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Interventional fluoroscopy uses ionizing radiation to guide small instruments through 

blood vessels or other body pathways to sites of clinical interest. The technique represents a 

tremendous advantage over invasive surgical procedures, as it requires only a small incision, thus 

reducing the risk of infection and providing for shorter recovery times. The growing use and 

increasing complexity of interventional procedures, however, has resulted in public health 

concerns regarding radiation exposures, particularly with respect to localized skin dose. Tracking 

and documenting patient-specific skin and internal organ dose has been specifically identified for 

interventional fluoroscopy where extended irradiation times, multiple projections, and repeat 

procedures can lead to some of the largest doses encountered in radiology. Furthermore, in-

procedure knowledge of localized skin doses can be of significant clinical importance to 

managing patient risk and in training radiology residents.  

In this dissertation, a framework is presented for monitoring the radiation dose delivered to 

patients undergoing interventional procedures. The framework is built around two key points, 

developing better anthropomorphic models, and designing clinically relevant software systems 

for dose estimation. To begin, a library of 50 hybrid patient-dependent computational phantoms 

was developed based on the UF hybrid male and female reference phantoms. These phantoms 



 

12 

represent a different type of anthropomorphic model whereby anthropometric parameters from 

an individual patient are used during phantom selection. The patient-dependent library was first 

validated and then used in two patient-phantom matching studies focused on cumulative organ 

and local skin dose. In terms of organ dose, patient-phantom matching was shown most 

beneficial for estimating the dose to large patients where error associated with soft tissue 

attenuation differences could be minimized. For small patients, inherent difference in organ size 

and location limited the effectiveness of matching. For skin dose, patient-phantom matching was 

found most beneficial for estimating the dose during lateral and anterior-posterior projections. 

Patient-sculpting of the patient‟s outer body contour was also investigated for use during skin 

dose estimation and highlighted as a substantial step towards better patient-specificity. 

In order to utilize the models for actual patient dosimetry, two programs were developed 

based on the newly released Radiation Dose Structured Report (RDSR). The first program allows 

for the visualization of skin dose by translating the reference point air kerma to the location of 

the patient‟s skin characterized by a computational model. The program represents an innovative 

tool that can be used by the interventional physician to modify behavior when clinically 

appropriate. The second program operates by automatically generating an input file from the 

RDSR which can then be run within a Monte Carlo based radiation transport code. The program 

has great potential for initiating and promoting the concept of „cloud dosimetry‟, where patient-

specific radiation transport is performed off-site and returned via the internet. Both programs are 

non-proprietary and transferable, and also incorporate the most advanced computational 

phantoms developed to date. Using the tools developed in this work, there exist a tangible 

opportunity to improve patient care with the end goal being a better understanding of the 

risk/benefit relationship that accompanies the medical use of ionizing radiation. 
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CHAPTER 1 

INTRODUCTION 

Interventional Fluoroscopy 

Interventional fluoroscopic procedures are an alternative to invasive surgery whereby 

ionizing radiation is used to provide image guidance for catheters and other small instruments as 

they are moved through blood vessels and other body pathways to sites of surgical interest. This 

sub-specialty of radiology was pioneered in the 1960s and 1970s by Dr. Charles Dotter of the 

University of Oregon in Portland, and expanded throughout the latter part of the 20
th

 century to 

include a variety of procedures performed by a number of different specialists including 

radiologists, cardiologists, and neurologists [1]. Interventional techniques represent a tremendous 

advantage over invasive surgical procedures, as they require only a small incision, thus reducing 

the risk of infection and providing for shorter recovery times in comparison to surgical 

alternatives. The growing use and increasing complexity of interventional fluoroscopic 

procedures, however, has resulted in public health concerns regarding radiation exposures, 

particularly with respect to localized skin dose. 

High Dose Procedures and the Need for Comprehensive Dosimetry 

In March of 2009, estimates from the National Council on Radiation Protection and 

Measurements (NCRP) review on medical radiation exposure in the United States were released. 

The results tabulated from 1980 to 2006 show a significant increase of 600% in the per capita 

effective dose incurred primarily from increased use of diagnostic medical radiation [2]. This 

dramatic increase has prompted strong recommendations by the scientific and medical 

community to encourage patient-specific tracking of medical exposures and resulting radiation 

doses [3-8]. The tracking of skin and organ dose has been specifically identified for 

interventional fluoroscopy where extended irradiation, multiple projections, and repeat 
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procedures can lead to some of the largest doses encountered in radiology [9, 10]. The National 

Academy of Sciences BEIR VII Committee compiled a report in 2006 which highlighted many 

of the dose ranges encountered in diagnostic imaging. Effective doses for fluoroscopically 

guided interventions (FGIs) range from 10-300 mSv, which puts them well above doses seen in 

conventional x-ray (0.02-10 mSv), CT (5-20 mSv), and nuclear medicine exams (3-14 mSv) [3]. 

According to currently accepted risk models, these doses put patients at an increased risk for 

radiation-induced cancers. More importantly, the likelihood of encountering levels of radiation 

high enough to cause deterministic effects is increased due to prolonged irradiation of localized 

areas of the skin. Radiation induced skin injury is a primary concern for many interventional 

procedures as skin doses in FGIs can exceed levels received during cancer radiotherapy [5, 11]. 

Considerable effort has been devoted toward the prevention of radiation-induced injuries through 

intensive training of radiology residents, the development of dose-reducing systems, and an 

overall increase in awareness. However, as noted in one well-received publication “(many 

interventional procedures) can result in clinically significant radiation dose to the patient, even 

when performed by trained operators with use of dose-reducing technology and modern 

fluoroscopic equipment [8].” 

Additionally, The Joint Commission has specifically identified skin burns caused by 

prolonged fluoroscopy greater that 15 Gy as one of 10 sentinel events requiring root cause 

analysis and a comprehensive response [12]. Currently, a large burden is placed on radiology 

staffing to reconstruct skin dose when a sentinel event is thought to have occurred. In effect, 

medical physicists must play the role of detective by interviewing physicians to determine details 

from an individual examination and then try to piece together limited information found in the 

patient‟s medical record and images [13, 14]. A fast, automated reporting of skin dose would 
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reduce this burden and allow radiology departments a better way to identify and assess sentinel 

events [15]. This information could then be used to optimize high-dose procedures, train 

radiology residents on dose-reducing techniques, and set better diagnostic reference levels.  More 

importantly, real-time reporting of localized skin dose would provide a useful alert to the 

physician as to when dose thresholds are being approached so that potential alternative fields or 

exam techniques may be applied.  

Following concerns of deterministic effects are those associated with long-term stochastic 

risk of cancer initiation and promotion. Proper documentation of internal organ doses to FGI 

patients are highly relevant to their inclusion in epidemiological studies aimed at supplementing 

the Life Span Study (LSS) cohort of survivors of the atomic bombings. A strong emphasis has 

been placed on interventional fluoroscopy by the BEIR VII Committee for its role in providing 

epidemiological data for patients who receive high to moderate medical exposures. Noted in the 

2006 report under Research Need No. 8, “the widespread use of interventional radiological 

procedures in the heart, lungs, abdomen, and many vascular beds, with extended fluoroscopic 

exposure time of patients and operators, emphasize the need for recording dose and later follow-

up studies of potential radiation effects among these populations [3].” The work detailed in this 

dissertation is designed to provide the technological basis for these types of scientific research 

needs while at the same time maintaining a clinically relevant focus. 

Available Options for Patient Dosimetry 

 As noted in the previous section, patients undergoing FGI procedures incur an increased 

risk for developing both stochastic and deterministic effects. In each case the interest is in 

estimating the radiation dose most closely associated with each effect, namely cumulative organ 

dose and local skin dose. Several dose metrics are available to clinicians and have been used in 

the past to indirectly quantify these values. The simplest of these is fluoroscopy time which is 



 

16 

displayed within the fluoroscopy suite and monitored by an audible alarm. The alarm sounds at 

the end of each 5-minute interval and is used to discourage the excessive use of radiation. 

Fluoroscopy time may be helpful in certain situations to identify unusual exposures, but it is an 

unreliable estimator of patient risk due to the fact that it includes no information about the dose 

rate or intensity of the beam.  

 An improvement over fluoroscopy time is the dose area product (DAP) which is defined 

as the dose at a point multiplied by the area of the beam at that point. Dose area product is 

measured by a flat ion chamber located in the head of the fluoroscopy unit which can be installed 

with the machine or added later as an aftermarket purchase. The measurement of DAP provides a 

quantification for the total amount of energy delivered to a patient. Alone this value can only be 

used comparatively, but when paired with a Monte Carlo based dose conversion coefficient 

(DCC), DAP becomes a very useful metric for the evaluation of stochastic risk. Dose conversion 

coefficients are the most common method for estimating this type of risk and relate organ 

absorbed dose for frequently encountered patient/irradiation geometries to a clinically 

measureable indicator quantity. An example would be organ absorbed dose per unit DAP for a 

posterior-anterior DSA run. One unique benefit of DCCs is that they can be pre-calculated for a 

variety of exam parameters. This means that if a system can be arranged to automatically select 

the proper DCC using current information extracted from the fluoroscopy unit, organ dose can be 

estimated in real-time.  

 While DAP provides a useful metric for estimating organ dose, the reference point air 

kerma (Ka,r), also known as the cumulative dose, provides a useful metric for estimating skin 

dose. The reference point air kerma was first proposed in 2000 by the International 

Electrotechnical Commission (IEC) [16] and later adopted as a regulation in 2005 by the U.S. 
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Food and Drug Administration (FDA) [17]. The intent was to provide a better way to estimate air 

kerma at the location of the patient‟s skin. The point of calculation is defined at a position 15 cm 

from the isocenter (x-ray tube side) along the central axis of the C-arm. The air kerma at this 

location can be provided in a number of ways depending on the vendor. Some manufacturers 

provide the reference point air kerma using internal look-up tables based on exposure 

parameters. If the fluoroscope is equipped with a DAP meter, the reference point air kerma is 

sometimes measured directly by dividing out the field size at the reference location. A third 

method employs two DAP meters in the head of the machine to determine a central axis dose 

which is then projected to the reference location. Regardless of the method used, the result is an 

estimation of the air kerma at a point 15 cm from the isocenter which moves with the gantry and 

traces the contour of a cylindrical phantom having a diameter of 30 cm. Due to the fact that this 

contour will differ from that of a real patient, Ka,r itself does not provide enough information to 

determine skin dose. What is convenient about this metric is that given proper geometrical 

information, it provides a free-in-air estimation of kerma which can be translated to the actual 

location of the patient‟s skin using a one-over-distance squared correction. When multiplied by a 

backscatter factor and the ratio of the mass energy absorption coefficients of tissue to air, this 

value becomes the entrance surface dose also known as the peak skin dose (PSD). The relation 

between Ka,r and PSD forms the basis for skin dose mapping whereby the local skin dose is 

“painted” onto a model of the patient‟s outer body contour. As with the DCC method, skin dose 

mapping can be implemented in real-time if current exposure and geometric parameters are 

available. 

 While the methods described previously for estimating organ and skin dose appear simple 

in theory, there are significant scientific and technical challenges posed by 1) the anatomical and 
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anthropometric diversity of a patient population, and 2) the dynamic nature of interventional 

procedures and subsequent monitoring of relevant examination parameters. These challenges 

have so far limited the widespread inclusion of dosimetric information in the patient record and 

must be overcome before patient dose tracking can become a reality.   

Diverse Anthropomorphic Models 

In order to calculate organ and skin dose for interventional patients, DCC and dose 

mapping methods rely on computational representations of the human body. Currently, three 

types of computational phantoms exist for these purposes: (1) stylized phantoms, where organs 

are represented by geometric shapes; (2) tomographic phantoms, where organs are delineated by 

groups of voxels segmented from CT or MR patient scans; and (3) animation or hybrid based 

phantoms where organs are originally described using imaging data but subsequently defined by 

a combination of stylized structures and deformable surfaces. Multiple DCC studies have been 

performed using the former type with the two most significant studies being those published by 

the U.S. Food and Drug Administration [18] and the British National Radiological Protection 

Board [19]. Dose conversion coefficients based on tomographic models represent a more recent 

development with extensive publications appearing in the literature within only the last few years 

[20-23]. Two skin dose-mapping systems have been produced; both systems utilize 

mathematically based stylized models [24, 25]. 

 Computational phantoms can be further classified into three categories: (1) reference, (2) 

patient-specific, and (3) patient-dependent models. Reference models are an example of 

designing for the average, where the phantom is created using 50
th

 percentile values for relevant 

parameters such as patient height, weight, and organ mass. Reference models have been 

developed utilizing all three phantom types and a variety of different reference databases [26-

28]. In the past, these models have often represented the best available option for patient 
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dosimetry due to the limited number of anthropomorphic phantoms and a desire to standardize a 

model for the representation of large populations. While providing a certain level of practicality 

for such applications, reference models have significant drawbacks for the dosimetry of 

individual patients because they lack patient specificity. In reality, the characteristics of most 

patients will deviate from 50
th

 percentile values, and by ignoring anatomic and anthropometric 

variability, the usefulness of reference phantoms for individual patient dose assessment is 

diminished. 

 While reference models represent the bottom of a continuum of anatomic specificity, 

patient-specific models represent the very top. Unmodified tomographic phantoms are the only 

type of patient-specific model currently available and can be considered a computational replica 

of the person who provided the imaging data. Patient-specific models play an important role as a 

benchmark for radiation dosimetry studies, and have been used by multiple researchers to 

demonstrate the benefits of anatomically correct tomographic phantoms over more general 

stylized versions [20, 23, 29]. Although patient-specific phantoms represent a true “gold-

standard” phantom, they also require labor intensive segmentation during construction. This time 

consuming process, along with the fact that high resolution images are not always available, 

means that patient-specific models cannot be created for every patient. This limitation presents a 

problem for medical dosimetry, because while patient-specific models represent a high level of 

specificity, they represent it only for patients with attributes similar to those found in the original 

images. In this sense, these models may be considered too specific to accurately represent any 

single individual selected from a diverse population. 

 The final category of computational phantoms includes those deemed patient-dependent.  

Patient-dependent models are designed based on an adjustable range and developed by 
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modifying a reference or “anchor phantom” to meet target anthropometric parameters. These 

models represent the best choice for prospective medical dosimetry because they balance the 

needs of practicality with those of specificity. Patient dependent models are an off-the shelf 

solution and can thus be used to pre-calculate organ dose and provide contours for skin dose 

mapping. At the same time, patient-dependent models build in specificity by relying on 

anthropometric parameters of individual patients. Because patient-dependent models require 

extensive remodeling, the flexibility of the anchor phantom is very important. Stylized phantoms 

have always offered the ability to modify posture, reposition organs, and scale to different body 

sizes, and have thus been used extensively in programs such as Body Builder (White Rock 

Science, Los Alamos, NM) and PCXMC (STUK – Radiation and Nuclear Science Authority, 

Helsinki, Finland) to create patient-dependent models. Stylized phantoms, however, also depend 

upon a simplified description of patient anatomy which limits the accuracy of any dose estimate. 

Conversely, tomographic phantoms provide a highly accurate depiction of patient anatomy but 

are bound by a rigid voxel structure. Because of this, patient-dependent tomographic phantoms 

are virtually nonexistent and have been limited to a few studies which alter voxel size in different 

dimensions in order to scale to various patient sizes [30-32]. 

 Hybrid phantoms represent the newest generation of animation based computational 

anthropomorphic phantoms and were developed out of a need for models that combine the 

anatomically accuracy of tomographic phantoms with the flexibility of stylized phantoms. 

Hybrid phantoms, as developed by the Advanced Laboratory for Radiation Dosimetry Studies 

(ALRADS) at the University of Florida, utilized non-uniform rational B-spline (NURBS) surface 

modeling to describe organ/tissue boundaries [33, 34]. This type of modeling relies on the 
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manipulation of surface control points and thus allows for the preservation of anatomical realism 

while at the same time achieving a level of anthropometric remodeling not previously available. 

 In this dissertation, the concept of a NURBS-based hybrid phantom was used to develop 

a comprehensive library of patient-dependent phantoms. These phantoms were utilized to 

produce better DCCs and more specific patient contours for skin dose mapping.  

Automatic Monitoring of Exposure Parameters 

The application of phantom-patient matching through the use of patient-dependent hybrid 

phantoms provides one solution for a two part problem. The second challenge that must be 

overcome is the dynamic nature of interventional procedures. Due to the fact that DCCs are 

simulation based quantities, they are only applicable under irradiation conditions comparable to 

those that were simulated. Included in these conditions are exposure parameters (kVp, mAs, 

filtration, and DAP/Ka,r) and geometry factors (source-to-skin distance, field size, field position, 

rotation, angulation, table location, etc.). Skin dose mapping also requires many of the same 

parameters, specifically the source-to-skin distance and the Ka,r. The difficulty in fluoroscopy is 

that the irradiation conditions are not typically standardized, as in CT, and change often. For 

dosimetry performed retrospectively, it is then important to know how these parameters changed 

throughout the procedure and when. For prospective, or real-time, dosimetry, the situation 

becomes more complicated as DCCs must be pre-calculated assuming certain conditions and 

then matched based upon what actually occurred. In both cases, there is the principal need for a 

system that monitors the irradiation conditions and produces an automated report, preferably in 

real-time. 

