table shell  

    8      1   -0.00129   -1 #1 #2 #3 #4 #5 #6 #7 #10 #12 #22  

    9      0         1  

 

c    surfaces                                                                    

    1       rcc 0 0 -10 0 0 30 75  

    2       rcc 0 0 -7.7 0 0 15.4 8   

    3       rcc 0 0 -5 0 0 10 0.5     

   23       rcc 0 0 -5 0 0 10 0.32    

   33       rcc 0 0 -5 0 0 10 0.07    

    4       rcc 7 0 -7.7 0 0 15.4 0.65    

    5       rcc 0 7 -7.7 0 0 15.4 0.65    

    6       rcc -7 0 -7.7 0 0 15.4 0.65   

    7       rcc 0 -7 -7.7 0 0 15.4 0.65   

    8       c/z 0 43 51.1 

    9       c/z 0 43 51.4 

   10        pz -14 

   11        pz 14 

   12        py -3 

   13       c/z 0 23.3 35 

   14       c/z 0 23.3 35.3 

 

mode  p 

m1    8000.             -0.24           $Air 

         7000.             -0.76      

m2    1000.             -0.08           $PMMA 

         6000.             -0.6  

         8000.             -0.32  

m3    6000.             -1                $Carbon (fiber) 

imp:p   1 10r         0                                                                              

*f6:p 22  

rdum 60 49.2  -8.0  16.0  2.6  0.656  9  0  0  8      $ helical scan 

c rdum 60 49.2 0  0  2.6  0  9  0  0  8                      $ axial scan 

nps 1600000                                                                       

print                                                                            
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Input File for Simulations of the Free in Air Air Kerma Measurements 

c    cells                                                                       

    1     1   -0.00129   -1            $central electrode 

    2     1   -0.00129    1 -2        $ion chamber active volume 

    3     1   -0.00129    2 -3        $ion chamber wall 

    4     1   -0.00129    3 -4  

    5     0                     4  

 

c    surfaces                                                                    

    1       rcc 0 0 -5  0 0 10  0.07   

    2       rcc 0 0 -5  0 0 10  0.32   

    3       rcc 0 0 -5  0 0 10  0.5   

    4       rcc 0 0 -10  0 0 20  75  

 

mode  p 

m1    8000.             -0.24            $air 

         7000.             -0.76  

imp:p   1 3r         0              

*f6:p 2                                                                                                                                                 

rdum  60  49.2  0  0  2.6  0  9  0  0  4                                                   

nps 1000000                                                                       

print 
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Input File for the Pediatric Protocol Simulations 

c    UF nine month voxel MCNP model - 

c    Matrix size [289,180,155] 

c    Voxel resolution=0.0859376*0.0859376*0.3 

c      ---------------------------------------------------------------------------------------- 

c      Body composition and density 

c      ----------------------------------------------------------------------------------------- 

1   5  -0.00129 -70  u=1    imp:p=1  vol=2.600895E+03 $Air 

2   9  -1.05     -70  u=2    imp:p=1  vol=2.002490E+03 $Muscle+connective 

3   2  -0.97     -70  u=3    imp:p=1  vol=2.186976E+02 $Adipose 

4   14 -1.04     -70  u=4    imp:p=1  vol=1.504E+00 $Pelvis-Kidney (Left) 

5   14 -1.04     -70  u=5    imp:p=1  vol=1.480E+00 $Pelvis-Kidney (Right) 

6   14 -1.04     -70  u=6    imp:p=1  vol=7.123E+00 $Medular (Left) 

7   14 -1.04     -70  u=7    imp:p=1  vol=6.631E+00 $Medular (Right) 

8   1  -1.03     -70  u=8    imp:p=1  vol=9.616E-01 $Prostate 

9  20 -1.04     -70   u=9   imp:p=1  vol=1.287E+00 $Testes 

10  1  -1.03     -70  u=10   imp:p=1  vol=1.899657E+01 $Salivary glands 

11  8  -1.07     -70  u=11   imp:p=1  vol=4.763544E-01 $Lenses 

12  1  -1.03     -70  u=12   imp:p=1  vol=3.177395E+01 $Spinal Cord 

13  18 -1.03     -70  u=13   imp:p=1  vol=1.626E+01 $Stomach(Wall) 

