
 

1 

OPTIMAL DOSE REDUCTION IN COMPUTED TOMOGRAPHY METHODOLOGIES 
PREDICTED FROM REAL-TIME DOSIMETRY 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

CHRISTOPHER JASON TIEN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2011 



 

2 

 

 

 

 

© 2011 Christopher Jason Tien 
 
 

 
  



 

3 

 

 

 

 

To my loving parents and sister, 
for all the support they have given me 

 
 

 



 

4 

ACKNOWLEDGMENTS 

First and foremost, I would like to express my sincere gratitude to my research 

advisor and the chair of my supervisory committee, Dr. David Hintenlang, for the 

opportunity to study at the University of Florida. I cannot imagine my graduate studies 

without his balance of counsel, humor, tolerance, insight, and guidance.  

I would also like to extend additional thanks to each of the faculty members 

serving on my supervisory committee: Drs. Wesley Bolch, Lynn Rill, and Bruce Welt. I 

am appreciative to my entire committee for their constructive comments and advice 

which has proved invaluable in preparation of this manuscript. I would like to thank 

Diana Dampier, Donna Seifert, and the rest of the departmental staff for handling all my 

everyday concerns. 

I am proud to be co-authors with Dr. Hintenlang’s past students: Dan Hyer, Ryan 

Fisher, and James Winslow. I also thank Erik Chell, Mario Firpo, and Justin Cantley for 

their invaluable support in my research with Oraya Therapeutics, which has graciously 

provided financial support of my research. 

I will always be indebted to my original classmates Alan Cebula and Amir Bahadori 

for helping shape both my professional and personal life. However, all my graduate 

student colleagues – in particular Matt Studenski, Perry Johnson and Matt Hoerner – 

have made my time here undeniably enjoyable. 

I am forever indebted to my mom for her choice to sacrifice her career in order to 

patiently instill me with the work ethic and values which have made me successful and 

will propel me into the next stage of my life; and, of course, I thank my dad for working 

all those long hours to make that financially possible. 



 

5 

TABLE OF CONTENTS 

 page 

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES .......................................................................................................... 10 

LIST OF FIGURES ........................................................................................................ 12 

ABSTRACT ................................................................................................................... 16 

CHAPTER 

1 INTRODUCTION .................................................................................................... 17 

Computed Tomography .......................................................................................... 17 
Motivation ............................................................................................................... 18 

Dose Measurement Methods .................................................................................. 19 
Anthropomorphic Physical Phantom ................................................................ 19 
Fiber-Optic Coupled Plastic Scintillation Dosimeter System............................. 21 

Dose Reduction Methods ........................................................................................ 23 
Organ Dose Modulation ................................................................................... 23 

Tube-Current Modulation.................................................................................. 24 
Objectives of this Research .................................................................................... 26 

2 ANTHROPOMORPHIC PHANTOM CONSTRUCTION .......................................... 32 

Background ............................................................................................................. 32 
Materials and Methods............................................................................................ 34 

Phantom Construction Materials ...................................................................... 35 
Bone tissue-equivalent substitute (BTES) .................................................. 35 

Lung tissue-equivalent substitute (LTES) .................................................. 36 
Soft tissue-equivalent substitute (STES) .................................................... 37 

Previous Phantom Construction Methodology .................................................. 38 

Current Phantom Construction Methodology .................................................... 38 
Engraving map creation ............................................................................. 38 
Insertion of soft tissue-equivalent material ................................................. 40 
Insertion of bone tissue-equivalent material ............................................... 40 
Phantom assembly .................................................................................... 40 

Insertion of lung tissue-equivalent material ................................................ 41 
Results .................................................................................................................... 41 
Analysis .................................................................................................................. 42 
Discussion .............................................................................................................. 42 

3 REAL-TIME POINT PLASTIC SCINTILLATION DOSIMETER SYSTEM FOR 
USE IN MONITORING AND MEASURING DOSE IN AGE-RELATED 
MACULAR DEGENERATION STEREOTACTIC RADIOSURGERY ...................... 51 