 There are three basic approaches for automated monitoring of exam parameters. The first 

is to extract information directly from the fluoroscopy unit. Direct extraction is fast, efficient, 

and reliable. It can, however, be difficult to access the needed information due to a lack of an 
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accessible output or knowledge of how the parameters are stored within the machine. A number 

of studies have attempted to tap into the state of the fluoroscopy system by utilizing certain 

analogue outputs [35-37]. In each case, a complex system involving signal conversion, 

processing, and analysis was used to derive the irradiation conditions as a function of time. This 

information was then used for a variety of applications including the determination of organ dose 

through the use of DCCs. The monitoring systems developed in these studies represent a high 

level approach, but one that is difficult to implement for non-research oriented hospitals. On a 

commercial level, two direct monitoring systems have been developed which offer customized 

solutions. The first commercial system, the Patient Exposure Management Networks (PEMNET; 

Clinical Microsystems, Arlington, VA), was designed in the mid-90‟s and distributed to only a 

few institutions, one of which was the University of Florida. Researchers at UF published two 

papers describing the system and its use for monitoring patient skin dose in interventional 

fluoroscopy [38, 39]. In the papers, PEMNET is described as being passively hardwired to the x-

ray generator which then passed information to a micro-processor system running on-board 

software. In part due to the complex nature of the system, including installation, calibration, and 

maintenance, the PEMNET system never gained widespread use [40, 41]. The second 

commercial system used for automated parameter extraction was developed originally in 2003 by 

den Boer et al. [25], and subsequently marketed by Siemens Medical Solutions (Munich, 

Germany) as „CareGraph‟. The add-on commercial system was geared mainly toward skin dose 

and utilized real-time monitoring of the irradiation conditions in coordination with mathematical 

models to provide dose estimates. Unfortunately the system was not popular with consumers and 

was subsequently discontinued [42]. The failure of the PEMNET and CareGraph systems 
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highlight the need for a simplified solution, and one that can be installed easily across several 

platforms and institutions. 

 Along these lines, the second basic approach for automatic monitoring of exam 

parameters is to extract the information indirectly from the control room monitors. This can be 

achieved either through the use of an external frame-grabber, or as seen in a number of studies, 

through the use of a CCD video camera [43-45]. Such a method has the benefits of being 

completely external, and hence, transferrable across device makes and models. In order to 

automate the extraction, some form of optical character recognition (OCR) must be used to 

identify the on-screen alphanumeric characters. This type of automation has not yet been 

attempted within the realm of medical dosimetry, but could be implemented so long as the proper 

information is displayed on the control room monitor. All modern systems display a minimal 

amount of information on-screen including kVp, mAs, rotation, angulation, and table height. 

Additionally, many systems also display detailed table and tube location, field of view, and some 

form of dose monitoring. Much of this information is dependent on the manufacturer, however, 

and enough information needed for a full dose reconstruction is typically not available. 

 The final approach for extracting pertinent information from an interventional exam is to 

use information found within the images themselves. The Digital Imaging and Communications 

in Medicine (DICOM) is a standard for handling, storing, printing, and transmitting information 

in medical imaging. Within the DICOM standard are fields for a large variety of information 

including details about the patient, image, equipment, and exposure conditions. This information, 

referred to as the DICOM header, can be integrated easily within a dosimetry system if these 

fields are filled and can be accessed. In the past, there has been large variation between 

manufactures as to which parameters are available. One study which evaluated the DICOM 
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header from several institutions in 2002 noted that “the (information) transmitted to the DICOM 

headers by the different manufacturers differs substantially between centers” and that “only one 

center recorded enough information to retrospectively calculate dose [46]”. A newer report 

presented in 2006 noted that “Important information (useful for dosimetric purposes) is still 

contained in private tags. The format and meaning of these fields is not easily available and not 

well defined in the DICOM conformance statement documents [47].”  

 In response to the pressing need for standardization, The DICOM Committee published 

Supplement 94 to the DICOM standard [48]. This update provided a framework for dose 

reporting by creating the Radiation Dose Structured Report (RDSR). The RDSR was built as an 

independent DICOM object. It can be managed like other DICOM objects and is both flexible 

and robust. The RDSR is comprised primarily of irradiation events which are created every time 

the clinician depressed the foot pedal. A coordinated effort has been made between DICOM and 

the IEC to standardize what parameters are documented during each event, and in 2007, the IEC 

published the Publicly Available Specification (PAS) 61910-1 [49]. This document outlines an 

extensive set of required parameters and defines several layers of conformance for past, current, 

and future machines. Implementation of the RDSR across multiple vendors has been managed 

according to the Integrating the Healthcare Enterprise (IHE) Integration Profile for Radiation 

Exposure Monitoring [50]. Following the initial release in 2009, several institutions have 

successfully installed RDSR compatible units, including a Siemens Artis Zee system at Shands 

Jacksonville Medical Center. 

While the use of hybrid patient-dependent phantoms will be shown to improve the 

accuracy of current dosimetry methods, the development of the RDSR will make them practical 
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for the clinic. Both aspects represent state of the art technology and formed the basis for this 

dissertation. 

Objectives of this Research 

The overall goal of this research was to develop advanced methods for in-clinic estimation 

of skin and organ dose during high risk FGI procedures. In order to achieve this goal, it was 

hypothesized that patient-dependent dose coefficients calculated using NURBS-based hybrid 

computational phantoms would significantly increase the accuracy and scope of current dose 

coefficient libraries. Additionally, when paired with automated extraction of exam parameters 

from the fluoroscopy unit, patient-dependent phantoms would provide a feasible solution for 

real-time skin dose mapping and post-procedure organ and effective dose estimation. In order to 

effectively evaluate this hypothesis, the following specific aims were identified.  

 The first aim was to develop methods for anthropometric re-modeling of the UF adult 

male and adult female reference hybrid phantoms to construct a library of 25 male and 25 

female patient-dependent hybrid phantoms. The library was based on anthropometric data 

of the U.S. adult population as determined from the NHANES III database provided by 

the National Center for Health Statistics. 

 In order to investigate the usefulness of the patient-dependent libraries, the second aim 

was to develop patient-phantom matching techniques for patient-dependent hybrid 

phantoms and validate against patient-specific models. Patients were matched to a pre-

configured patient-dependent phantom based on standing height and total body mass. 

Validation was performed using standard fluoroscopy fields and 27 (14 male/ 13 female) 

patient-specific phantoms created from CT chest-abdomen-pelvis (CAP) image 

segmentation. 

 The third research aim was to investigate data acquisition and develop software for 

performing dose assessment of regional skin dose and cumulative organ dose. Several 

options for data acquisition were explored including optical character recognition and 

direct extraction using internal log files. The DICOM Radiation Dose Structured Report 

was also investigated as the primary candidate for parameter extraction. A system which 

reads an RDSR and couples the patient/tube geometry with reference point air kerma was 

developed. The RDSR was also utilized to produce custom MCNPX input files. 

 The final aim was to analyze the skin dose mapping system for sensitivity to patient 

localization and body morphometry. This was done by comparing patient-specific 

phantoms created from CT image segmentation and phantoms selected from the patient-
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dependent libraries developed in Aim 1. Information from real patient examinations as 

recorded in RDSR and internal log files were used to perform simulations. 

Each aim corresponds to an individual research project. The projects are subsequently 

formatted as separate chapters in this dissertation. The overall impact of this work and its 

significance for medical dose reconstruction is then discussed in the final chapter.
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CHAPTER 2 

CONSTRUCTION OF A PATIENT-DEPENDENT PHANTOM LIBRARY 

Background 

Since first being used in 1999 as a developmental tool for the NCAT heart phantom [51], 

computer animation software has become the standard for creating the next generation of 

anthropomorphic computational phantoms. Programs such as Rhinoceros (McNeel North 

America, Seattle, WA), 3D Doctor (Able Software Corp., Lexington, MA), Blender [52], 

Autodesk Maya (Autodesk, Toronto, Canada), and Makehuman [53] have all been used to create 

a variety of NURBS and mesh-based models of human anatomy for radiation dose assessment 

[34, 54, 55]. These models share the advantages of animation software including the ability to 

modify posture, organ size, organ location, and total body shape, while at the same time 

maintaining anatomical accuracy. This wide-ranging adaptability provides a means to more 

accurately represent individual patients, a major shift from previous convention which relied 

heavily on standardized reference phantoms and their efficacy for dosimetry across large patient 

populations.  

Animation based phantoms allow for increased patient specificity through the development 

of patient-dependent models. As discussed in the previous chapter, patient-dependent models are 

created by modifying a reference or “anchor” phantom in order to match target anthropometric 

parameters. This enables two unique benefits. First, patient-specific information is included 

directly in the dose estimate. Second, because patient-dependent models are pre-configured, skin 

and organ dose can be assessed prospectively. These benefits represent significant advantages 

over patient-specific and reference phantoms where the former are impractical for the clinic, and 

the latter may be too general for medical dose reconstruction. 
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In this chapter, a methodology is presented which utilizes hybrid phantoms to construct a 

broad library of patient-dependent phantoms. The methodology follows a general format 

whereby a population is first parameterized in terms of target anthropometric measurements, and 

anchor phantoms are remodeled accordingly. The methodology is further implemented for the 

construction of two representative libraries covering the anthropometric distributions of a U.S. 

adult male and female population. 

Methods and Materials 

NHANES III Database 

The National Health and Nutrition Examination Surveys (NHANES) is a survey research 

program conducted by the National Center for Health Statistics of the Centers for Disease 

Control and Prevention (CDC).  The NHANES III (1988-1994) examination data file is available 

on the CDC website (http://www.cdc.gov/nchs/nhanes.htm) and contains data for 33,994 

individuals (ages 2 months – 90 years) who participated in the survey. This database was chosen 

over a more recent NHANES survey (2005-2006) as it contained more individuals and 

parameters such as age, gender, and sitting height which are absent in updated surveys. In order 

to create patient-dependent phantoms specific to a U.S. adult population, the NHANES III 

database was used to provide target anthropometric parameters. The information retrieved from 

the database included primary parameters such as standing height, sitting height, and total body 

mass, secondary parameters such as waist, buttocks, arm, and thigh circumference, and tertiary 

parameters such as triceps, subscapular, and suprailiac skinfold thicknesses. Age and gender 

were also retrieved and used to split the database into two groups, adult male (7,002 patients) and 

adult female (7,775 patients). The adult subjects ranged from age 18 to 90 years. These datasets 

were used independently to describe their respective populations according to the following 

methodologies.   
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Anthropometric Targets 

A patient-dependent phantom library may be potentially based on any number of 

anthropometric measurements. However, consideration must be given to both the size of the 

original database and also which measurements can be most easily manipulated within the 

starting anchor phantoms. The U.S. adult population was parameterized by selecting standing 

height as a first scaling parameter. Standing height represents a good starting point for phantom 

remodeling because it is a convenient and familiar anthropometric measurement and can be 

altered readily. Another benefit to using standing height is that it takes into account overall body 

size, and when fixed, limits variability in both leg length and sitting height. In analyzing the 

adult databases, standing height was shown to follow a normal distribution. It also showed 

correlation with both sitting height and total body mass (r
2 

= 0.24 and 0.21 respectively for both 

the adult male and female databases). In order to determine target standing heights, a histogram 

was created from the standing height distribution of the each adult database. A Gaussian fit was 

then used to determine 10
th

, 25
th

, 50
th

, 75
th

, and 90
th

 percentile target values for both males and 

females. A cut was then made based upon these values using a tolerance of ± 1 cm.  

Approximately 600 patients were left within each standing height bin.   

The adult population was further parameterized according to total body mass. Similar to 

standing height, total body mass characterizes the size of a patient and also represents a general 

indicator of subcutaneous fat. In order to determine target values, histograms for each standing 

height bin were generated. The weight distributions showed a slight positive skew for 10
th

 and 

25
th

 percentile standing heights and evened out as the height percentile increased. A combination 

of Gaussian and polynomial fits were used in coordination with numerical integration to 

determine 10
th

, 25
th

, 50
th

, 75
th

, and 90
th

 percentile weights. Each adult database was culled once 

more using a tolerance of ± 0.5 kg leaving 50 unique datasets each including roughly 25-45 adult 
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patients. Due to the limited number of patients remaining within each sub-grouping, the data was 

not split further, and secondary anthropometric parameters for each standing height/total body 

mass combination were selected based upon the average individual found within each sub-

grouping. Tertiary parameters, such as skin-fold thickness, were not included as these data did 

not translate well to computational phantoms. A list of the final anthropometric target parameters 

can be seen in Table 2-1 for adult males and Table 2-2 for adult females.   

Anchor Phantoms 

The UF family of adult hybrid computational phantoms includes models for the adult male, 

adult female, and a variety of different pediatric ages and genders. From this family, the UF 

hybrid adult male (UFHADM) and female (UFHADF) were chosen as representative anchor 

phantoms for this study [34]. In order to create a patient-dependent adult male series, the 

UFHADM was modified according to the target parameters defined in Table 2-1. For the 

UFHADF, target parameters were chosen from Table 2-2. 

The torso of the UFHADM was created based on CT imaging data (1.97 x 1.97 x 3 mm
3
) 

collected from a 36-year Korean male volunteer. The torso of the UFHADF was created using 

CT imaging data (0.66 x 0.66 x 5 mm
3
) collected from a 25-year female volunteer. The arms, 

legs, and head of the UFHADM and UFHADF were segmented from high-resolution CT scans 

of an 18-year male and 15-year female cadaver, respectively. The arm and leg bones in the CT 

images were segmented and attached to the torso at the NURBS modeling stage after careful 

scaling. NURBS surfaces were used to describe the outer body contour and the boundaries of 

most internal organs. A limited number of structures, including the skeleton, brain, cartilage, and 

extrathoracic airways were difficult to model as NURBS surfaces and thus a variety of formats 

were used to describe them including polygon meshes and stylized objects. Once the initial 

modeling was completed, the organ sizes were adjusted to match reference masses given in ICRP 
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Publication 89 [56]. The outer body contours were also modified to match ICRP-89 reference 

parameters including standing height (176 and 163 cm, respectively) and total body mass (73 and 

59 kg, respectively). Skin was not included during the initial modeling process but was left to be 

added during voxelization. These hybrid reference phantoms provided an important link to a 

robust set of reference organ masses and represent the starting point for further anthropometric 

modeling. 

Phantom Remodeling 

Both the UFHADM and UFHADF anchor phantoms were modified according to the same 

methodology. To begin, average sitting height and leg length values were determined for each 

standing height bin. It was important to fix these parameters in order to maintain uniformity 

between phantoms of a certain standing height which increased the efficiency of the scaling 

method. The targeted sitting height was matched by uniformly scaling in 3D the head, arms, and 

torso (including the regional skeleton and all internal organs) within Rhinoceros
TM

 with the base 

of the ischium acting as the origin. With sitting height set, leg length was adjusted next to 

achieve the appropriate target standing height. The next step in phantom modification was to 

match secondary anthropometric parameters including waist, buttocks, arm, and thigh 

circumference. For the 50
th

, 75
th

, and 90
th

 weight percentile phantoms, this was achieved by 

altering control points of the outer body contour, simulating a change in subcutaneous fat 

thickness and its body distribution. For the 10
th

 and 25
th

 weight percentile phantoms, the targeted 

waist circumference was found to be smaller than allowed by the existing skeletal model. In 

order to accommodate the reduced waist circumference, the phantom was scaled slightly inward 

in 2D. This method of scaling for underweight and overweight phantoms was developed 

empirically but mimics methods used previously in a phantom study based on statistical studies 
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of the Finnish clothing industry [57]. After scaling the phantom in 2D, secondary parameters 

were matched by fine-tuning control points of the outer body contour. 

The final step of phantom construction was to match the target weight percentiles. This 

process involved iteration between evaluating the total body mass and adjusting the outer body 

contour. The total organ mass of the phantom was determined within Rhinoceros
TM

 by taking the 

product of  the organ/tissue volumes and their corresponding reference densities as defined in 

ICRU Report 46 [58]. The residual soft tissue mass was determined by subtracting the total 

organ volume from the total phantom volume and multiplying by the reference density for soft 

tissue. Total body mass was calculated as the sum of the total organ and residual soft tissue 

masses. With this parameter evaluated, any difference between the phantom and target mass was 

accounted for by adjusting control points in areas not constrained by secondary parameters, 

typically within the upper torso. The time required to modify a single anchor phantom into a 

patient-dependent model was roughly 30 - 50 minutes and decreased with modeling experience. 

Results 

Example images of the patient-dependent adult male and female series are shown in 

Figures 2-1, 2-2, 2-3 and 2-4. Figures 2-1 and 2-2 represents all phantoms created at the 50th 

percentile standing height, while figures 2-3 and 2-4 represents all phantoms created at a 50th 

percentile weight. The naming of the adult series follows a moniker whereby the anchor phantom 

is subscripted first by standing height percentile, and second by weight percentile. Selected organ 

masses from the UFHADM series are displayed in Table 2-3 along with ICRP-89 reference 

values. Due to the fact that organ sizes remained the same for overweight phantoms at each 

respective standing height, these values were not included. As seen in Table 2-3, organ masses 

for the UFHADM50-50 closely resemble those of the ICRP-89 compliant adult hybrid.  Organ 
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masses moved away from these values as both standing height and weight were altered with the 

relative variation in individual organ mass remaining constant between different phantoms.  

Discussion 

The patient-dependent phantoms created in this study represent a first attempt at 

comprehensive anthropometric modeling for realistic computational phantoms. As such, the 

phantoms were evaluated based on both their appearance and description of internal organ mass.  

From visual inspection of Figures 2-1 through 2-4, the dimensions of the patient-dependent 

phantoms appear appropriate. Arm length extends to mid thigh, the head and body size maintain 

the generally accepted ratio of 1:8, and the church pew effect
1
 can be witnessed as the variation 

in leg length is more pronounced than the corresponding variation in sitting height. While the 

method for adding subcutaneous fat is admittedly somewhat discretionary, by fixing secondary 

parameters, definite constraints are built into the process which helps limit unrealistic body 

contour modeling. Consequently, the phantom subcutaneous fat distribution also appears 

appropriate and within reasonable expectations.   

In order to evaluate the accuracy of the scaled organ masses, a comparison was made with 

a recently published French-based autopsy study [59]. This study represents one of the few 

available surveys presenting organ mass data in combination with anthropometric measurements.  