14  6  -1        -70  u=14   imp:p=1  vol=6.968E+00 $ST(Content) 

15  1  -1.03     -70  u=15   imp:p=1  vol=1.329E-01 $Pituitary gland 

16  9  -1.05     -70  u=16   imp:p=1  vol=8.148984E+00 $Tongue 

17  1  -1.03     -70  u=17   imp:p=1  vol=3.744E-01 $Tonsil 

18  7  -1.03     -70  u=18   imp:p=1  vol=8.380E+02 $Brain 

19  18 -1.03     -70  u=19   imp:p=1  vol=1.625E+01 $Right Colon(W) 

20  6  -1        -70  u=20   imp:p=1  vol=6.463E+01 $Right Colon (Content) 

21  18 -1.03     -70  u=21   imp:p=1  vol=1.627E+01 $Left Colon (W) 

22  6  -1        -70  u=22   imp:p=1  vol=1.086E+02 $Left Colon (Content) 

23  18 -1.03     -70  u=23   imp:p=1  vol=7.429E+00 $Rectosigmoid (W) 

24  6  -1        -70  u=24   imp:p=1  vol=3.399E+01 $Rectosigmoid (Content) 

25  22 -1.10     -70  u=25   imp:p=1  vol=3.024E+00 $ET2 (larynx) 

26  1  -1.03     -70  u=26   imp:p=1  vol=6.868366E-01 $ET2 (pharynx) 

27  1  -1.03     -70  u=27   imp:p=1  vol=1.241E+00 $Trachea 

28  1  -1.03     -70  u=28   imp:p=1  vol=1.458E+00 $Bronchi 

29  10 -1.06     -70  u=29   imp:p=1  vol=1.901E+01 $Blood vessel (aorta) 

30  3  -0.3711   -70  u=30   imp:p=1  vol=1.610E+02 $L Lung 

31  3  -0.3711   -70  u=31   imp:p=1  vol=1.826E+02 $R Lung 

32  8  -1.07     -70  u=32   imp:p=1  vol=5.862E+00 $Eyes 

33  6  -1        -70  u=33   imp:p=1  vol=2.805E+00 $Gall Bladder(content) 

34  1  -1.03     -70  u=34   imp:p=1  vol=1.157E+00 $Gall Bladder (wall) 

35  1  -1.03     -70  u=35   imp:p=1  vol=2.185E+00 $L Adrenal 

36  1  -1.03     -70  u=36   imp:p=1  vol=2.054E+00 $R Adrenal 

37  12 -1.09     -70  u=37   imp:p=1  vol=2.876405E+02 $Skin 

38  5  -0.001205 -70  u=38   imp:p=1  vol=1.557E+02 $Gas(LI+SI) 

39  5  -0.001205 -70  u=39   imp:p=1  vol=2.738E+01 $Gas(ST) 
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40  14 -1.04     -70  u=40   imp:p=1  vol=1.946E+01 $L Kidney (Cortex) 

41  14 -1.04     -70  u=41   imp:p=1  vol=1.975E+01 $R Kidney (Cortex) 

42  11 -1.05     -70  u=42   imp:p=1  vol=1.595E+00 $Thyroid 

43  13 -1.04     -70  u=43   imp:p=1  vol=4.144E+01 $Heart(wall) 

44  10 -1.06     -70  u=44   imp:p=1  vol=4.627E+01 $Heart(content) 

45  15 -1.05     -70  u=45   imp:p=1  vol=2.937E+02 $Liver 

46  17 -1.06     -70  u=46   imp:p=1  vol=2.374E+01 $Spleen 

47  19 -1.04     -70  u=47   imp:p=1  vol=7.593E+00 $Bladder(Wall) 

48  6  -1        -70  u=48   imp:p=1  vol=3.096E+01 $Bladder(Contents) 

49  18 -1.03     -70  u=49   imp:p=1  vol=6.882E+01 $SI (Wall) 

50  6  -1        -70  u=50   imp:p=1  vol=1.044E+02 $SI (Content) 