 

6 

Background ............................................................................................................. 51 

Materials and Methods............................................................................................ 53 
IRayTM Stereotactic Radiosurgery Device ........................................................ 53 

Plastic Scintillation Dosimeter System ............................................................. 56 
Physical System Benchmarking ....................................................................... 57 

Depth dose curves ..................................................................................... 57 
X-ray spectra filtration ................................................................................ 58 
High dose rate and high dose delivered calibration ................................... 58 

Computational benchmarking .................................................................... 59 
IRayTM measurements ............................................................................... 60 

Theoretical Optimization of PSD System.......................................................... 61 
Results .................................................................................................................... 63 

Depth Dose Curve in Liquid Water ................................................................... 63 

Depth Dose Curve In Solid Water .................................................................... 64 
Beam Quality .................................................................................................... 65 

Ion Chamber Benchmarking ............................................................................. 65 

Computational Benchmarking .......................................................................... 66 
High Dose Rate and High Total Dose Performance ......................................... 66 
IRayTM Measurements ...................................................................................... 67 

PSD current linearity .................................................................................. 67 
PSD saturation ........................................................................................... 68 

PSD depth dose curves ............................................................................. 68 
PSD ramping .............................................................................................. 69 
Comet x-ray tube beam stability ................................................................. 70 

Theoretical Signal-to-Noise Optimization ......................................................... 71 
Typical Exposure .............................................................................................. 72 

Analysis .................................................................................................................. 72 
Appropriateness of PSD system ....................................................................... 72 

Ophthalmic Considerations .............................................................................. 73 
Selection of photomultiplier tube ................................................................ 75 

Discussion .............................................................................................................. 75 

4 A METHODOLOGY FOR DIRECT QUANTIFICATION OF OVERRANGING IN 
HELICAL COMPUTED TOMOGRAPHY ................................................................. 94 

Background ............................................................................................................. 94 
Materials and Methods............................................................................................ 96 

CT Scanner and Real-Time Dosimetry System ................................................ 96 

Dosimeter Positioning ...................................................................................... 97 

Exposure Pattern .............................................................................................. 99 
Clinical Impact .................................................................................................. 99 

Results .................................................................................................................. 101 

Exposure Pattern ............................................................................................ 101 
Overranging Dependence upon Protocol Parameters .................................... 101 

Analysis ................................................................................................................ 104 
Discussion ............................................................................................................ 110 



 

7 

5 QUANTIFICATION OF STARTING ANGLE DOSE BIASING IN HELICAL 
COMPUTED TOMOGRAPHY .............................................................................. 117 

Background ........................................................................................................... 117 

Materials and Methods.......................................................................................... 118 
CT Scanner and CTDI Body Phantom ........................................................... 119 
Measurement Phantoms ................................................................................ 119 
Original Helical Dose Profile Expression ........................................................ 121 
Extended Helical Dose Profile Expression ..................................................... 122 

Axial Dose Profile Characterization ................................................................ 124 
Cylindrical Phantom Dose .............................................................................. 125 
Need for Starting Angle Dose Biasing Metric ................................................. 126 
Anthropomorphic Phantom Dose ................................................................... 127 

Results .................................................................................................................. 129 
SADB Measured in Cylindrical Phantom ........................................................ 129 

Validation of Dose Expression ........................................................................ 130 
SADB Measured in Anthropomorphic Phantom ............................................. 131 

Analysis ................................................................................................................ 132 
Cylindrical Measurements .............................................................................. 132 
Cylindrical Phantom ....................................................................................... 132 

Anthropomorphic Phantom ............................................................................. 135 
Overranging Considerations ........................................................................... 135 

Discussion ............................................................................................................ 136 

6 ORGAN DOSE AND INHERENT UNCERTAINTY IN HELICAL CT 
DOSIMETRY DUE TO QUASI-PERIODIC DOSE DISTRIBUTIONS .................... 147 

Background ........................................................................................................... 147 
Materials and Methods.......................................................................................... 149 