In the autopsy study, adult cadavers were assembled into three subgroups defined so as to 

provide sufficient data points to ensure statistical significance. Within each subgroup, the 

average and standard deviation for standing height, total body mass, and organ mass were 

determined. Using this data, organ mass was correlated with both standing height and body mass 

                                                 

 
1
 Observation that variations in individual heights of a congregation are noticeably greater during standing versus 

seated portions of the church service. 
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index (BMI). In order to make a comparison, similar correlations were calculated for the 

UFHADM series. Figures 2-5 through 2-9 display liver, spleen, thyroid, pancreas, and kidney 

mass as correlated with BMI. The statistical parameters presented in the autopsy study are also 

displayed for each of the three subgroups. While heart and lung masses were also available in the 

autopsy study, they were not included in the comparison due to uncertainties in how their 

volumes were assessed. 

As seen in the figures, the data are grouped vertically according to weight percentile. The 

variance in each grouping represents a spreading of organ mass at different standing heights and 

is noticeably less than what is observed in the autopsy data. One inference that can be drawn 

from this reduction is that while anthropometric variation can be largely parameterized, there 

will always be significant variation in the size of individual organs (i.e., patients with similar 

body sizes will never have exactly the same organ mass). While NURBS surfaces offer the 

possibility to modify individual organ boundaries, the prospect of creating patient-dependent 

phantoms with various combinations of organ size represents an overly extensive task, and one 

which would require a comprehensive organ mass/anthropometric database which does not 

currently exist. Furthermore, without patient-specific imaging, the only indication of internal 

organ size is through anthropometric measurement. It would thus be difficult to match patients 

with individually targeted organ mass percentiles. Patient-dependent phantoms represent a 

compromise between specificity and practicality, and thus as long as the scaled organ masses fall 

within reasonable bounds, they may be considered useful for medical dosimetry purposes, either 

retrospective or prospective in nature. 

More evidence for the usefulness of these phantoms is seen in Figures 2-5 through 2-9, as 

the UFHADM organ masses follow similar trends as represented in the autopsy data. In all cases, 
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increasing BMI leads to a gradual increase in the organ mass. There is, however, a shift in the 

UFHADM data towards larger body mass indexes along this axis. This can be explained by 

noting that while the average height recorded in both French-based autopsy study (172 cm) and 

this U.S. based phantom study (173.2 cm) was similar, the average weight was found to be 12 kg 

larger in the U.S. population (68 kg compared to 80 kg). This shift results in organ masses that 

appear slightly lower than expected according to the autopsy data.  

In order to evaluate this trend further, the selected organ masses were correlated with 

standing height.  Figures 2-10 through 2-14 display these correlations along with the statistical 

parameters presented in the autopsy study. As seen in these figures, the shift has been lessened 

and the 50
th

 percentile organ masses trend better with the autopsy study. This comparison 

highlights the differences in the anthropometric parameters of various human populations and 

how these differences may potentially affect phantom-patient matching. One organ that showed 

discrepancy with the general trend of increasing mass with increasing standing height was the 

thyroid. In this case, the average thyroid mass from each sub-group showed no increase.  

However, after reviewing the autopsy study further where a weak correlation was listed for 

thyroid mass and standing height (r
2
 = 0.26), it appears that the discrepancy seen in the Figure 2-

12 is due to a combination of the way the data is presented and the large variation within each 

sub-group. 

Also noteworthy in Figures 2-10 through 2-14 is the vertical trend between the organ 

masses of each height percentile grouping. Due to the fact that the 75
th

 and 90
th

 percentile weight 

phantoms have the same organ mass as their 50
th

 percentile counterpart, there are no points 

above the 50
th

 percentile values. However, the variance seen in the autopsy correlations suggests 

organs with higher masses.  As discussed previously, there is wide variability in the sizes of 
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individual organs.  Accordingly, it is difficult to determine if the organs of overweight patients 

need to be scaled further. For future modeling, more complicated parameters such as biacromial 

and biiliac breadth can be retrieved from the NHANES III database and added as target 

measurements. These measurements will characterize ventral cavity volume more completely 

and better determine the balance between torso volumetric scaling and the simple addition of 

subcutaneous fat. 

One notable omission in this study is the lack of intra-abdominal or visceral fat. This type 

of fat was not modeled for two reasons. First, intra-abdominal fat is difficult to assess through 

anthropometric measurement. In one study aimed at classifying obesity levels, sumo wrestlers 

were shown to have much lower visceral-to-fat ratios than similarly sized individuals [60]. Also, 

increased levels of visceral fat can be found in relatively thin patients who live sedentary 

lifestyles. Second, without patient-specific MRI imaging, there is no way of determining exactly 

the distribution of visceral fat between organs. One solution which could be explored in the 

future would be to define levels of visceral fat based on a combination of factors including BMI, 

percent body fat, lifestyle, and certain disease factors such as Type 2 diabetes and heart disease. 

Layers of adipose tissue could then be added around abdominal organs in accordance with these 

levels. Such an approach would be most important for internal dosimetry where the distance 

between organs is a major factor in determining cross-organ photon dose. 

Summary 

A methodology has been presented for the construction of patient-dependent phantoms 

built around the anthropometric distribution of a U.S. adult population. The methodology relies 

on the flexibility of hybrid phantoms to match target anthropometric parameters as determined 

from the NHANES III database. Target parameters for the adult population were established 

based on standing height and weight percentiles. Target parameters for this study included the 
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primary parameters standing height, average sitting height, and total body mass, and the 

secondary parameters waist, arm, thigh, and buttocks circumference.  

Representative patient-dependent phantoms for two target populations (adult male and 

female) were created by modifying the ICRP-89 compliant UFHADM and UFHADF anchor 

phantoms. Standing height was matched by first scaling sitting height, then leg length.  In order 

to simulate different weight percentiles, the control points of the outer body contour were 

manipulated within the boundaries set by the secondary parameters. For underweight patients, 

2D scaling was necessary in order match targeted waist circumferences. 

The resulting phantoms were evaluated based on appearance and internal organ mass.  

Aesthetically, the phantoms appeared correct and displayed characteristics of a diverse 

population including variability in shape and the church pew effect. Organ masses for the 

UFHADM were presented and displayed several general trends including a gradual increase with 

both standing height and weight. Selected organ masses from the UFHADM series were also 

compared with published correlations taken from a French-based autopsy study. The organ 

masses were located within the statistical deviation presented in the autopsy study and followed 

similar trends when correlated with both standing height and BMI.   

Lastly, recognition was made for the challenges presented by both intra-organ variability 

and intra-abdominal fat. While these realities introduce uncertainty during phantom-patient 

matching, the methodology presented in this paper was designed out of need for phantoms that 

are both realistic and practical. As such, the UFHADM and UFHADF series offer unique 

advantages for a wide variety of medical applications where body size may have a large 

influence on patient dose and can be used in the future to help explore the benefits of phantom-

patient matching. 
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Table 2-1.  Anthropometric parameterization of the U.S. adult male population based on the NHANES III database. 

 

Standing Weight (kg) Avg sitting Arm Waist Buttocks Thigh

  height (cm)   height (cm)   circumference (cm)   circumference (cm)   circumference (cm)   circumference (cm)

57.6 (10%) 27.7 79.2 87.2 44.3

62.9 (25%) 29.6 85.5 90.7 47.2

163.7 (10%) 69.4 (50%) 30.8 93.9 94.0 47.5

76.9 (75%) 32.2 100.0 97.4 49.2

85.0 (90%) 34.9 108.6 103.9 52.5

60.8 (10%) 28.4 81.4 88.8 45.3

66.7 (25%) 30.1 87.4 92.0 47.1

168.2 (25%) 74.3 (50%) 32.0 94.2 96.5 49.5

82.9 (75%) 34.6 100.1 101.1 53.2

91.6 (90%) 35.8 109.1 106.4 54.8

64.1 (10%) 28.9 82.0 90.3 46.0

70.7 (25%) 30.8 87.8 93.8 48.6

173.2 (50%) 78.4 (50%) 32.2 95.6 98.0 50.5

87.0 (75%) 34.4 101.2 103.1 53.0

97.3 (90%) 36.3 112.4 107.6 55.4

67.9 (10%) 29.0 81.1 91.7 47.0

74.8 (25%) 31.3 86.4 95.1 50.5

178.3 (75%) 82.3 (50%) 32.6 95.2 99.3 51.3

92.9 (75%) 35.3 104.1 104.7 54.0

102.0 (90%) 36.8 112.4 112.1 57.0

69.8 (10%) 29.6 82.5 92.7 47.3

77.1 (25%) 31.5 87.4 96.0 50.4

182.8 (90%) 87.0 (50%) 33.3 98.1 102.2 52.7

98.3 (75%) 36.0 104.2 105.8 55.0

109.9 (90%) 38.6 110.7 114.1 59.7

94.2

86.1

88.1

90.2

92.4
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Table 2-2.  Anthropometric parameterization of the U.S. adult female population based on the NHANES III database. 

 

Standing Weight (kg) Avg sitting Arm Waist Buttocks Thigh

  height (cm)   height (cm)   circumference (cm)   circumference (cm)   circumference (cm)   circumference (cm)

47.4 (10%) 25.3 73.5 87.8 43.2

53.1 (25%) 27.8 81.8 91.9 44.6

151.0 (10%) 61.0 (50%) 30.4 88.5 98.2 48.5

70.5 (75%) 33.6 100.8 105.4 50.6

81.6 (90%) 36.5 103.5 115.7 57.6

50.1 (10%) 25.9 73.7 88.9 44.3

56.0 (25%) 27.8 81.7 93.3 46.1

155.4 (25%) 64.4 (50%) 30.8 91.8 99.5 48.9

75.0 (75%) 34.2 96.4 108.0 54.6

87.3 (90%) 36.8 109.8 117.0 57.8

51.7 (10%) 25.4 74.1 90.3 44.6

58.1 (25%) 28.1 78.8 95.0 47.2

160.1 (50%) 66.8 (50%) 31.1 90.6 100.3 49.4

78.9 (75%) 33.6 98.8 108.0 55.1

90.4 (90%) 37.4 106.4 116.7 60.0

54.2 (10%) 25.7 73.2 89.6 45.7

61.4 (25%) 27.9 81.6 95.8 47.5

164.9 (75%) 71.1 (50%) 31.4 91.5 102.7 52.0

84.8 (75%) 34.6 103.1 112.5 57.5

97.6 (90%) 38.5 108.4 119.0 61.8

56.3 (10%) 25.8 75.4 91.2 45.3

62.8 (25%) 27.6 80.0 95.8 48.3

169.2 (90%) 72.9 (50%) 30.7 87.2 101.7 51.0

86.8 (75%) 34.2 104.3 112.1 57.1

102.0 (90%) 39.5 106.3 121.2 67.2

88.0

80.0

82.1

84.3

86.1
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Table 2-3.  Organ masses selected from the UFHADM patient-dependent series including the 

brain, thyroid, pancreas, heart wall, liver kidneys and spleen. 

 

 

 

 

 

 

 

 

Brain Thyroid Pancreas Heart wall Liver Kidneys Spleen

UFHADMref 1450.0 20.0 140.0 330.0 1800.0 310.0 150.0

UFHADM10-10 994.0 13.7 96.0 226.4 1236.1 223.6 102.9

UFHADM10-25 1101.4 15.2 106.4 250.9 1369.6 247.8 114.0

UFHADM10-50 1273.5 17.5 123.0 290.1 1583.6 286.5 131.8

UFHADM25-10 1063.1 14.6 102.7 242.2 1322.0 239.2 110.0

UFHADM25-25 1177.9 16.2 113.8 268.3 1464.8 265.0 121.9

UFHADM25-50 1364.3 18.8 131.8 310.8 1696.5 306.9 141.2

UFHADM50-10 1142.9 15.7 110.4 260.3 1421.2 257.1 118.3

UFHADM50-25 1266.4 17.4 122.3 288.5 1574.8 284.9 131.1

UFHADM50-50 1464.2 20.2 141.4 333.5 1820.8 329.4 151.6

UFHADM75-10 1206.2 16.6 116.5 274.8 1500.0 271.4 124.9

UFHADM75-25 1336.0 18.4 129.0 304.3 1661.3 300.5 138.3

UFHADM75-50 1574.0 21.7 152.0 358.5 1957.2 354.1 162.9

UFHADM90-10 1297.5 17.9 125.3 295.5 1613.4 291.9 134.3

UFHADM90-25 1437.6 19.8 138.8 327.5 1787.7 323.4 148.8

UFHADM90-50 1662.2 22.9 160.5 378.6 2067.0 373.9 172.1

Organ mass (g)
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Figure 2-1.  Frontal and lateral views of patient-dependent adult male phantoms at fiftieth 

percentile standing height and tenth, twenty-fifth, fiftieth, seventy-fifth, and ninetieth 

percentile body mass. 
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Figure 2-2.  Frontal and lateral views of patient-dependent adult female phantoms at fiftieth 

percentile standing height and tenth, twenty-fifth, fiftieth, seventy-fifth, and ninetieth 

percentile body mass. 
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Figure 2-3.  Frontal and lateral views of patient-dependent adult male phantoms at fiftieth 

percentile body mass and tenth, twenty-fifth, fiftieth, seventy-fifth, and ninetieth 

percentile standing height. 
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Figure 2-4.  Frontal and lateral views of patient-dependent adult female phantoms at fiftieth 

percentile body mass and tenth, twenty-fifth, fiftieth, seventy-fifth, and ninetieth 

percentile standing height. 
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Figure 2-5.  Correlation of liver mass with body mass index for the UFHADM patient-dependent 

series. Statistical parameters as outlined in a French-based autopsy study are also 

included. These parameters include average liver mass and standard deviation for 

three subgroups as defined by the adult male cadaver population. 

 

Figure 2-6.  Correlation of spleen mass with body mass index for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average spleen mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 
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Figure 2-7.  Correlation of thyroid mass with body mass index for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average thyroid mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 

 

Figure 2-8.  Correlation of pancreas mass with body mass index for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average pancreas mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 
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Figure 2-9.  Correlation of kidney mass with body mass index for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average kidney mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 

 

Figure 2-10.  Correlation of liver mass with standing height index for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average liver mass and standard deviation 

for three subgroups as defined by the adult male cadaver population. 
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Figure 2-11.  Correlation of spleen mass with standing height for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average spleen mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 

 

Figure 2-12.  Correlation of thyroid mass with standing height for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average thyroid mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 
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Figure 2-13.  Correlation of pancreas mass with standing height for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average pancreas mass and standard 

deviation for three subgroups as defined by the adult male cadaver population. 

 

Figure 2-14.  Correlation of kidney mass with standing height for the UFHADM patient-

dependent series. Statistical parameters as outlined in a French-based autopsy study 

are also included. These parameters include average kidney mass and standard 

deviation for three subgroups as defined by the adult male cadaver population.
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CHAPTER 3 

IMPACT OF PATIENT-PHANTOM MATCHING ON ORGAN DOSE 

Background 

In the previous chapter, the concept of a patient-dependent phantom was first introduced. 

This phantom category consists of off-the-shelf models created through anthropometric re-

modeling of a reference phantom. The goal of modification is to create a library of phantoms 

representing a variety of different body shapes and contours as might be seen in a real patient 

population. Patient-phantom matching is then defined as the selection of a patient-dependent 

phantom or patient-dependent dose metric based on anthropometric measurement of an 

individual patient. The primary benefit is the balance between specificity and practicality. 

Previously, tomographic-based phantoms have provided high-specificity, but as a tradeoff, 

require large sets of imaging data and time-consuming segmentation. Conversely, reference 

phantoms provide an off-the-shelf solution but ignore anatomic and anthropometric variability. 

By using patient-phantom matching, patient information can be included in a near-real time dose 

estimate, thus opening the possibility for individual dose tracking. 

While patient-phantom matching represents an obvious extension for animation-based 

phantoms, the question remains as to whether or not anthropometric matching can actually 

improve dose estimates to individual patients. In previous studies, an increased body diameter, 

body mass index, and weight percentile were all shown to increase organ dose for a given image 

quality [31, 61, 62]. These results suggest having a larger phantom to represent a larger patient 

would help mitigate dosimetric differences due to body morphometry. Beyond these studies, 

little work has been published comparing phantoms and patients of different sizes for projection-

based radiology (fluoroscopy and radiography). 
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Another important aspect of patient-phantom matching independent of patient size is the 

inherent variability in organ size, shape, and location. Such variability introduces uncertainty 

into any dose estimate and it is important to consider when assessing the effectiveness of 

matching techniques. One notable study performed by Zankl et al. [63] provided an inter-

comparison between seven different tomographic-based models (Donna, Irene, Frank, Helga, 

Golem, Voxelman, and Visible Human). The study had several interesting findings. First, the 

influence of individual anatomy was found most relevant for incident photon energies between 

60 and 200 keV. Below this range, even small individual variations, both anthropometric and 

anatomical, produced dose differences of hundreds of percent. Above this range, the penetration 

and scatter of the photon beam was relatively high thus lessening the effects of individual organ 

variations. Second, by comparing voxelized organ volumes between the Visible Human and VIP-

Man which were both segmented from the same dataset, the study concluded segmentation could 

account for errors up to 15% for large organs, and 25-60% for small and walled organs. Finally, 

the authors found dose differences between phantoms ranged up to 30% for organs located at 

shallow depths and within the field of view (FOV). For deep-seated organs or those outside the 

FOV, differences in organ doses ranged from 30-100%. While anthropometric differences 

accounted for part of this error (Irene was thin while Visible Human, Frank, and Helga were 

larger), the results suggest a residual limitation due to anatomical (organ-related) differences.   

While the aforementioned study included seven different patient-specific or semi-patient-

specific models, it was clearly limited by sample size. Also, the purpose of the study was not to 

test patient-phantom matching, but to investigate systematic differences when compared with 

older stylized phantoms. In order to provide a comprehensive analysis of patient-phantom 

matching, two robust sets of phantoms are needed: one consisting of patient-specific models, and 
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the other consisting of a patient-dependent library. In this present study, both phantom sets have 

been compiled and include 27 patient-specific models created through CT segmentation, and 50 

patient-dependent phantoms selected from the UF hybrid adult  male (UFHADM) and female 

(UFHADF) patient-dependent series outlined in Chapter 2. Assuming the patient-specific models 

as a “gold standard”, the hypothesis for this research was that patient-phantom matching using 

hybrid patient-dependent phantoms would produce more accurate organ dose estimates than 

those determined using reference phantoms. The study was focused on projection-based 

radiology, specifically dose conversion coefficients used in fluoroscopically guided 

interventions.  