51  1  -1.03     -70  u=51   imp:p=1  vol=4.103E+00 $Esophagus 

52  16 -1.04     -70  u=52   imp:p=1  vol=1.459E+01 $Pancreas 

53  1  -1.03     -70  u=53   imp:p=1  vol=2.499E+01 $Thymus 

54  101  -1.490  -70  u=54   imp:p=1  vol=2.025E+02 $cranium 

55  103  -1.366  -70  u=55   imp:p=1  vol=2.625E+01 $Femur(upper) 

c 56  106  -1.324  -70  u=56   imp:p=1  vol=3.316E+01 $Tibiae, patellae 

c 57  105  -1.324  -70  u=57   imp:p=1  vol=2.300E+01 $ankle and feet 

c 58  107  -1.445  -70  u=58   imp:p=1  vol=5.488E+00 $fibula 

59  103  -1.366  -70  u=59   imp:p=1  vol=1.409E+01 $Humerus (upper) 

60  106  -1.324  -70  u=60   imp:p=1  vol=2.628E+01 $Radii + Ulnae 

61  105  -1.324  -70  u=61   imp:p=1  vol=1.679E+01 $hand 

62  104  -1.402  -70  u=62   imp:p=1  vol=1.866E+01 $Scapulae 

63  103  -1.366  -70  u=63   imp:p=1  vol=3.801E+01 $Os coxae 

64  103  -1.366  -70  u=64   imp:p=1  vol=2.304E+00 $Clavicles 

c 65  104  -1.402  -70  u=65   imp:p=1  vol=2.663E+01 $Femur(lower) 

66  104  -1.402  -70  u=66   imp:p=1  vol=1.441E+01 $Humerus (lower) 

67  103  -1.366  -70  u=67   imp:p=1  vol=6.404E+01 $Ribs 

68  101  -1.490  -70  u=68   imp:p=1  vol=1.510E+01 $Mandible 

69  102  -1.170  -70  u=69   imp:p=1  vol=1.597E+01 $Vertebrae (C-) 

70  102  -1.170  -70  u=70   imp:p=1  vol=4.681E+01 $Vertebrae (T-) 

71  102  -1.170  -70  u=71   imp:p=1  vol=2.762E+01 $Vertebrae (L-) 

72  108  -1.374  -70  u=72   imp:p=1  vol=2.898E+00 $Sternum 

73  108  -1.374  -70  u=73   imp:p=1  vol=1.737E+01 $Sacrum 

C *******************  Lattice definition************************************** 

1001   0  -100   fill=10000   imp:p=1   $ surrounding box 

555 0   -200  lat=1 u=10000 imp:p=1 fill = -144:144  -89:90  0:154 

C ****************  Image data start from here********************************* 

           1           1           1           1           1           1 

---------------------------------------------------//--------------------------------------------------------- 

1002   200    -1.4 8 -9 10 -11 12    imp:p=1 

1003   200    -1.4 13 -14 10 -11 12  imp:p=1 

1004   5 -0.00129  100  -70 #1002 #1003  imp:p=1    

1005   0  70                  imp:p=0    

 

c      ---------------------------- 
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c      surface card 

c      ---------------------------- 

C    Voxel resolution=0.0859376*0.0859376*0.3 

100   rpp  -12.3750144 12.3750144 -7.6484464 7.734384 0 46.5  

200   rpp  0   0.0859376 0 0.0859376 0 0.3 

70    rcc  0 0 -15 0 0 70 70    

    8       c/z 0 -41.5 51.1    

    9       c/z 0 -41.5 51.4    

   10        pz -12 

   11        pz 50 

   12        py 3 

   13       c/z 0 -21.4 35.5  

   14       c/z 0 -21.4 35.8 

 

mode   p 

C Material Cards 

-------------------------------//------------------------- 

c ------------------------------------------ 

c     Tally 

c ------------------------------------------ 

*f16:p 10 13 14 18 19 21 23 30 31 37 42 45 47 51 11 

*f26:p 2 4 5 9 25 26 27 34 35 36 46 49 50 52 53 

rdum    60  49.2  0  12.0  4.2  0.641  3  1  3  1004 

c rdum 60  49.2  6.5  0  13  0  3  1  3  1004 

ctme 1500 

print 
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Input File for the Cardiac/Brain Perfusion Protocol Simulations 

c    UF_KTMAN_CARDIAC 

c    Matrix size [171,121,285] 