Methods and Materials 

Patient-Specific Phantom Construction 

To begin the study, 27 CT datasets (14 male/ 13 female) were retrieved from the PACS 

archives at Shands Jacksonville Medical Center under an approved IRB protocol. The datasets 

covered the chest, abdomen, and pelvic regions (CAP) and were selected preferentially so as to 

cover broad ranges of height and weight. In order to create a computational model for each 

patient, the CT datasets were contoured using the segmentation software 3D Doctor. As it was 

difficult to delineate certain soft tissue organs such as the colon and small intestine, the following 

organs/structures were chosen as targets for this study: the pericardium, liver, spleen, stomach 

(wall and contents), pancreas, kidneys, bladder (wall and contents), skeleton, subcutaneous fat, 

and outer body contour. After all structures of a given dataset were contoured, the model was 

imported as a polygon mesh into the computer animation software Rhinoceros. Due to the fact 

that the CAP scans often included two separate datasets (abdomen/pelvis and chest), each half of 

the patient-specific phantoms were aligned properly within Rhinoceros. Following this 
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adjustment and a quick anatomical review, the phantoms were voxelized at a resolution of 2 x 2 

x 2 mm
3
 and converted into a MCNPX lattice structure.  

Figures 3-1 and 3-2 show height and weight information for the patient-specific phantoms 

overlaid on a plot of standing height verses weight for the male and female UF hybrid adult 

patient-dependent series, respectively. As mentioned previously, this database consists of 25 

distinct male and female phantoms created by modifying the UF hybrid adult male and female 

reference phantoms. The phantoms for each gender were created at five different height 

percentiles (10th, 25th, 50th, 75th, and 90th), and within each height percentile, at five different 

weight percentiles (10th, 25th, 50th, 75th, and 90th). As can be seen in the figures, the selected 

patients cover these ranges fairly well and also include a number of outliers representing body 

types outside the 10th and 90th percentile bounds. 

Patient-Dependent Phantom Modification 

In order to make a consistent comparison with the patient-specific models, each patient-

dependent phantom was modified in three ways. First, the arms, legs, and head were removed in 

accordance with information available in the CAP datasets. Second, organs and structures not 

contoured in the patient-specific models were removed. These included the costal cartilage, 

intestines, and prostate among others. The final modification was to adjust the angle of the 

scapulae to mimic the arms-raised positioning of a real CT setup. Figure 3-2 illustrates a 

modified patient-dependent phantom shown alongside a patient-specific model. While every 

effort was made to normalize the patient-dependent phantoms, as seen in the figure, differences 

due to variable filling of the lung, bladder, and stomach were not addressed. This limitation will 

be discussed in further sections of this study. As with the patient-specific models, the modified 

phantoms were voxelized at a resolution of 2 x 2 x 2 mm
3
 and converted into an MCNPX lattice 

structure. 
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Monte Carlo Simulation 

With both phantom libraries compiled, four different fluoroscopic projections were 

simulated using the radiation transport code MCNPX 2.6.0 [64]. The projections included two 

abdominal studies centered on the stomach, LPO/RAO, and two cardiac studies centered on the 

heart, PA/Left lateral. For the purposes of this study, all projections were viewed from the 

perspective of the x-ray tube. Details regarding field size, source distance, and beam quality were 

taken from organ dose handbooks compiled by the Center for Devices and Radiological Health 

(CDRH) of the FDA [18, 65]. These parameters were then modified slightly to account for 

differences in phantom sizing. For abdominal projections, the field of view at the detector was 

set to 11.5 x 11.5 cm
2
. This was done by simulating an adjustable lead collimator located 10 cm 

from the source term. The source-to-skin distance was fixed at 50 cm, and the detector was 

positioned roughly 6-7 cm away from the patient. For cardiac projections, the field of view was 

set to 6.5 x 6.5 cm
2
 and 10 x 10 cm

2
 for the left lateral and PA projections. The source-to-skin 

distance was fixed at 50 cm, and the detector was positioned 10 cm from the patient. In order to 

simplify the simulations, both the phantom and collimator were located within an air-filled 

medium without the addition of a table or mattress.  

Three diagnostic x-ray spectra were simulated for each projection using the SPEC 78 

spectrum generator [66] and parameters taken from the CDRH dose handbooks. For abdominal 

projections, peak voltages were set at 80, 100, and 120 kVp. Tungsten was used as a target 

material with an anode angle of 12° and filtration/half-value layers set at 4.0/4.8, 4.7/5.0, and 

3.8/5.5 mm Al, respectively. For cardiac projections, peak voltages were set at 60, 90, and 120 

kVp. Tungsten was again used as the target material with the filtration/half-value layers set at 

3.5/2.5, 4.0/4.1, and 4.3/5.8 mm Al. A total of 78 phantoms were used in this study – 27 patient-

specific, 50 patient-dependent, and one reference stylized phantom [67]. For each phantom, the 
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F6 tally (MeV g
-1

) was used to estimate dose to the eight organs listed previously. This tally 

provided an estimation of kerma which was used as an analogue for absorbed dose in this study. 

The tallies were further normalized by dose-area-product (DAP) which was simulated using a 1 

cm thick rectangular air-filled volume located 10 cm from the collimator. An entrance side 

metric was chosen to mimic how organ dose is calculated in the clinic; DAP is first measured 

during the procedure, and dose conversion coefficients (dose/DAP or DCC) are then selected 

from published values. Besides providing an entrance side normalization factor, the DAP was 

used as a convenient check on the simulation as the DAP calculated for each phantom should be 

similar for a given projection/spectrum combination. The Monte Carlo simulations were run on 

the ALRADS cluster at UF comprised of 9 AMD Dual Opteron 2216 processors with 4 GB of 

RAM and 4 AMD Quad Opteron 2350 processors with 8 GB of RAM. All runs included ten 

million photon histories and generally took between 400 to 700 minutes each. The number of 

histories was sufficient such that the relative error was reduced below 1% for all organs except 

the bladder which ranged between 1-10%.  

After the simulations were completed, the dose conversion coefficients were analyzed for 

any correlation between patient-specificity and the accuracy of the dose estimate. This was done 

by comparing the conversion coefficients calculated from a reference stylized phantom, the 

reference hybrid phantom (50
th

 percentile by height and weight), and a matched patient-

dependent phantom to the conversion coefficients calculated from each patient-specific model. 

To assist the matching process, a surface plot was created for each organ based on the height, 

weight, and magnitude of the dose conversion coefficient as calculated from the 25 male and 25 

female patient-dependent phantoms. Matching was then performed according to height and 

weight where interpolation along the surface plot was used whenever the anthropometric 
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parameters of the patient-specific model did not agree closely with one of the defined patient-

dependent phantoms. Figure 3-4 displays a large, medium, and small individual shown with their 

closest patient-dependent counterpart. The figure provides a good illustration of how patient-

dependent phantoms can more accurately describe a variable patient population. It is important to 

remember however, that matching was performed using interpolation between patient-dependent 

dose metrics which allowed for more than a one-to-one complement. 

Accuracy was quantified for each phantom type by calculating an absolute percent-

difference using the patient-specific dose conversion coefficients as the true value.  This method 

of calculating percent difference is defined in Equations 3-1 through 3-3. 

 

Patient-dep Patient-spec

Patient-dep

Patient-spec

DCC DCC
%Difference

DCC
 (3-1) 

 

Ref hybrid Patient-spec

Ref hybrid

Patient-spec

DCC DCC
%Difference

DCC
 (3-2) 

 

Ref stylized Patient-spec

Ref stylized

Patient-spec

DCC DCC
%Difference

DCC
 (3-3) 

A percentage point improvement was also utilized as defined in Equations 3-4 and 3-5. 

 
Hybrid Ref hybrid Patient dep

Percentage point Difference  - %Difference%  (3-4) 

 
Stylized Ref stylized Patient dep

Percentage point %Difference  - %Difference  (3-5) 

Results 

Mean organ volumes as segmented from the patient-specific CT datasets are listed in Table 

3-1. Reference volumes are also listed for the UFHADM, UFHADF and reference stylized 

phantoms. The expectation was to see organ volumes close to or slightly higher than the 
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reference volumes as both the mean height and weight of the male and female datasets were 

greater than their corresponding reference values. As shown in Table 3-1, several organs 

matched closely with this expectation including the male liver, pericardium, stomach, and 

kidneys, and female liver, pericardium, stomach, kidneys, spleen, and bladder. In both the male 

and female cases, the lung volumes were greater by approximately 40%. In addition to 

differences in phantom sizing, this discrepancy was most likely due to the expanded lung 

volumes of patients undergoing CT scans where a breath hold is required in order to avoid 

motion blur. Three organs, the male and female pancreas, and the male spleen, did not agree 

closely with expectation. While differences in pancreas volume can be explained by 

segmentation error (this organ was notoriously difficult to visualize in the CT images), the spleen 

was clearly visible and contoured appropriately in the female datasets. After reviewing dictation 

notes for the male patients, in only 9 out of 14 cases was the spleen noted as having a normal 

appearance. In three cases splenomegaly was specifically identified. No information was given 

for the remaining two patients. These findings agree with observations from the contoured 

datasets, and as a result, the mean spleen volume was increased higher than what would be 

expected in a normal patient population. With the exception of these two cases, however, the 

organ volumes for the male and female patient-specific models were found within normal 

bounds. 

 As mentioned previously, 78 phantoms were used in this study with 12 different Monte 

Carlo runs performed for each phantom. Dose conversion coefficients were calculated for each 

organ and an absolute percent difference was determined for each of three phantom types: 

reference stylized, reference hybrid, and patient-dependent hybrid. Table 3-2 lists these results 

for RAO projections where the absolute percent difference has been averaged for each male 
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organ. The table is structured in multiple ways. First, the values are separated by tube voltage.  

Second, the values have been compiled into three column groups as the average of all patients, as 

the average of heavy patients (>50
th

 percentile by weight), and as an average of light patients 

(≤50
th

 percentile by weight). Third, at the bottom of each column, the table includes both the 

average of all organs, and the average of organs considered primary for the projection based on 

the magnitude of the conversion coefficients. For RAO projections these organs were the 

pericardium, stomach, pancreas, and liver. The primary organs for LPO projections were the 

stomach, spleen, and kidneys, for PA projections the lungs, pericardium, and spleen, and for left 

lateral projections the lungs, pericardium, stomach, and spleen.  

The RAO projection selected for Table 3-2 highlights many of the general trends observed 

across all projections. It can be seen that increasing tube potential improves the accuracy of the 

dose estimate. This is further illustrated in Figure 3-5 which shows percent differences for 80, 

100, and 120 kVp RAO projections, taken as the average of all organs for all male patients. This 

trend was also seen, however, for individual organs of both sexes. Also shown in Figure 3-5 is 

the magnitude of the differences between the three phantom types. In Table 3-2, these 

differences are quantified where, taken as an average of all patients, the stylized phantom 

provided the least accurate dose estimates while the patient-matched phantom provided the best 

estimate. While giving some support for the concept of patient-phantom matching, this 

conclusion changes slightly when patients are separated by weight. Figures 3-6 (male) and 3-7 

(female) show percent difference for 80 kVp projections taken as the average of all organs for 

each of two groups: heavy and light patients. In these figures, it is clearly seen that while the 

stylized phantom provided the least accurate dose estimate overall, patient-phantom matching 

was superior to using a reference hybrid phantom only for heavy patients. For light patients, the 
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two phantom types provided an equivalent level of accuracy. Again, this trend was also seen 

when individual and primary organs were considered. 

In order to summarize these results for the complete study, Tables 3-3 and 3-4 list the 

percentage point improvement gained by using patient-phantom matching over hybrid and 

stylized reference phantoms, respectively. The tables are structured by tube potential, patient 

grouping (out of all 27 patients), and how absolute percent difference was averaged across the 

eight organs of interest. As seen in Figures 3-6 and 3-7 for each projection, patient-phantom 

matching provided significant improvement for heavy patients but little to no improvement for 

light patients when compared with a reference hybrid phantom. In comparison with the reference 

stylized phantom, patient-phantom matching provided better dose estimates for all patient 

groupings when abdominal studies were considered, but results varied for cardiac projections. In 

this case, the hybrid based phantoms provided more accurate estimates for light patients but were 

slightly less accurate for heavy patients. 

Discussion 

In order to further investigate the differences between heavy and light patients, specific 

contour matching was performed for each of the five male patients selected from the heavy 

grouping. To do this, a new phantom was created for each patient using patient-dependent organs 

but using the patient-specific outer body contours. The phantoms were created within Rhinoceros 

and subsequently used to calculate organ dose conversion coefficients for a 100 kVp LPO 

abdominal projection. Differences between patient-specific phantoms and the phantoms created 

using the patient-specific contours were quantified and are shown in Figures 3-8 as percent 

difference for the average of all organs. Percent difference is also shown for the original patient-

specific phantom matched to a reference phantom, matched by height to a patient-dependent 
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phantom, and matched by height and weight. The different matching techniques are clarified in 

Figure 3-9. 

There were several interesting findings from this comparison. For the smallest of the three 

„heavy‟ patients, a similar baseline was reached when matched by height and weight and by 

inner contour. For the heaviest two patients, a gradual improvement was observed for each 

sequential matching technique. As seen in Figure 3-1, these two patients were heavier than the 

largest phantom selected from the patient-dependent library. If a larger patient-dependent 

phantom had been available, a similar baseline may have been reached. By matching using an 

inner body contour, variation in the amount of soft tissue which shields each internal organ is 

mitigated. This small test indicates matching using patient height and weight has a similar effect. 

Further support for this theory can be deduced from Figures 3-6 and 3-7 which show patient-

phantom matching effective for heavy patients, where variation in soft tissue attenuation is large, 

but having little effect for light patients, where variations in soft tissue are small in comparison 

to the reference version. 

Interestingly, Figures 3-6 and 3-7 also reveal a baseline error of roughly 35-45% which 

was similarly observed across all projections. In the Zankel et al. [63] study, comparable 

differences were found between the seven adult voxel models where individual anatomical 

variation in organs size and location was discussed as a main contributor. To test this theory, a 

heavy and light patient-specific phantom were selected from the library along with their patient-

dependent counterparts and re-run for a 100 kVp LPO abdominal projection with four different 

fields of view including 5.7 x 5.7 cm
2
, 11.5 x 11.5 cm

2
, 22.9 x 22.9 cm

2
, and 45.9 x 45.9 cm

2
.  

Percent difference between patient-specific and patient dependent phantoms was quantified as 

the average of all organs and is plotted in Figure 3-10 for different field sizes. In each case, 
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increasing the FOV, or effectively limiting differences in organ location, led to a decrease in 

error. With an increased FOV, both the patient-specific and patient-dependent phantoms received 

a more uniform fluence across each organ. An example of this would be the stomach which was 

found completely within the FOV at 45.9 x 45.9 cm
2
 but only partial within the FOV at 5.7 x 5.7 

cm
2
. Because the amount stomach found within the FOV differs between phantoms at small 

FOVs due to specific organ locations, the overall disagreement in organ dose is increased. This 

result further supports the notion that a residual limit or uncertainty is always present when 

patients are matched to phantoms using anthropometric parameters. This uncertainty is due to 

anatomical difference in organs size and location which cannot be accounted for without patient-

specific imaging data. 

In regards to stylized models, Table 3-4 indicates patient-phantom matching provides 

major advantages for abdominal projections, and minor advantages for cardiac projections. As 

noted in previous studies, stylized phantoms utilize a highly elliptical cylinder to represent the 

torso. The cylinder is unrealistically wide in the lateral dimension leading to organ positions that 

are too peripheral [63]. Furthermore, the cross-section of the cylinder remains constant with 

height. For abdominal projections where both the axial and sagittal body contours are quite 

variable, a constant cross-section introduces additional error. Patient-phantom matching reduces 

this error by folding patient height and weight into the dose estimate. As weight is well 

correlated with waist circumference, selecting a larger phantom to represent a larger patient helps 

reduce differences in soft tissue attenuation as mentioned previously. 

For cardiac projections, the wide breadth of the cylinder actually matched better with the 

heavy patient grouping. As a result, the trend for light and heavy patients was reversed for left 

lateral projections. In this case, the stylized phantom overestimated lateral attenuation for light 
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patients, and as a consequence, patient-phantom matching proved most beneficial for this patient 

class. For posterior-anterior projections, the data showed little indication of a common trend.  

While patient-phantom matching slightly improved accuracy when taken as the average of all 

organs, when only primary organs were considered, the stylized phantom exhibited better 

agreement with the patient-specific data. Upon further inspection, the male spleen was found as 

the main organ causing significant disagreement. In addition to issues mentioned previously 

related to the size of the male spleen, the location of the male spleen within the hybrid phantoms 

was found medial and superior to what was seen in the both male and female patient-specific 

datasets. This was not the case for the female hybrid phantoms, and as a result, the female 

patient-dependent DCCs aligned much better with the patient-specific data. While the purpose of 

this study was not to verify the position of any specific organ within the UF hybrid patient-

dependent series, the male spleen is an item that can be added to a list of future adjustments to 

better define a supine patient as most commonly seen in fluoroscopy. The list may also include 

the sagittal angle of the kidney which was observed to be slightly less than what was seen in the 

patient images. 

Beyond the anatomical differences of these organs, the expanded lung volume of the 

patient-specific phantoms, and variable filling of the bladder, great effort was made to limit 

variables and simplify the study as much as possible in order to derive general conclusions and 

error trends. For this reason, the study relied on an absolute versus relative percent difference 

and expressed results in terms of mean values. Taken individually, organ dose as calculated 

using a patient-dependent phantom ranged in extreme cases from 300% high to 75% low. Using 

a relative percent difference would have thus underestimated the mean disagreement. While 27 

patients provided enough data to compile over 900 Monte Carlo runs, the study would have 
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benefited from a broader patient-specific data set. With a larger library, a more thorough analysis 

of the dose variation to individual organs could be performed.  

Summary 

The purpose of this study was to investigate the effectiveness of patient-phantom matching 

in comparison with stylized and hybrid reference phantoms. By analyzing percent difference 

between actual patient dose and phantom dose, several conclusions were reached. Results 

indicate two sources of error when phantoms are used to represent individual patients. These 

include uncertainty associated with variability in organs size and location, and error associated 

with differences in soft tissue attenuation. The first type is inherent and accounts for dosimetric 

differences of approximately 35-45%. The second type depends on patient size, and can be 

addressed using anthropometric based patient-phantom matching, specifically for large patients 

where error can be reduced approximately 20-60% depending on projection. Additionally, in 

cases where tube potential is increased, error is further reduced as differences in organ location 

and patient size are lessened by a more penetrating beam. 

While the results of this study indicate that patient-phantom matching is only truly useful 

to larger members of the patient population, obesity rates are on the rise and thus these patients 

will continue to make up a growing fraction of all patients undergoing medical imaging. In 

response to these findings, additional phantoms representing heavier weight percentiles can be 

added to the UFHADM and UFHADF patient-dependent series. These phantoms can be used to 

better represent the over-weight population representing a considerable improvement over 

previous methods for dose reconstruction in radiology and fluoroscopy. 
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Table 3-1.  Mean organ volumes as contoured from 14 male and 13 female CT datasets. 

Reference organ volumes are also listed for the 50th percentile by weight / 50th 

percentile by mass UFHADM and UFHADF and for the reference stylized model. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient- Reference Reference Patient- Reference Reference

  specific   hybrid   stylized   specific   hybrid   stylized

Lung 4681.6 3199.1 3370.0 3769.8 2659.4 3370.0

Liver 1763.3 1715.8 1830.0 1603.3 1252.5 1830.0

Pericardium 824.4 802.5 740.0 614.0 557.2 740.0

Stomach 476.0 447.3 402.0 362.7 374.9 402.0

Kidneys 426.8 312.8 288.0 311.0 261.5 288.0

Spleen 418.5 142.9 144.0 179.3 116.5 144.0

Bladder 145.8 250.2 249.0 195.8 189.3 249.0

Pancreas 45.7 137.3 117.0 35.7 111.6 117.0

Mean height (cm
2
) 175.8 173.2 170.0 161.4 160.1 170.0

Mean weight (kg) 87.4 78.4 75.0 75.7 66.8 75.0

Male - mean organ volume (cm
3
) Female - mean organ volume (cm

3
)
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Table 3-2.  Mean absolute percent difference for individual organs of three patient groupings, all 

(14 patients), heavy (5), and light (9) male patients as calculated for 80, 100, and 120 

kVp RAO projections. Primary organs for RAO projections were considered to be the 

pericardium, stomach, pancreas, and liver.* 

 

 

 

All Heavy Light All Heavy Light All Heavy Light

Lung 40.8 44.1 39.0 41.0 53.9 33.8 55.9 46.3 61.2

Pericardium* 43.7 35.2 48.4 39.4 36.7 41.0 75.6 72.9 77.1

Bladder 85.1 157.1 45.1 98.9 203.2 40.9 240.1 456.1 120.2

Stomach* 32.0 43.3 25.8 36.9 50.0 29.6 56.6 108.0 28.0

Pancreas* 25.2 28.5 23.4 32.6 30.9 33.6 32.7 67.9 13.2

Liver* 29.2 32.7 27.3 51.8 96.3 27.0 46.7 36.9 52.1

Spleen 52.8 65.8 45.6 73.8 139.9 37.0 186.6 301.2 122.9

Kidneys 23.5 15.6 27.8 34.3 54.8 23.0 52.0 91.5 30.1

Average 41.5 52.8 35.3 51.1 83.2 33.2 93.3 147.6 63.1

Primary 32.5 34.9 31.2 40.2 53.5 32.8 52.9 71.4 42.6

Lung 39.1 41.5 37.7 37.7 47.1 32.5 53.8 44.6 58.9

Pericardium* 42.1 33.7 46.7 37.1 32.5 39.6 74.5 72.3 75.7

Bladder 76.5 137.1 42.8 86.4 173.0 38.4 188.7 348.9 99.7

Stomach* 29.2 39.7 23.4 33.6 44.7 27.4 49.7 92.6 25.9

Pancreas* 24.8 27.5 23.3 30.9 28.2 32.4 28.7 58.3 12.2

Liver* 27.6 30.9 25.7 47.4 86.1 25.9 46.5 36.1 52.3

Spleen 48.3 60.4 41.6 66.1 123.4 34.2 163.6 259.1 110.5

Kidneys 21.5 14.2 25.5 30.6 47.2 21.3 45.6 78.5 27.3

Average 38.6 48.1 33.3 46.2 72.8 31.4 81.4 123.8 57.8

Primary 30.9 32.9 29.8 37.2 47.9 31.3 49.8 64.8 41.5

Lung 38.2 40.2 37.1 36.2 44.1 31.8 52.8 43.8 57.9

Pericardium* 41.5 33.0 46.2 36.2 30.7 39.3 74.1 72.2 75.1

Bladder 74.3 136.0 40.0 83.3 166.7 37.0 172.4 317.0 92.0

Stomach* 28.0 37.9 22.5 32.0 42.2 26.4 46.6 85.8 24.8

Pancreas* 24.6 27.0 23.2 30.1 26.9 31.9 26.7 53.5 11.7

Liver* 26.8 30.0 25.1 45.5 81.6 25.5 46.5 35.8 52.4

Spleen 45.9 57.2 39.6 62.0 114.7 32.7 151.9 237.8 104.1

Kidneys 20.3 13.2 24.3 28.6 43.1 20.5 42.5 72.3 26.0

Average 37.5 46.8 32.2 44.2 68.7 30.6 76.7 114.8 55.5

Primary 30.2 32.0 29.3 36.0 45.3 30.7 48.4 61.8 41.0

100 kVp

80 kVp

120 kVp

Patient-matched Reference hybrid Reference stylized
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Table 3-3.  Percentage point improvement over a reference hybrid phantom. Primary organs 

were those which received the highest dose in each projection. 

 

 

 

 

 

 

 

 

 

 

 

 

Abdominal LPO RAO

kVp Group All Heavy Light All Heavy Light

Average 21.0 60.1 -2.5 9.8 23.6 1.9

Primary 26.3 70.7 -0.4 7.7 12.7 5.0

Average 17.2 48.9 -1.7 7.9 18.7 1.8

Primary 21.5 56.9 0.2 6.4 10.1 4.5

Average 15.2 46.4 0.1 7.1 16.4 1.8

Primary 19.4 54.4 2.6 5.9 8.9 4.2

Cardiac Lt lat PA

kVp Group All Heavy Light All Heavy Light

Average 7.1 19.4 0.1 13.2 33.2 1.4

Primary 9.5 25.2 0.7 17.1 39.2 4.0

Average 4.3 12.4 -0.2 7.5 19.0 0.6

Primary 6.7 17.6 0.5 11.5 25.6 3.1

Average 3.2 9.3 -0.1 5.9 15.6 0.2

Primary 5.6 14.7 0.3 9.7 21.0 2.9
120

120

60

90

80

100
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Table 3-4.  Percentage point improvement over a reference stylized phantom. Primary organs 

were those which received the highest dose in each projection. 

 

 

 

 

 

 

 

 

 

 

 

 

Abdominal LPO RAO

kVp Group All Heavy Light All Heavy Light

Average 40.6 75.7 20.5 38.4 68.1 21.2

Primary 60.2 121.7 24.1 23.1 36.0 15.6

Average 35.2 62.9 19.4 32.8 55.2 20.0

Primary 49.2 99.0 20.0 22.0 32.2 16.1

Average 33.7 55.4 22.0 30.6 50.0 19.5

Primary 46.4 93.6 22.8 21.5 30.5 16.2

Cardiac Lt lat PA

kVp Group All Heavy Light All Heavy Light

Average 11.8 2.9 17.3 3.4 8.7 0.7

Primary 15.0 -2.6 25.7 -2.2 -13.0 4.3

Average 11.8 1.6 18.1 2.7 2.5 3.1

Primary 16.0 0.9 25.2 0.5 -7.3 5.2

Average 11.4 1.5 17.3 2.7 2.1 3.2

Primary 15.6 1.9 24.0 1.5 -5.0 5.5
120

80

100

120

60

90
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Figure 3-1.  Patient standing height versus weight shown for patient-dependent and patient 

specific male phantoms. 

 

Figure 3-2.  Patient standing height versus weight shown for patient-dependent and patient 

specific female phantoms. 
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Figure 3-3.  Patient-dependent (P-d) phantoms were modified to match the contoured patient-

specific (P-s) datasets. Modifications included the removal of cartilage, intestines, 

and prostate among others, and the rotation of the scapulae to mimic an arms-raised 

positioning. The increased lung volume of the patient-specific phantoms due to 

breath-holding techniques is also highlighted. 

 

 

Figure 3-4.  Patient-phantom matching by height and weight where the closest patient-dependent 

phantom is shown for three different adult male patients. [(a) and (b), large] Patient-

dependent 90th percentile by height/90th percentile by weight, 182.9 cm/110.0 kg – 

Patient-specific 182.9 cm/112.7 kg. [(c) and (d), medium] Patient-dependent 

75th/50th, 178.3 cm/82.3 kg – Patient-specific 175.2 cm/80.9 kg. [(e) and(f), small] 

Patient-dependent 10th/10th, 163.7 cm/57.6 kg – Patient-specific 157.5 cm/43.6 kg. 
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Figure 3-5.  Improved accuracy with increasing kVp. Shown for RAO projections as the average 

of all organs for all male patients. 

 

Figure 3-6.  Improved accuracy for heavy patients, but no improvement for light patients. Shown 

for 80 kVp RAO, LPO, Left lateral, and PA projections as the average of all organs 

for all male patients. 
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Figure 3-7.  Improved accuracy for heavy patients, but no improvement for light patients. Shown 

for 80 kVp RAO, LPO, Left lateral, and PA projections as the average of all organs 

for all female patients. 
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Figure 3-8.  Percent difference for each of the five heavy male patients as matched to a reference 

hybrid phantom, matched by height to a patient-dependent phantom, and matched by 

height and weight to a patient-dependent phantom. Each phantom was also matched 

using a patient-specific contour but using patient-dependent organs. 

 

Figure 3-9.  Four different anthropometric matching techniques: by reference, by height, by 

height and weight, and by the patient-specific contour. 

 



 

73 

 

Figure 3-10.  Improved accuracy with increasing field of view, shown as the average of all and 

primary organs for two male patients.
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CHAPTER 4 

DEVELOPMENT OF SOFTWARE FOR SKIN AND ORGAN DOSE ASSESSMENT 

Background 

 As mentioned previously, the application of phantom-patient matching addresses only 

one solution for a two part problem. A significant hindrance for the implementation of 

computational dosimetry within the clinic is the burden placed on staff to record pertinent 

information and provide customized dose reconstructions. Accordingly, very few institutions 

have dedicated programs for the monitoring of individual patient dose. Two examples of such 

programs which spanned across multiple institutions were the RAD-IR and DIMOND III study 

groups  [8, 68]. Both groups used a variety of dose metrics, including DAP and the reference 

point dose (Ka,r), to categorize patient dose for different interventional procedures. The studies, 

published in the years 2003-2004, relied on observation, information found within the DICOM 

header, and the add-on dosimetry system „Caregraph‟ to collect information. While organ dose 

and stochastic risk were addressed in the form of overall patient dose, a primary focus was 

placed on the recording of peak skin dose (PSD) which was evaluated using Caregraph and 

customized dose reconstructions provided by physic staff. Both studies reached similar 

conclusions that 1) the determination of PSD is a critical component of patient safety, 2) the vast 

majority of fluoroscopic units have no form of automated PSD monitoring, and 3) the FDA and 

European Union should require a real-time method for estimating PSD in the clinic. 

 In order to reach this goal, two components are needed. The fist is a way to automatically 

extract relevant examination parameters. As mentioned in Chapter 1, previous methods have 

relied on optical character recognition, video recording, integrated systems, and the DICOM 

header. The disadvantages of these methods were numerous as they provided only a partial 

summary of the procedure and required either significant interaction by clinical staff or 
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complicated machine installation. The solution for these issues came in the release of the 

Radiation Dose Structure Report (RDSR). The RDSR provides a significant amount of technical 

information which can be readily accessed using software applications. The second component 

for patient-dose monitoring is then a system which translates this information into patient dose. 

 To date, only one system has been developed which utilizes the RDSR to estimate patient 

skin dose. The system, designed by researchers at the Mayo Clinic in Rochester, extracts 

geometric information from the RDSR and pairs this with a stylized reference phantom [15]. The 

system works by first determining the patient entrance reference point (PERP) using known 

distances. A four-sided projection pyramid is next conceptualized having its base at the PERP 

location and apex at the source location. The irradiated skin area is then determined according to 

mathematical equations which relate the four planes of the pyramid to points on the stylized 

phantom‟s surface. The skin dose mapping system has been installed within the Radiology 

department at the Mayo clinic and is undergoing validation and testing. 

 The successful design and implementation of this program gives credibility to the type of 

skin dose mapping made available by the RDSR. In this work, innovative software for 

calculating PSD from the RDSR is presented. The primary advantages are the incorporation of 

table attenuation and MEAC ratios, the use of a flexible vector-based algorithm, and the 

implementation of more realistic outer body contours as provided by male and female hybrid 

phantoms. Additionally, a compelling case is made for the use of patient-sculpted phantoms 

based on the results of a patient-phantom matching study whereby 26 patient-specific anatomical 

models were matched to phantoms using anthropometric measurement. Also presented in this 

study is a method to characterize a complete examination based upon the RDSR. Such a 
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characterization is needed for the development of a comprehensive dose conversion coefficient 

handbook and the estimation of stochastic risk. 

Methods and Materials 

RDSR Extraction 

Formally, the Radiation Dose Structure Report was created in 2005 with the release of 

Supplement 94 to the DICOM standard. The RDSR is built as an Information Object Definition 

(IOD). The IOD is comprised of several DICOM attributes such as names, tags, and types which 

are arranged according to specified Template IDentifiers (TID). Figure 99 displays how these 

TIDs comprise a hierarchical tree structure where TID 10001 (Projection X-Ray Radiation Dose) 

contains TIDs 1002 (Observer Context), 10002 (Accumulated X-Ray Dose Data), and 10003 

(Irradiation Event X-Ray Data). During an exam there will be one instance of TID 1002 per 

procedure and up to two instances of TID 10002 depending on the fluoroscopy unit, either single 

or bi-plane. The number of exposures will determine the number of irradiation event templates.  

Within each template are the attributes which help describe the physical context of the 

irradiation. In order to access this information, a DICOM compatible reader is required. DICOM 

readers come in a variety of fashions including independent programs, modules, and 

programming toolkits. In this research the programming language Python was chosen along with 

the DICOM compatibility module Pydicom [69]. This selection was based on Python‟s 

foundation as a general purpose, scientific-friendly programming language. Additionally, the 

Pydicom module provides specific functionality for reading, interpreting, and modifying DICOM 

objects. 

The program begins by searching for an RDSR within a specified directory. It then uses 

the Pydicom module to read the RDSR and determine the number of irradiation events exclusive 

of those contributing dose due to cone beam CT. The program next builds an n x 10 dimensional 
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array, where n represents the number of irradiation events. The program fills each column of 

each row with the corresponding information as identified by name in the RDSR file: 

1. Irradiation event number 

2. Table lateral position (mm) 

3. Table longitudinal position (mm) 

4. Table height (mm) 

5. X-ray tube primary angle or rotation (degrees) 

6. X-ray tube secondary angle or angulation (degrees) 

7. Source to ioscenter distance (cm) 

8. Dose-area-product (Gy-cm
2
) 

9. Source to detector distance (cm) 

10. Reference point air kerma (mGy) 

 

While the program fills the irradiation event array, it also simultaneously discriminates between 

planes A and B for bi-plane systems. Each of these planes is organized such that the data needed 

for dose reconstruction is made available. 

Skin Dose Mapping Software 

In order to translate the information extracted from the RDSR into PSD, a dose-mapping 

algorithm was constructed using programming tools available within MATLAB. In this case, the 

matrix based language provided the best option for development. The final algorithm, however, 

was ported into Python and compiled as an independent executable. The algorithm has several 

independent steps which are outlined in the following sections. 

Phantom formatting and orientation 

In contrast to previous methods, the skin dose mapping software developed in this research 

incorporates a patient-dependent phantom type. To begin, a phantom is first selected from the 

patient-dependent library using matching techniques described in Chapter 3. The phantom is next 

read into the program as a three-dimensional matrix where the x, y, and z dimensions correspond 

to the anterior/posterior, left/right, and superior/inferior orientations. The matrix is comprised of 

only three tags, skin (5), body (1), and air (0). 
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An initial method for orienting the patient and tube was devised whereby a timestamp 

would mark the point in the exam when the tube isocenter was located within the organ of 

interest. Shifts in table height, latitudinal, and longitudinal positions as identified in the RDSR 

would then be applied to the isocenter based on the know position of the organ within the 

phantom. While this method of patient localization provided a workable system for any 

configuration, it has notable drawbacks which will be discussed further in Chapter 4. 