C    Voxel resolution=0.2cm*0.2cm*0.5cm 

c    2009 

c    Monica Ghita 

c 

c      ---------------------------- 

c      Body composition and density 

c      ---------------------------- 

1      24  -0.00129 -70 u=1   imp:p=1 vol=4.059174E+04  $ outside air 

2      17  -1.09    -70 u=2   imp:p=1 vol=2.656880E+03  $ skin 

3      2   -1.03    -70 u=3   imp:p=1 vol=7.796000E+01    $ salivary gland 

4      12  -1.05    -70 u=4   imp:p=1 vol=3.888000E+01    $ tongue 

5      12  -1.05    -70 u=5   imp:p=1 vol=2.960000E+00     $ tonsil 

6      2   -1.03    -70 u=6   imp:p=1 vol=1.028000E+01    $ adrenal 

7      20  -1.05    -70 u=7   imp:p=1 vol=1.252000E+01    $ thyroid 

8      22  -1.07    -70 u=8   imp:p=1 vol=1.538000E+01    $ eye ball 

9      1   -0.95    -70 u=9   imp:p=1 vol=2.589820E+03 $ adipose 

10     21  -1.04    -70 u=10  imp:p=1 vol=32.8    $ bladder 

11     22  -1.04    -70 u=11  imp:p=1 vol=222.7   $ contents 

12     2   -1.03    -70 u=12  imp:p=1 vol=16.4    $ prostate 

13     2   -1.03    -70 u=13  imp:p=1 vol=29.0    $ gall bladder(W+C) 

14     19  -1.04    -70 u=14  imp:p=1 vol=18.8    $ testes 

15     4   -1.04    -70 u=15  imp:p=1 vol=1.350080E+03  $ brain 

16     2   -1.03    -70 u=16  imp:p=1 vol=0.8     $ pituitary gland 

17     7   -1.03    -70 u=17  imp:p=1 vol=666.9   $ small bowel 

18     22  -1       -70 u=18  imp:p=1 vol=368.0   $ contents 

19    18  -1.06    -70 u=19 imp:p=1 vol=157.0   $ spleen 

20    7   -1.03    -70 u=20 imp:p=1 vol=167.5   $ ULI 

21    22  -1       -70 u=21 imp:p=1 vol=65.0    $ contents 

22    7   -1.03    -70 u=22 imp:p=1 vol=122.4   $ LLI 

23    22  -1       -70 u=23 imp:p=1 vol=63.3    $ contents 

24    7   -1.03    -70 u=24 imp:p=1 vol=126.3   $ stomach 

25    22  -1       -70 u=25 imp:p=1 vol=29.5    $ contents 

26    10  -1.06    -70 u=26 imp:p=1 vol=1194.4  $ liver 

27    7   -1.03    -70 u=27 imp:p=1 vol=3.674000E+01    $ esophagus 

28    8   -1.06    -70 u=28 imp:p=1 vol=1.277600E+02   $ heart(with blood) 

29    2   -1.1     -70 u=29 imp:p=1 vol=5.300000E+00  $ ET1(ant nasal passage) 

30    11  -0.296   -70 u=30 imp:p=1 vol=3.660760E+03  $ lung(with blood) 

31    2   -1.1     -70 u=31 imp:p=1 vol=5.618000E+01  $ ET2(post nasal passage) 

32    15  -1.03    -70 u=32 imp:p=1 vol=1.224000E+01    $ trachea 

33    12  -1.05    -70 u=33 imp:p=1 vol=2.638216E+04 $ muscle 

34    2   -1.03    -70 u=34 imp:p=1 vol=2.618000E+01    $ thymus 

35    9   -1.05    -70 u=35 imp:p=1 vol=193.4   $ kidney(cortex) 

36    9   -1.05    -70 u=36 imp:p=1 vol=64.2    $ kidney(medulla) 
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37    9   -1.05    -70 u=37 imp:p=1 vol=15.2    $ kidney(pelvis) 