As an alternative, a second method was devised which utilizes the coordinate system 

provided by the Siemens Artis Zee system for which the skin dose mapping program was 

designed. The Artis Zee system locates the C-arm isocenter at the table home position (0 cm 

lateral, 0 cm longitudinal, and 0 cm table height). Assuming a supine orientation with the tube 

located beneath the table, the posterior skin of the phantom correspondingly rests at the tube 

isocenter. The position of the patient in relation to the head of the table is pre-determined and 

used to locate the phantom longitudinally. Additionally, the phantom is assumed to lay middle of 

the table and not move. Shifts in table height, latitudinal, and longitudinal positions as identified 

in the RDSR are applied to the phantom directly. The primary (LAO/RAO) and secondary 

(Cranial/Caudal) angles are then used in correspondence with the source-to-isocenter distance to 

determine the xyz location of the source in relation to the phantom. 

Determination of affected skin area 

After the phantom has been correctly oriented, the three dimensional phantom matrix is 

searched for voxels tagged as skin. Using the known positions of these voxels in relation to the 

xyz location of the source, unit vectors are calculated from the origin and in the direction of each 

skin voxel (Figure 4-1A). The unit vectors are stored in a [n x 3] matrix. In order to determine 

which skin voxels are found within the field of view, this matrix is rotated twice so as to orient 

the source-to-isocenter vector along a known axis (Figure 4-1B). Using the source-to-detector 
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distance and FOV at the detector, two angles, alpha and beta, needed to define a 4 sided 

projection pyramid are calculated (Figure 4-1C). Two angles, gamma and theta, are also 

calculated for each unit vector based on their relation to the chosen orientation axis (Figure 4-

1D). By comparing these two angles with those calculated for the projection pyramid, a 

determination can be made as to which skin voxels are found within the irradiated area. The 

conditional statement is listed below. 

 

i i i i i

i

For  i = 1 : number skin voxels

    If  skin voxel   and  and <  and 

         skin voxel  = in beam

    end

end

2 2 2 2
 (4-1) 

The conditional statement culls the unit vectors based on their position either inside or 

outside the irradiation projection. To differentiate between skin voxels on the entrance and exit 

sides of the phantom, the source-to-skin distance for each voxel determined to be within the 

beam is compared with minimum source-to-skin distance. A tolerance is set using this ratio and 

the FOV, and a final vector which includes the source-to-skin distance for each in-beam, 

entrance side skin voxel is created. 

 To account for table attenuation, the program calculates the distance through the table for 

each point found in the final list of affected skin locations. The distance is determined using each 

source-to-skin unit vector and the x, y, and z planes which describe the table location. By 

moving in small increments along the unit vector, the entrance and exit points can be established. 

The separation is then a calculated directly as the distance between two points. Attenuation 

factors can be measured or selected from literature. 
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Skin dose assessment 

 The calculation of dose is performed for each affected skin location according to 

Equation 4-2 where BF is a backscatter factor selected from ICRU 74, 

en en/
tissue air

 is the ratio of mass energy absorption coefficients for tissue to air as 

determined from the NIST Physical Reference Data Library, and de  represents table 

attenuation [70, 71]. The BF, MEAC ratio, and attenuation coefficient are energy dependent 

and chosen based on the effective energy of the x-ray beam.  

 

tissue

den

air

Dist to ref point
Skin dose = Air kerma BF e

Dist to skin location

2

2
 (4-2) 

Equation 4-2 is used to determine skin dose for each in-beam, entrance side skin voxel. 

The peak skin dose is then calculated as the maximum of these doses. In addition to PSD, the 

skin dose mapping program keeps track of the amount of skin area receiving doses within pre-

defined dose levels. These levels are based upon a review on the effects of radiation on patient‟s 

skin and hair performed by Stephen Balter at Columbia University Medical Center [11]. Table 4-

1 lists the four monitored dose levels and has been reprinted here with permission from Dr. 

Balter. 

Examination Characterization for Organ Dose Assessment 

The RDSR provides a wealth of information which can be used to determine common 

parameters for individual procedure types. These parameters may then be used along with the UF 

hybrid adult patient-dependent library to calculate organ dose conversion coefficients for 

individual stochastic risk assessment. In this work, a MATLAB code was written to translate the 

RDSR into an MCNPX input file. The code serves two purposes. First, because the code was 

written for complete automation, it can be used to provide personalized organ dose reports in-



 

81 

clinic. While it is difficult to foresee a hospital installing dedicated clusters for radiation 

transport, the shift in computing has been towards internet-based “cloud computing” where 

programs are run on off-site servers which can be accessed by users locally. In this environment, 

an RDSR could be uploaded automatically to the web and returned within a matter of hours as a 

detailed organ dose report. The second purpose of this code was to provide a tool which will 

allow for the building a comprehensive organ dose conversion coefficient library. In cases where 

patient-specific Monte Carlo is not feasible, this library could be used to provide a post-

procedure reporting of organ dose according to a look-up table format. In order to serve both 

these stated purposes, the MATLAB program has several functions which are described in the 

following sections. 

Determining interesting irradiation events and common tube geometries 

A radiation dose structured report may contain upwards of three hundred irradiation events 

depending on how many times the patient was exposed to ionizing radiation. Many of these 

exposures occur during catheter insertion where a low dose panning mode is primarily used. In 

order to reduce the number or irradiation events to those which deliver a significant amount of 

radiation, the RDSR is culled based on a dose threshold. The threshold is set so as to select only 

irradiation events which, when summed, deliver 90% of the total dose. The threshold is pre-set 

but is easily configured to provide different percentiles.  

Once the RDSR has been condensed to a set of significant irradiation events, the code 

implements a two dimensional histogram based on the tube rotation and angulation, and a two 

dimensional grid is displayed listing rotation along the x axis and angulation along the y axis. 

The grid is filled based upon the number of irradiation events having similar tube geometries. 

From the display, the user may select the most common tube geometries, or the code can 

determine these geometries independently. In tightly focused cases, the number of geometries 



 

82 

may be one or two. For procedures where multiple views are common, the number may be five 

or more. With the primary geometries selected, the RDSR is culled based upon rotation and 

angulation. The RDSR is then summarized into a limited number or irradiation events where the 

geometric parameters such as table height and source-to-imager distance have been averaged and 

the dose to the reference point has been summed for a given tube rotation and angulation. 

Preparing and writing the MCNPX input file 

In order to write the MCNPX input file, a template file was first created. The template 

orients a voxelized patient-dependent phantom with an x-ray source located beneath the patient. 

For each irradiation event of the summarized RDSR, the template file is modified to provide a 

customized MCNPX simulation. In order to provide a square beam, a lead collimator was placed 

10 cm from the source and a DAP meter place a further 10 cm beyond the collimator. The 

coordinate transformation card is then used to rotate the collimator and DAP accordingly about 

the isocenter. The coordinate transformation card takes as inputs the angles between the original 

and transformed xyz axes. In order to determine these angles, two rotation matrices were applied 

to the original xyz axes. First the system was rotated about the superior/inferior axis representing 

lao/rao rotation. Second, the system was rotated about the transformed left/right axis representing 

cranial/caudal angulation. The angles between the original and transformed axes were then 

determined using the formulation of the dot product. 

The template file has eight locations which need to be modified for each irradiation event. 

Each location is marked using a section of comments which are identified by the MATLAB 

code. The sections include: 

1. Surface card for the box which houses the phantom  

2. Surface card for the collimator shielding 

3. Surface card for the collimator beam port 

4. Surface card for the DAP meter 

5. Cell card for the phantom lattice structure 
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6. Coordinate transformation card 

7. Source definition 

8. Source bias 

 

The MATLAB code thus reads in an RDSR, selects common geometries, summarizes the RDSR, 

organizes a set of eight lines of code based upon a template file, and writes these lines over the 

template to create a unique MCNPX input file for each irradiation event. 

Test of Skin Dose Mapping System 

In order to test the skin dose mapping program, an internal service log file from a 

representative interventional cardiac procedure was provided by Dr. Stephen Balter from the 

Columbia University Medical Center. Dr. Balter was instrumental during the development of the 

RDSR as the point person representing the IEC, the internal service log files obtained from the 

fluoroscopy units at Columbia helped serve as pre-cursers for the RDSR. From the log file, 10 

projections were identified as primary contributors. Parameters for these projections were input 

to the skin dose software along with a patient-dependent skin-phantom (female – 25
th

 height 

percentile and 90
th

 weight percentile). From the log file, the cumulative air kerma for all 

projections was listed at 8,403 mGy. When multiplied by a backscatter factor of 1.35 and 

corrected to the determined location of the patient‟s skin (53 cm from the source), the entrance 

surface air kerma was found to be 13,351 mGy. This represents the maximum entrance air kerma 

if all beams were incident on the same location. Because each of the ten projections was slightly 

different, the peak skin dose should be close to but less than this value. 

Results 

As determined from the skin dose mapping code, the highest dose received by an 

individual voxel for the test patient was 12,003 mGy, an appropriate estimate. Figure 4-2 shows 

a posterior comparison with a photograph of the actual patient (review article [11]). Both maps, 

produced using the program TECPLOT
TM

, provide clinically relevant dosimetric information 
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which could be used by the physician to manage radiological risk. In terms of real-time 

dosimetry, program execution was very fast and could realistically produce results in real-time if 

fed with real-time inputs from the RDSR. 

The skin dose mapping program was further evaluated with seven simulated RDSRs 

provided by Columbia University Medical Center. Figure 4-3 shows the dose maps for these 

exams as mapped onto a variety of patient-dependent phantoms. In all cases, the skin dose 

mapping program was able to identify the appropriate geometry and map to the patient. 

Discussion 

The skin dose mapping and organ dose assessment software represent first generation tools 

which form the basis for further development. There are both technical and clinical driven 

challenges associated with the implementation of these tools. The following sections will discuss 

these challenges and possible solutions. 

Technical Challenges 

On the technical side there are factors which can be readily considered, and those which 

will require future updates to the RDSR. Table and pad attenuation is one factor that will require 

further experimentation. While the current software model which addresses the distance through 

the table, attenuation factors are needed. Fluoroscopy tables are almost exclusively made out of 

low attenuation carbon fiber with measured attenuation factors between 0.7 and 0.8 [72]. The 

pads placed between the patient and table are made out of high density memory foam or gel and 

can vary as an attenuator depending on thickness and material type. Measured attenuation factors 

have published at 0.9 but can range in extreme cases to 0.5 when thick gel pads are used [73]. A 

better description of this variable could be obtained through site specific measurement or Monte 

Carlo simulation. 
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A second technical factor which could be addressed presently is the influence of beam 

quality on both skin and organ dose. For skin dose mapping, beam quality is important in 

choosing the correct mass-energy absorption coefficient (MEAC) ratios between tissue and air, 

although these ratios remain close to unity and generally introduce less than 5% error. More 

important is the effect of beam quality on the Monte Carlo simulations used to determine organ 

dose. Spectrum generators have traditionally been used to provide energy distributions but in-

room measurements would improve the realism of the simulation. Measured spectrums with 

different filtrations and tube potentials could form a database for use as a look-up table. The 

drawbacks to such measurements are that they are time consuming and machine specific.  

The differences between machines, especially those manufactured by different vendors, is 

a problem that extends beyond beam quality. The RDSR provides a universal system to record 

exam parameters. Unfortunately, the meaning and orientation of these parameters is not always 

standardized. As examples, rotations may be positive or negative for different systems, the 

description of the table in relation to the tube isocenter may not be the same, and fluoroscopy 

units may differ in the degrees of freedom allowed to the C-arm. As such, a physics evaluation is 

necessary before the skin dose mapping and organ dose estimation software can be implemented. 

For this work, both programs were designed for the Siemens Artis Zee fluoroscopy unit using 

Siemens defined orientations. In the future, an additional interface may be added whereby a 

physics evaluation can be entered for different machine makes and models.  

 Also to be included in a physics evaluation is a calibration of the machine provided 

reference point air kerma. The recommended tolerances for this parameter are fairly wide 

according to the IEC (±50% for values over 100 mGy) and the FDA (±35%), although with 

proper calibration a precision of ±15% may be maintained [74]. A calibration factor can be 



 

86 

obtained through two measurements using on an ion chamber first, and a radiopaque scale 

second. Both the DAP and reference point air kerma can be derived from these measurements 

and compared to the values provided by the machine. An illustration of the setup is shown in 

Figure 4-4 where the table has been rotated to 90 degrees to limit the effects of any intermittent 

attenuators such as the pad and table. 

 As mentioned, there are a few technical challenges which will require future action by the 

DICOM committee. The easiest of these challenges to address is a better description of the field 

of view. Currently, the FOV is defined at the detector based on the detector‟s active area. 

Because collimation can extend within the active area, the FOV may be overestimated in some 

cases. Another way to determine field size is to divide the DAP by the reference point dose. Both 

methods provide conservative estimates but assume a square field. It is likely that future releases 

to the RDSR will include this information and can thus supplement the current dosimetry 

programs. 

At present, the RDSR also does not include real-time streaming availability. Streaming is 

already built into the IEC/DICOM specifications, and all indications point towards this capability 

becoming available within the next few years. In order to preliminarily test the system, streaming 

can be simulated using time-stamps provided by the RDSR. In this way, the software can be 

optimized. The current system has a refresh rate of one second on a standard Dell Precision 

workstation, which is well within the rate at which a streaming RDSR system will record 

irradiation events to file. 

Clinical Challenges 

 As with the physics evaluation, the dosimetry systems developed through this research 

will require a basic level of input from clinical staff. In order to take advantage of patient-

phantom matching, patient height and weight must be measured prior to the examination. This 
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information is then used to select the appropriate computational model from the UF hybrid 

patient-dependent library. A second needed measurement is the distance between the patient and 

the head of the table. This distance is used to orient the patient longitudinally in relation to the 

table and tube isocenter. A procedure must be devised that allows for these types of 

measurements to be taken with minimal interference to the normal routine. 

Another clinical challenge is to develop a display that does not interrupt the concentration 

of the operator but instead provides relevant information which can be used to modify behavior 

when clinically necessary. Relevant information may include the visual mapping of skin dose 

onto a patient-dependent phantom, a dose-area histogram, the amount of skin area receiving a 

certain percentage of the peak skin dose, or the amount of skin area exceeding pre-defined 

thresholds. A prototype of this type of display is shown in Figure 4-5, along with its 

implementation on the in-clinic monitor of the Artis Zee system in the interventional surgery 

suite at UF Jacksonville (Figure 4-6). Additional features could be added to include warnings to 

the physician when clinically important skin dose thresholds are approached.  

Summary 

In this study two software programs were developed. The first utilizes the radiation dose 

structured report to determine patient skin dose. The program operates by processing each 

irradiation event and orienting a voxelized patient-dependent phantom with the source location. 

Next, the distance between the source and each skin voxel is determined. After selecting all skin 

voxels within the field of view and on the entrance side of the patient, the skin dose at each voxel 

is determined using the reference point air kerma and a one-over-distance squared correction. 

The skin dose mapping program is the second program in the world to utilize the RDSR for these 

purposes, and was written independent to any knowledge of the previous system. The program 

introduces an innovative algorithm for calculating affected skin area using patient-dependent 
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phantoms and has been compiled using the programming language Python as a stand-alone 

executable. 

The second program operates by analyzing an RDSR and summarizing it into a limited 

number of irradiation events based on tube rotation, angulation, and the reference point dose. For 

each standardized irradiation event an MCNPX input file is generated by modifying a template 

file. The program has great potential when paired with cloud computing for post-procedure 

recording of individual organ dose. 

 Several limitations were identified and assessed including the lack of table and pad 

attenuation, experimentally derived x-ray spectra, dose calibration, problems related to 

differences in orientation between different vendors, lack of collimator settings, real-time 

streaming, and issues related to clinical implementation. These limitations will form the basis for 

future development and improvement. The underlying capability for providing individualized 

skin and organ dose estimates for interventional procedures, however, has been realized and 

appears promising.
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Table 4-1.  The skin dose mapping program determines the amount of skin area receiving doses within the four ranges where effects 

can be expected. 

 
 

 

 

Single-site acute NCI skin

  skin-dose range (Gy)   reaction grade Prompt Early Midterm Long term

0-2 NA No observable effects No observable effects No observable effects No observable effects expected
  expected   expected   expected

2-5 1 Transient erythema Epilation Recovery from hair loss No observable effects expected

5-10 1-2 Transient erythema Erythema, epilation Recovery; at higher doses, Recovery, at higher doses, dermal

  prolonged erythema,   atrophy or induration

  permanent partial epilation

10-15 2-3 Transient erythema Erythema, epilation; possible Prolonged erythema; Telangiectasia; dermal atrophy or

  dry or moist desquamation,   permanent epilation   induration; skin likely to be weak

  recovery from desquamation

>15 3-4 Transient erythema; after Erythema, epilation; moist Dermal atrophy; secondary Telangiectasia; dermal atrophy or

  very high doses, edema and   desquamation   ulceration due to failure of   induration; possible late skin

  acute ulceration; long term   moist desquamation to heal;   breakdown, wound might be

  surgical intervention likely   surgical intervention likely to   persistent and progress into a 

  to be required   be required; at higher doses,   deeper lesion; surgical intervention

  dermal necrosis, surgical   likely to be required

  intervention likley to be 

  required

Approximate time of onset of effects
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Figure 4-1.  Methodology for determining in-field skin locations: In Fig 4-1A, a unit vector from 

the source to each skin location is determined. In Fig 1B, these vectors are rotated 

such that they align with a known axis. In Fig 1C, angles α and β which represent 

cranial/caudal and LAO/RAO rotations define a four-sided projection pyramid. In Fig 

1D, corresponding angles γ and θ are defined for each unit vector and compared to α 

and β within a conditional statement.
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Figure 4-2.  Skin dose comparison between a real patient and anthropometrically matched hybrid patient-dependent phantom (view is 

posterior). 
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Figure 4-3.  Relative skin dose maps as calculated for 7 real patient exams from Columbia University Medical Center. Skin doses are 

relative to the PSD for each individual patient.
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Figure 4-4. Reference point air kerma calibration using ion chamber and radiopaque scale. The 

tube is placed at 90° to limit all intermittent attenuators. 
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Figure 4-5.  Prototype display of clinical skin dose mapping system. 

 

Figure 4-6.  Prototype display of dose map on the Siemens Artis Zee console. Dr. Dan Siragusa 

is shown on the left. 
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CHAPTER 5 

SENSITIVITY OF SKIN DOSE MAPPING TO PATIENT LOCALIZATION AND BODY 

MORPHOMETRY 

Background 

The skin dose mapping program developed in Chapter 4 provides a method previously not 

available for determining the effects of body morphometry on patient skin dose. The same 

question asked in Chapter 3 for organ dose may now be asked in terms of skin dose. Can patient-

phantom matching actually improve dose estimation for individual patients? In contrast to organ 

dose which required detailed Monte Carlo simulation, the determination of skin dose is a 

relatively straightforward calculation. As shown previously, skin dose is calculated by translating 

the reference point air kerma to the location of the patient‟s skin using a one over distance 

squared correction. A factor is then applied to adapt air kerma to tissue dose. Thus regardless of 

phantom type, the difference in dose between two points can be readily derived. The primary 

issue then arises in how the two points are determined based on the size of the phantom and its 

location in relation to the x-ray tube. 

Two methods have been derived in this research for orienting a phantom and x-ray tube 

according to geometric parameters extracted from the radiation dose structured report. In the first 

method, the user must select the point during the exam when the isocenter is located within the 

organ of interest (OOI). All table shifts are then applied in relation to the known position of the 

specified organ within the phantom. This method has two benefits. First, the position of the 

patient in relation to the table is rendered irrelevant. Second, vendor or machine specific 

coordinate systems for table location are normalized to a common point of interest. As an 

example, two machines may define the table height zero position differently at a point either 

above, below, or at the tube isocenter. With the isocenter selection method, the table height zero 

position for both systems is normalized to the table height at the location of the OOI. The 
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primary disadvantage for this arrangement is the obvious difficulty in selecting the exact point in 

time at which the isocenter rests within the organ of interest. Secondarily, the position of the 

phantom OOI in relation to a patient OOI will always be uncertain to the order of a few 

centimeters. 

The second method for orienting the patient utilizes the coordinate system provided by the 

fluoroscopy unit. In this method, a physics evaluation is performed prior to implementation 

where „offsets‟ between the table and tube isocenter are recorded. There are only two offsets 

needed during this evaluation, the vertical distance between the table height zero position and the 

isocenter, and the longitudinal distance from the isocenter to the head of the table. Prior to an 

exam, two more offsets may be recorded which include the longitudinal distance between the 

end of the table and the top of the patient‟s head, and the lateral offset of the patient from the 

table midline. While the coordinate based orientation system requires more information about 

each specific machine, it also minimizes uncertainties related to organ variation and isocenter 

selection.  

In this study, both orientation systems were tested based on their sensitivity to errors in 

patient/tube alignment. For the isocenter selection method, this involved systematically selecting 

an isocenter at different locations within a phantom. For the coordinate based method, different 

offsets were selected simulating error in these in-clinic measurements. Skin dose was then 

calculated using both methods and compared with the dose found using reference values for the 

isocenter and measured offsets. With the uncertainty in patient/tube alignment quantified, an 

analysis similar to that used in Chapter 3 was performed using patient-specific, patient-

dependent, and two different reference phantoms. A fifth type of phantom based on 



 

97 

circumferential measurements was also developed and used along with the original three 

phantom types to analyze the impact of patient-phantom matching on skin dose mapping. 

Methods and Materials 

Isocenter Based Orientation 

In order to test the sensitivity of skin dose mapping to isocenter selection, the male 

reference hybrid phantom (50
th

 percentile by weight, 50
th

 percentile by height) was chosen along 

with two patient-specific male phantoms (183 cm/113 kg, 157 cm/44 kg) selected from the 

phantom libraries of Chapter 3. For each or the three phantoms, the center of the heart was 

determined as an xyz coordinate, and a representative posterior-anterior cardiac procedure was 

simulated using the xyz coordinate as the tube isocenter. The source-to-skin distance was set at 

72 cm, the field of view set at 10 x 10 cm
2
, and the source-to-detector distance set at 100 cm. 

The reference peak skin dose was calculated using the developed skin dose mapping system. 

With a baseline peak skin dose determined for each phantom, the z coordinate 

(anterior/posterior patient axis) of the isocenter was shifted by a half-centimeter towards the tube 

and peak skin dose recalculated. This process was repeated at half centimeter increments until 

the isocenter was located five centimeters posterior to its original location. The process was also 

repeated in the opposite direction until the isocenter was located five centimeters anterior to its 

original location. Error was quantified at each step by determining the percent difference 

between the „off-isocenter‟ peak skin dose and the reference peak skin dose.   

Coordinate System Based Orientation 

A similar sensitivity analysis was performed using the coordinate system based method. 

First, each of the three phantoms was positioned using a table vertical offset of zero (vertical 

distance from table height zero position to tube isocenter), a table longitudinal offset of 20 cm 

(longitudinal distance from superior end of table to tube isocenter), and patient longitudinal and 
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latitudinal offsets of zero (distance from superior end of table to patient‟s head and latitudinal 

distance of patient from midline). Peak skin dose was then determined for each phantom using 

the reference offsets. Three different projects were simulated including tube rotations of 0 and 90 

degrees, and one projection having a rotation of 45 and an angulation of 30 degrees. Next, the 

patient longitudinal and latitudinal offsets were changed in half-centimeter increments, thus 

simulating error in these measurements. After each change, a new peak skin dose was 

determined and compared to the reference peak skin dose as a percent difference.   

Construction of Elliptical Contour Phantoms 

With the uncertainty in patient/tube alignment quantified, patient-phantom matching was 

tested using five different phantom types including a reference stylized, reference hybrid, 

patient-dependent hybrid, patient-specific, and a measurement-based contour phantom. The 

concept of a contour phantom was based on the idea of creating a unique model for each patient. 

In order to create these phantoms at the time of examination, a stylized approach was necessary. 

In the future, automatic sculpting of the NURBS-based patient-dependent hybrid phantom can be 

pursued, thus allowing for rapid development of a unique surface phantom of the patient at the 

time of intervention.  

For this work, contour phantoms were created for 26 patients. The surface of each contour 

phantom was defined according to three ellipse halves, one at each end and one in the middle. 

The ellipse halves themselves were defined by a major and semi-minor axis which was taken as 

measurements from each of the chosen five patient-specific phantoms. The major axis 

represented the patient‟s lateral width, and the semi-minor axis represented the patient‟s 

posterior/anterior width as measured for a supine patient. In total, six measurements were needed 

to create the phantoms and are illustrated in Figure 5-1. It is feasible that the same six 

measurements could be taken during a fluoroscopy procedure by a technician or nurse. The first 
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ellipse halve would represent the patient‟s upper torso, the second would represent the patient‟s 

middle torso, and the third would represent the patient‟s lower torso. 

To actually construct each phantom, a MATLAB program was written which took as 

inputs each of the previously defined six measurements. The program begins by defining the 

three ellipse halves and then interpolates between the three halves to complete the surface. As 

with the phantoms used in the skin dose mapping program in Chapter 4, the contour phantoms 

were created as a three-dimensional matrix where the x, y, and z dimensions corresponded to the 

anterior/posterior, left/right, and superior/inferior orientations. Each matrix was also comprised 

of only three tags, skin (5), body (1), and air (0).  

Patient-Phantom Matching for Skin dose Mapping 

 Patient-phantom matching was evaluated using six beam projections. The first set of 

three projections was centered on the heart and included tube rotations of 0, 90, and 180 degrees. 

The second set of projections was centered on the abdomen and also included tube rotations of 0, 

90, and 180 degrees. The field of view for all projections was set at 15 x 15 cm
2
, the source-to-

isocenter distance set at 72 cm, and the source-to-detector distance set at 100 cm. Implementing 

the coordinate based orientation system, peak skin dose was calculated for each projection using 

each of the 26 different patient-specific phantoms. Peak skin dose was also calculated for each 

projection using the reference hybrid phantom, reference stylized phantom, and each of the  

created contour phantoms. Finally, the patient-phantom matching techniques described in 

Chapter 3 were used to select patient-dependent phantoms for each patient-specific model, and 

peak skin dose was subsequently calculated for each projection. Similar to the analysis 

performed in Chapter 3, accuracy was quantified for each phantom type by calculating a percent-

difference using the patient-specific dose as the true value. Figure 5-2 illustrates the different 

phantom types and matching technique. 
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Results 

Percent difference between the reference peak skin dose and the dose determined using 

different isocenters is shown in Table 5-1. The results were similar across all phantoms with the 

greatest disagreement with the reference found at 5 cm in the direction of the x-ray tube. When 

divided by distance, the percent difference per centimeter was also very similar across each step. 

These results can be verified in a straightforward fashion by applying the inverse square law. 

Using the reference hybrid phantom as an example, the source-to-skin distance was found to be 

50.5, 55.5, and 60.5 cm when the isocenter was placed at locations +5 (toward the tube), 0, and -

5 cm. The inverse square law then predicts differences of 20.8 and -15.8 percent which match the 

calculations of skin dose mapping program. 

Results for the second test focusing on the coordinate system method are shown in Table 

5-2. The table organized percent difference into sections for each tube angle, and within each 

section the results are organized by the direction of the phantom shift, either superior/inferior 

(longitudinal) or right/left (latitudinal). Again, the results for each phantom were very similar. 

Also immediately noticed is the patent insensitivity of peak skin dose to longitudinal and lateral 

shifts for under the table projections. This follows from the fact that, for these projections, 

patient location in the direction of the x-ray tube is governed primarily by table height. Besides 

uncertainty related to table pad thickness, table height provides a robust determination of patient 

location along the vertical axis. For lateral projections the situation changes, and patient right to 

left alignment becomes the determining factor for patient location in the direction of the x-ray 

tube. In these cases, Table 5-2 indicates the calculation of peak skin dose is very sensitive to 

shifts along the lateral axis. 

The results for the patient-phantom matching study are highlighted in Table 5-3. The table 

is organized by tube angle and gender, and lists percent difference between peak skin dose 
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calculated using patient-specific phantoms and peak-skin dose calculated using reference, 

patient-dependent, and patient sculpted phantom types. As in the previous patient-phantom 

matching study, the results have been aggregated according to patient size. The values found in 

the table represent the mean absolute percent difference for each group. 

  Several interesting trends were found. For posterior-anterior projections, skin dose was 

seen relatively insensitive to anthropometric differences between the reference and patient-

dependent phantom types. This follows the fact that for these projections, the source-to-skin 

distance is governed primarily by table height, not the patient contour. Another consideration is 

that for a supine patient, the posterior contour will flatten as a consequence of lying on a flat 

table. The patient-sculpted contour phantoms provided a completely flat posterior contour. This 

matched more closely with the posterior contour of the patient-specific phantoms which were 

created directly from CT images. In a number of cases involving female patients, the patient-

specific posterior contours were not completely flat due to an alternate patient positioning where 

the torso was raised slightly above the table. For this reason the mean difference for PA female 

projections was slightly higher than for males. In both cases however, using a patient-sculpted 

contour phantom provided the most accurate dose estimates. 

 For left lateral projections, using a patient-dependent hybrid phantom had a small, but 

noticeable impact for both heavy and light patients. On average the improvement was 2-3 

percentage points better than using a hybrid reference phantom and 5-10 percentage points better 

than using a stylized reference phantom. For anterior-posterior projections, significant 

improvement was seen when patient-phantom matching was employed to estimate the dose to 

large male patients. For females, using a patient-dependent phantom type also had a significant 

impact, in this case most noticeably for abdominal projections for all patients and cardiac 
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projections for light patients. The AP female projections were complicated by the large 

variability in patient and phantom breast sizing. Error in dose assessment was thus greatest for 

the AP female cardiac projections. Overall, the patient-sculpted contour phantoms again 

provided the most accurate dose estimates for all patients across both left lateral and AP 

projections, while the reference stylized phantoms provided the least accurate estimates by a 

wide margin.  

Discussion 

The purpose of these three experiments was first to resolve which orientation system 

proved least sensitive to operator error, and second to determine whether or not patient-phantom 

matching provides a dosimetric benefit. In the first instance, a solid conclusion can be made that 

patient-skin dose is most sensitive to phantom positioning in the direction of the x-ray tube. 

Using the isocenter based orientation system, manual selection introduces uncertainty along all 

three directions, superior/inferior, right/left, and anterior/posterior. Thus no matter what tube 

angle is used during acquisition, a residual uncertainty remains of up to 20%. For the coordinate 

based system, patient location in the anterior/posterior direction is not dependent upon operator 

input. This means for under the table configurations, uncertainty in peak skin dose related to 

phantom positioning can be minimized to approximately five percent or less. As the tube rotates 

to a more lateral position, patient latitudinal positioning becomes more important. Similarly, as 

the tube angulates, patient longitudinal positioning becomes more important. Due to the fact that 

the majority of fluoroscopic images are acquired using an under the table tube configuration, the 

coordinate based orientation system remains the clear choice for patient/phantom positioning.  

Another consideration that benefits the coordinate based system is the expected magnitude 

of any unintended shift in phantom alignment. For the isocenter based system, error up to five 

centimeters would not be unexpected as the true location of any internal organ is difficult to 
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ascertain using a computation phantom. For the coordinate based system, one would expect 

much less error as the system is based on external measurement made with a tape measure. In 

this case, a reasonable assumption would be a divergence of two centimeters or less. At worst, 

this would lead to error of 10% for less frequent lateral projections. 

 In terms of patient-phantom matching, the data found in Table 5-3 points towards two 

conclusions. First, error introduced by anthropometric differences is minimized for under the 

table projections. As mentioned previously, this follows from the body flattening effects of the 

table and the fact that table height is the primary determinant of source-to-skin distance. Because 

the majority of fluoroscopic images are acquired using an under the table tube configuration, 

anthropometric differences are expected to introduce a very acceptable level of uncertainty in 

most situations.  

 Second, as the tube rotates to a more lateral position details about the patient contour 

become more important. In these cases, Table 5-3 indicates patient-sculpted phantoms provide 

the best means for estimating peak skin dose.  While patient-dependent hybrid phantoms proved 

more effective than using a reference phantom for almost all left lateral and AP projections, the 

gains were roughly half of what was seen when using the patient-sculpted contour models. The 

ability to adapt to different patient thicknesses also provided a stark contrast between the stylized 

reference and patient-sculpted contour models, both of which were based on elliptical stylized 

surfaces. The fixed 20 cm thickness of the reference version led to large errors which were 

significantly lessened when a sculpted phantom was used. On a case-by-case basis, the use of 

contour phantoms was most effective in situations where the anthropometric parameters of the 

patient-specific phantom lied outside the bounds of the current patient-dependent library. Also in 
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cases where the patient had a unique body type, contour phantoms provided significant 

improvements in comparison with hybrid phantoms. 

 The patient-sculpted models developed in this work represent a simple, but effective 

approach to patient contour modeling. By adding additional measurements, the specificity of 

these models could be improved. The primary factors to consider for building a better model are 

how any additional measurement would interrupt the workflow of the interventional suite, how 

different patient positioning of the arms and torso could be included, and how to better handle 

female specific issues related to breast sizing. The most important modeling aspect to keep in 

mind, however, is that the contour in contact with the table should be relatively flat.  

Summary 

In this study, two patient orientation methods were tested. The first relied on a user defined 

isocenter to orient the phantom and x-ray tube, the major benefit being a relatively universal 

method for alignment. The second method relied on a vendor defined coordinate system 

independent to organ variation and isocenter selection. Both orientation systems were tested by 

first establishing a baseline peak skin dose using a variety of different phantom types and the 

skin dose mapping program of Chapter 4. Offsets were then applied to test how sensitive each 

system was to either isocenter selection or patient setup. Results showed peak skin dose most 

sensitive to changes which affect the source-to-skin distance in the direction of the x-ray tube. 

For the isocenter based system these changes occur in all direction, thus introducing a 

uncertainty no matter what tube angle is chosen. For the coordinate based system, these changes 

occur only during lateral and angulated tube angles. The magnitude and associated uncertainty of 

the changes is also expected to be less using this system.  

Patient-phantom was also tested using several different anatomical models including 

reference hybrid, reference stylized, patient-dependent hybrid, and patient-sculpted contour 
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phantoms. While patient-dependent hybrid phantoms provided better dose estimates than the 

hybrid reference phantom for lateral and anterior-posterior projections, the patient-sculpted 

contour phantoms were clearly superior at producing more accurate skin dose estimates. These 

relatively simple models can be refined in future studies but are already accurate to within 1-4% 

for PA projections, 2-5% for Left lateral projections, and 3-8% for AP projections.  
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Table 5-1.  Error using isocentric system when isocenter is incorrectly located within the body. 

 

 

 

 

 

 

 

 

 

Distance 

  from Reference Male, 183 kg Male, 157 kg Mean Standard Per

  isocenter   hybrid   113 cm   44 cm   deviation   centimeter

5 20.8 22.1 − 21.4 0.97 4.3

4.5 18.4 19.6 − 19.0 0.84 4.2

4 16.1 17.1 − 16.6 0.72 4.2

3.5 13.9 14.8 − 14.3 0.62 4.1

3 11.7 12.5 − 12.1 0.51 4.0

2.5 9.6 10.2 8.9 9.6 0.66 3.8

2 7.6 8.1 7.0 7.6 0.51 3.8

1.5 5.6 6.0 5.2 5.6 0.37 3.7

1 3.7 3.9 3.4 3.7 0.25 3.7

0.5 1.8 1.9 1.7 1.8 0.13 3.6

0 0.0 0.0 0.0 0.0 0.00 0.0

-0.5 -1.8 -1.9 -1.7 -1.8 0.11 3.5

-1 -3.5 -3.7 -3.3 -3.5 0.21 3.5

-1.5 -5.2 -5.5 -4.8 -5.2 0.31 3.4

-2 -6.8 -7.2 -6.4 -6.8 0.41 3.4

-2.5 -8.4 -8.9 -7.9 -8.4 0.50 3.4

-3 -10.0 -10.5 -9.3 -9.9 0.58 3.3

-3.5 -11.5 -12.1 -10.8 -11.5 0.67 3.3

-4 -13.0 -13.6 -12.2 -12.9 0.74 3.2

-4.5 -14.4 -15.1 -13.5 -14.4 0.82 3.2

-5 -15.8 -16.6 -14.8 -15.8 0.88 3.2

Phantom Percent difference
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Table 5-2.  Error using coordinate bases system when patient location is incorrectly assigned. 