38     24  -0.00129 -70 u=38  imp:p=1 vol=1.578800E+02   $ in-body air 

39    14  -1.04    -70 u=39 imp:p=1 vol=66.0    $ pancreas 

40    23  -1.4     -70 u=40 imp:p=1 vol=8.351000E+02   $ cranium 

41    23  -1.4     -70 u=41 imp:p=1 vol=1.330800E+02   $ mandible 

42    23  -1.4     -70 u=42 imp:p=1 vol=2.727000E+02   $ scapulae 

43    23  -1.4     -70 u=43 imp:p=1 vol=1.068000E+02   $ clavicles 

44    23  -1.4     -70 u=44 imp:p=1 vol=3.148000E+01    $ sternum 

45    23  -1.4     -70 u=45 imp:p=1 vol=1.708600E+02   $ cervical vertebrae 

46    23  -1.4     -70 u=46 imp:p=1 vol=2.509800E+02   $ thoracic vertebrae 

47    23  -1.4     -70 u=47 imp:p=1 vol=326.3   $ lumbar vertebrae 

48    23  -1.4     -70 u=48 imp:p=1 vol=231.0   $ sacrum 

49    23  -1.4     -70 u=49 imp:p=1 vol=836.0   $ os coxae 

50    23  -1.4     -70 u=50 imp:p=1 vol=502.2   $ femora(upper half) 

51    23  -1.4     -70 u=51 imp:p=1 vol=664.9   $ femora(lower half) 

52    23  -1.4     -70 u=52 imp:p=1 vol=1030.7  $ tibiae, fibulae, patellae 

c 53    23  -1.4     -70 u=53 imp:p=1 vol=569.4   $ ankle and foot bones 

54    23  -1.4     -70 u=54 imp:p=1 vol=2.293400E+02   $ humeri (upper half) 

c 55    23  -1.4     -70 u=55 imp:p=1 vol=169.8   $ humeri (lower half) 

c 56    23  -1.4     -70 u=56 imp:p=1 vol=148.2   $ ulnae and radii 

57    23  -1.4     -70 u=57 imp:p=1 vol=353.1   $ wrist and hand bones 

58    23  -1.4     -70 u=58 imp:p=1 vol=2.570400E+02   $ ribs 

C *******************  Lattice definition************************************** 

1001   0  -100   fill=10000   imp:p=1   $ surrounding box 

555 0   -200  lat=1 u=10000 imp:p=1 fill = -85:85  -60:60  0:284 

C ****************  Image data start from here********************************** 

           1           1           1           1           1           1 

---------------------------------------------------//--------------------------------------------------------- 

1002   200    -1.4 8 -9 10 -11 12    imp:p=1 

1003   200    -1.4 13 -14 10 -11 12  imp:p=1 

1004   22 -1.0 -20 imp:p=1 

1005   22 -1.0 -21 imp:p=1 

1006   22 -1.0 -22 imp:p=1 

1007   24 -0.00129  100  -70 #1002 #1003 #1004  #1005 #1006 imp:p=1    

1008   0  70                  imp:p=0    

 

c      ----------------------------  

c      surface card 

c      ----------------------------  

C    Voxel size=0.2*0.2*0.5 

100   rpp  -17.0  17.0 -12 12 0 142.5  

200   rpp  0   0.2 0 0.2 0 0.5 

70    rcc  0 0 -5 0 0 170 70 

    8       c/z 0 -31 51.1 

    9       c/z 0 -31 51.4 

   10        pz -2  
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   11        pz 160  

   12        py 14  

   13       c/z 0 -11.3 35.5 

   14       c/z 0 -11.3 35.8 

20    rpp  -15 15 -10 10 145 160              $box substituting legs 

21    rpp  -27 -17.1 -5 5 3 16                    $box substituting left arm 

22    rpp  17 27 -5 5 3 16                          $box substituting right arm 

 

mode   p   

C Material Cards    

-------------------------------//------------------------- 

c ------------------------------------------ 

c     Tally 

c ------------------------------------------ 

*f16:p 2 3 7 10 14 15 17 24 26 27 30 8 

*f26:p 6 12 13 19 20 22 28 29 31 32 33 34 35 36 37 39 

rdum    60  49.2  0  16  4.2  0.641  11  0  -1.5  1007 

c rdum 60  49.2  8.5  0  17  0  11  0  -1.5  1007 

ctme 1500 

print 
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