Patient Reference Male, 183 kg Male, 157 kg Mean Standard Per 

  location   hybrid   113 cm   44 cm   deviation   centimeter

5 -1.7 0.0 0.1 -0.5 1.0 -0.1

2.5 -0.2 0.0 0.1 0.0 0.2 0.0

0 0.0 0.0 0.1 0.0 0.0 0.0

-2.5 0.0 0.0 0.1 0.0 0.1 0.0

-5 0.1 0.0 0.1 0.1 0.1 0.0

5 -0.1 -0.1 0.1 0.0 0.1 0.0

2.5 0.0 0.0 0.0 0.0 0.0 0.0

0 0.0 0.0 0.0 0.0 0.0 0.0
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Table 5-3.  Mean absolute percent difference in PSD between patient-specific models and four different phantom types. Results are 

grouped according to patient size, tube projection, and orientation. 

 

Reference Reference Patient- Patient- Reference Reference Patient- Patient-

  stylized   hybrid   dependent   sculpted   stylized   hybrid   dependent   sculpted

Heavy 1.0 1.1 4.6 0.9 1.2 2.1 4.9 1.0

Light 2.8 1.5 2.1 2.7 2.0 1.7 2.1 1.9

All 2.1 1.4 3.0 2.0 1.7 1.8 3.1 1.6

Heavy 5.5 5.8 2.5 1.6 3.1 10.7 6.7 1.9

Light 10.9 9.1 8.0 2.5 16.0 5.2 3.4 3.3

All 9.0 1.9 6.0 2.2 11.4 7.1 4.5 2.8

Heavy 34.4 18.4 5.8 7.3 40.5 21.1 9.8 2.3

Light 20.9 8.6 8.3 7.1 25.2 6.9 7.7 3.2

All 25.7 12.0 7.4 7.2 30.6 12.0 8.4 2.9

Heavy 3.7 8.0 10.7 3.6 2.5 10.3 10.0 2.4

Light 4.7 7.1 7.4 4.6 4.5 8.6 9.1 4.3

All 4.4 7.5 8.7 4.2 3.6 9.3 9.5 3.5

Heavy 9.2 13.3 12.1 5.5 12.4 19.1 14.5 5.5

Light 11.6 5.5 3.0 3.9 19.7 4.5 6.3 3.8

All 10.6 8.8 6.8 4.5 16.7 10.6 9.7 4.5

Heavy 39.1 8.6 9.8 5.2 46.7 22.4 9.1 9.0

Light 16.8 29.1 17.1 9.8 16.2 20.3 11.3 6.3

All 26.1 20.6 14.1 7.9 28.9 21.2 10.4 7.4
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Figure 5-1.  Six measurements used to create patient-sculpted contour phantoms. 

 

 

 

Figure 5-2.  For each patient-specific model, peak skin dose was also calculated for a reference 

stylized, reference hybrid, patient-dependent hybrid, and patient-sculpted contour 

phantom. Accuracy was quantified using the PSD calculated using the patient-

specific model as the standard. 
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CHAPTER 6 

CONCLUSION 

Result of this work 

In this research, a framework has been presented for monitoring the radiation dose 

delivered to patients undergoing interventional fluoroscopic procedures. The topic is significant 

in that radiation induced burns, categorized as sentinel events, represent a chief concern in the 

management of patient risk. Additionally, the recent release of NCRP Report No. 168 has raised 

awareness about the marked increase in medical radiation exposures, thus making an attempt to 

quantify these doses both relevant and timely [75].  

The framework began with the introduction of patient-dependent phantoms, a type of 

anthropomorphic model based on anthropometric measurements of an individual patient. The 

concept of a patient-dependent phantom was advanced in order to overcome the limitations of 

both reference phantoms which lack specificity, and tomographic-based phantoms which lack 

practicality. The primary goal was to move beyond a one-size fits all approach by developing a 

rich library of phantoms from which selections can be made based on patient size. In order to 

create the library, a methodology was developed based on modifications made to the UF hybrid 

adult male and female reference phantoms. The modifications were governed by anthropometric 

target values as derived from the NHANES III which was parameterized according to standing 

height and total body mass. The resulting library includes 25 male and 25 female patient-

dependent phantoms representing 10
th

, 25
th

, 50
th

, 75
th

, and 90
th

 height and weight percentiles. 

Due in part to the publication of this library, several researchers have recognized the limitations 

of current approaches and have begun focusing on size-adjustable phantoms. In addition to the 

work done in this project, two other groups have recently published papers dealing with patient-

dependent phantoms [54, 55, 76]. 
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The second step in the overall framework was to investigate the concept of patient-

phantom matching for estimating a more accurate organ dose. In this step, 27 patient-specific 

phantoms were created from segmented CT datasets and matched based on height and weight to 

patient-dependent phantoms. The organ dose conversion coefficients which were calculated 

using these phantoms were compared using the patient-specific coefficients as a gold standard. 

The results indicated two sources of inaccuracy when phantoms are used to represent individual 

patients. These include uncertainty associated with variability in organs size and location, and 

error associated with differences in soft tissue attenuation. Both conclusions help frame the 

argument for building better phantoms. On one hand, phantoms are limited by a residual 

uncertainty which reduces the need for non-uniform, organ-specific adjustments. On the other 

hand, patient-phantom matching was shown uniquely suited for improving the dose estimates of 

large patient, thus necessitating the expansion of the patient-dependent library to higher weight 

percentiles. The latter point will be discussed in the further developments section. 

The third step in the framework for building a better dose monitoring system was the 

development of two programs, the first to map skin dose, and the second to automatically create 

Monte Carlo input files for organ dose assessment. Both programs utilize the radiation dose 

structured report which provides information needed to describe the physical context of each 

irradiation event. The skin dose mapping program functions by calculating the distance from the 

source to each in-beam, skin voxel of a given phantom. The reference point dose is then 

translated to each location using a one over distance squared correction, and factors for 

backscatter and absorption differences. The output of the program is a surface plot of dose 

overlaid on an anthropomorphic model. As seen in Figure 4-5, the purpose of the visual display 

is to allow the operator to monitor patient skin dose and adjust the procedure when clinically 
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necessary. The initial program represents the first step towards the full realization of this goal. 

The horizon for clinical implementation is dependent upon the technology transfer from research 

tool to clinical software package. Progress is already being made in that the entire code has been 

ported from MATLAB to the more general-purpose programming language Python. 

Additionally, Chapter 4 outlined a number of challenges going forward which can be readily 

addressed either through further refinement to the program or through updates by the DICOM 

Committee.  

The second program developed in this research focuses on organ dose by translating the 

RDSR into an MCNPX input file. The code was designed to do this automatically by first 

summarizing an RDSR into a limited number of irradiation events, and then configuring the 

parameters of each event as input cards within an MCNPX template file. The program has great 

potential for initiating and promoting the concept of „cloud dosimetry‟, where patient-specific 

Monte Carlo radiation transport is performed off-site and returned via the internet. Much work 

needs to be done in this area, but the developed program has proved the utility of the RDSR for 

designing such a system.  

In considering these developments, the overall result of this work is an expanded 

understanding of how computational phantoms can be used to provide better dose estimation for 

interventional fluoroscopic procedures. The framework places heavy emphasis on increasing 

patient-specificity in areas where improvements can be expected (skin dose mapping for all 

patients and organ dose estimation for large patients) and on designing software tools that are 

non-proprietary, transferable, and utilize leading-edge technology. In order to advance these 

concepts further, the following section outlines several areas for additional development. 
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Opportunities for Further Development 

Additional Patient-Dependent Phantoms 

In this work, patient-dependent phantoms were shown to have the greatest impact when the 

anthropometric parameters of an individual patient were largely different than those of the 

reference phantom. This was most obvious when calculating organ dose for very large patients. 

In a number of instances, the height and/or weight of the patient exceeded the limits of the 50 

member patient-dependent library. Additionally, the parameters found in the 1988-1994 

NHANES III database may not best reflect the height and weight percentiles of the current 2010-

2011 population. In order to address these issues, two steps can be taken. First, recent updates to 

the NHANES database have become available which include anthropometric parameters 

collected between the years 1999-2010. This data can be used to supplement the current database 

and will help reduce problems related to the averaging of secondary parameters for very large 

and very small patients. Following a normal distribution, the number of patients found at these 

extremes was previously very low. By increasing the overall number of patients in the database, 

more individuals will be found at these height and weights. This will help reduce the variance 

when secondary parameters (sitting height, arm, thigh, waist, buttock circumference) are 

determined according to a simple average of all patients found at a given size.  

Second, because patients are matched by height and weight and not by percentile, the 

library can be restructured to include phantoms at several increments instead of percentiles. As 

an example, a 183 cm / 100 kg man seen in 1990 may represent a 90
th

 percentile by height and 

weight male patient. Due to increasing obesity rates however, in 2010 a 183 cm /100 kg man 

may represent 90
th

 percentile by height but 80% by weight male patient. While the percentiles 

have changed, a patient with identical height and weight will likely also have similar secondary 

anthropometric parameters. Thus by restructuring the library according to stepped increments, 
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the total number of patients included in the anthropometric database can be increased regardless 

of changes in patient size which have occurred in the population between 1988 and 2010. Using 

an incremental structure, the patient-dependent library can be expanded to include several more 

phantoms. The increment need not be uniform and can include finer gradations for the 

overweight adults. The library will help better define the current population and can be 

continually updated as new data is made available. 

Patient-Sculpted Phantoms 

As discussed in Chapter 5, additional refinements to patient sculpting may improve certain 

aspects of skin dose mapping, namely error reduction for lateral and anterior-posterior 

projections. By adding additional measurements, a better stylistic description could be achieved. 

While the elliptical shaped, patient-sculpted contour phantoms add a level of innovation to this 

work, a number of steps can be taken to improve this aspect. First, scripting tools within the 

modeling program Rhinoceros may allow for the automated sculpting of hybrid phantoms. 

Unlike stylized contour models, patient-sculpted hybrid phantoms would have a set of organs 

linked directly to reference values. These phantoms could thus be used to improve organ 

dosimetry as well as skin dose mapping. The challenge is first to adapt the Rhinoceros scripting 

language for these purposes, and second, to develop a path from Rhinoceros to voxelization 

which can be automated in a timely fashion. 

A second step is to investigate the use of the Civilian American and European Surface 

Anthropometry Resource (CAESAR) for additional patient contours [77]. This commercial 

database contains 1D anthropometric measurements and 3D model scans of 2,400 male and 

female subjects between the ages 18-65. The benefit of the CAESAR library is having a 

multitude of patient contours from which to choose. If the library can be automatically searched 

based on in-clinic patient-specific measurements, it may limit the need for patient-sculpting. 
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Contours selected from the CAESAR database could be used for skin dose mapping but not 

organ dose estimation as they only provide a surface with no definable internal structure. 

The last and most ambitious plan is to determine patient-specific contours using 3D 

scanning hardware. Several options exist including structured light scanners, hand-held lasers, 

triangulation methods, and time-of-flight scanners. The cost is, however, somewhat prohibitive 

as is any change to the clinical workflow that would be necessary to implement such a system. 

While costly and complex, the idea is conceivable for a large research oriented hospital. Figure 

6-1 shows the Cyberware WB4 scanner (est. cost $410,000) used by the CAESAR project. Such 

a scanner could be installed within a Radiology department and used to scan interventional 

patients prior to examination. The current cost estimate for the newer Cyberware WBX model is 

lower at $225,000. Another option would be to expand the utilization of the scanner to other 

university or institutional departments who would be able to share time and help defray cost. 

Any step in this direction would represent a large undertaking, but the added novelty of using 

such a scanner may help garner high marks for innovation during a NIH scientific review.  

Skin Dose Mapping in Real-Time 

Currently, RDSRs are accessibly only after the close an exam. As a consequence, peak 

skin dose cannot be calculated during the procedure or used to monitor patient risk. Streaming is 

already built into the IEC/DICOM specification but has yet to be formally adapted for the RDSR. 

During correspondence with Heinz Blendinger, editor of Supplement 94, it was stated that “The 

IHE REM (Radiation Exposure Monitoring) does not yet define an online dose reporting case, 

and also sending the full Dose SR for that purpose consecutive to each run may be seen as an 

overdriven solution.” However, it was also noted that “Experiences from first implementations 

may help to refine this use case and derive requirements for maintaining changes to the DICOM 

Standard and potentially to the IHE REM profile [78].” From this statement it is evident that the 
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successful development and implementation of dose monitoring systems from both this study 

and others like it will help encourage the expansion of real-time reporting for the RDSR. In order 

to preliminarily test a real-time system, streaming can be simulated using time-stamps provided 

by the RDSR. In this way, the software can be optimized. The current skin dose mapping system 

was designed with these thoughts in mind and is fully capable of rendering dose maps at 

intervals of less than one second. 

Physical Validation 

In order provide physical validation for the programs developed in this work, both skin and 

organ dose can be calculated using the NURBS based physical phantoms which have been 

developed at UF. These phantoms which represent physical replicas of both the UF hybrid adult 

male and female reference phantoms were constructed slice-by-slice using soft-tissue, lung, and 

bone equivalent material at a resolution of 5 mm [79]. To measure radiation dose both internally 

and externally, a fiber-optic coupled (FOC) dosimetry system has also been developed at UF 

[80]. The system has been used to calculate organ dose during cone-beam CT used in radiation 

therapy, and has demonstrated the ability to provide radiation dose estimates in real-time [81]. 

Using the FOC system, both skin dose and organ dose can be measured physically and compared 

to values derived using the UFHADM, UFHADF and the programs outlined in Chapter 4. 

Additional validation of skin dose can be performed using Gafchromic film as performed in 

previous studies [82, 83]. 

Clinical Application 

Along with sentinel event dose reconstruction, monitoring of diagnostic reference levels, 

and training of medical residents, a primary use of the skin dose mapping system will be the 

development of better techniques and practices to reduce the radiation burden delivered to the 

patient. A major focus of the Department of Radiology at the University of Florida in Gainesville 
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has been the standardization of imaging protocols which define best practices for specific 

imaging procedures [84]. The skin dose mapping system developed in this work can aid in 

creation of these protocols for fluoroscopically guided interventions. By providing the physician 

a high fidelity estimation of peak skin dose and expected effects, the angulation and rotation of 

the x-ray tube can be arranged within a protocol to limit „hot spots‟. The significance of dose 

reduction to the patient can be analyzed through clinical studies whereby dose-saving protocols 

are implemented and compared to standard protocols using the skin dose mapping program. As a 

long term vision, a comprehensive clinical program can be developed built around strategies for 

dose reduction to include all of the items listed previously. Techniques and practices learned 

through this program can then be shared with other radiology departments and medical societies 

to improve patient care on a large scale. 

Cloud Dosimetry 

During the previous 5 years, computational architecture has trended towards data access, 

storage, and services which utilize resources not maintained by the end-user. These resources are 

accessed via the “cloud” which is used as a metaphor for the internet. In this environment and 

with the tools developed in this research, RDSRs can be uploaded from the clinic to the web and 

returned with a matter of hours as detailed radiation dose reports. The concept of patient dose 

tracking has been popularized in recent years with the introduction of the Smart Card project by 

the International Atomic Energy Agency (IAEA) [85]. The goal is to design a small card that 

contains radiation dose data for every examination performed during a patient‟s lifetime. During 

of meeting of the IAEA held in January 2010, several project recommendations were put forth 

including “establishing policies and mechanisms for tracking indices of radiation exposure for 

diagnostic and interventional procedures”, promoting “pilot studies to assess development and 

implementation of programs for tracking of patient exposures…especially for higher dose 
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procedures such as CT and interventional procedures”, and encouraging apex centers and 

manufactures to “develop technology to aid in tracking an individual‟s radiation dose indices 

from medical imaging [86].” Clearly, a cloud based dosimetry model fits well within the 

constructs of the Smart Card project and provides the mechanism needed for dose evaluation. 

While the RDSR was designed specifically for fluoroscopy, similar DICOM objects are being 

developed for CT and other forms of diagnostic imaging which utilize ionizing radiation. Future 

research should focus on developing translational tools for these modalities which can provide 

dose estimates based on patient-dependent or sculpted phantoms and dose parameters obtained 

through the DICOM format. A pilot program for interventional dose estimation using the 

software developed in this research would also provide a first-use case which could be followed 

by other institutions. 

Final Thoughts 

A consistent effort has been made throughout this study to focus on clinically relevant 

solutions. Often this required the willingness to adapt when limitations were realized and to 

explore new options which were not always presently available. As an example, much of the skin 

dose mapping software was written before the RDSR was released. By proactively learning 

about and planning for the RDSR, the entire project was able to move away from video analysis 

and OCR techniques which had severely diminished the promise for in-clinic dosimetry. Another 

important component was the collaboration with outstanding radiology departments at both 

Shands Jacksonville and Columbia University Medical Center. These collaborations provided an 

important link to the interventional clinic and also helped establish contacts with vendors, 

physicians, and scientific experts within the field. A continued partnership with both institutions 

will be necessary as progress is made towards clinical implementation. A final point to reiterate 

is the important context of this research. Due to the current lack of automated dose monitoring, 
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clinically relevant dosimetric information is being denied to the physician who must then rely on 

indirect dose indicators along with their clinical experience to manage patient risk. Using the 

tools developed in this work, there exist a tangible opportunity to improve patient care. The end 

goal is a better understanding of the risk/benefit relationship that accompanies the medical use of 

ionizing radiation.
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Figure 6-1.  Cyberware Whole Body Color 3D Scanner. Such a scanner could provide patient-

specific body contours for us with skin dose mapping software. 
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