CT Scanner and Measurement Devices ......................................................... 149 
Determination of Cumulative Dose Distribution .............................................. 149 

Axial Point Dose Rate .................................................................................... 150 
Helical Point Dose Rate ................................................................................. 151 
Cumulative Point Dose ................................................................................... 151 

Total Tissue Dose .......................................................................................... 152 
Results .................................................................................................................. 153 

Axial Point Dose Rate .................................................................................... 153 
Helical Point Dose Rate ................................................................................. 153 
Cumulative Point Dose ................................................................................... 154 

Total Tissue Dose .......................................................................................... 156 
Analysis ................................................................................................................ 157 
Discussion ............................................................................................................ 160 

7 A PRELIMINARY STUDY OF TUBE CURRENT MODULATION USING 
PHYSICAL MEASUREMENTS AND DICOM HEADER EXTRACTION................ 173 

Background ........................................................................................................... 173 



 

8 

Materials and Methods.......................................................................................... 176 

CTDI Phantom ................................................................................................ 177 
CTDI Phantom with Elliptical Add-Ons ........................................................... 177 

STES Phantom ............................................................................................... 179 
DICOM Information Extraction ........................................................................ 180 

Management of DICOM files .................................................................... 180 
Tag identifier associations........................................................................ 181 

Z-axis TCM Method ........................................................................................ 182 

Experimental Physical Measurements ........................................................... 183 
Protocol selection ..................................................................................... 183 
Symmetrical scan validation..................................................................... 185 
Reconstruction method effects ................................................................. 185 

Results .................................................................................................................. 185 

CTDI Phantom ................................................................................................ 185 
CTDI and STES Phantoms with Elliptical Add-ons ......................................... 186 

Reconstruction Methods ................................................................................. 186 

Z-Axis Modulation Characterization Using Routine Head Protocol ................. 187 
Angular TCM Characterization ....................................................................... 188 
Results Using Both Z-Axis and Angular TCM ................................................. 188 

Reverse Abdominal ........................................................................................ 188 
Analysis ................................................................................................................ 189 

Angular TCM Method ..................................................................................... 190 
Machine Reproducibility ................................................................................. 192 

Discussion ............................................................................................................ 192 

8 FEASIBILITY AND CONSTRUCTION OF PROTOTYPE CCD-BASED 
DOSIMETRY SYSTEM FOR USE AT DIAGNOSTIC ENERGIES ........................ 217 

Background ........................................................................................................... 217 
Materials and Methods.......................................................................................... 219 

CCD Theoretical Signal Level ........................................................................ 219 
CCD Physical System Design ........................................................................ 223 

PSD and waveguide ................................................................................ 223 

CCD camera ............................................................................................ 224 
CCD housing ............................................................................................ 225 
Optical coupling ....................................................................................... 226 
Signal improvement techniques ............................................................... 227 
Waveguide replacement .......................................................................... 228 

Calibration ...................................................................................................... 228 

Baseline Performance Testing Using Portable X-ray Unit .............................. 229 
Results .................................................................................................................. 229 

Waveguide Replacement ............................................................................... 230 

Housing Performance ..................................................................................... 230 
Gain Performance .......................................................................................... 231 
Lens Effect ..................................................................................................... 231 
Initial Testing .................................................................................................. 231 
CCD Radiation Shielding ................................................................................ 232 



 

9 

Groundbreaking Resultant Images ................................................................. 233 

MATLAB® Automated ROI Analysis .............................................................. 233 
Analysis ................................................................................................................ 235 

Prototype Development .................................................................................. 237 
Computational optimization of SNR ......................................................... 237 
CCD lens system ..................................................................................... 237 
Novel target adjustment device ................................................................ 239 

Discussion ............................................................................................................ 240 

9 MULTIPIXEL PHOTON COUNTERS.................................................................... 254 

Background ........................................................................................................... 254 
Preliminary Results ............................................................................................... 256 
Analysis and Discussion ....................................................................................... 258 

10 CONCLUSIONS ................................................................................................... 263 

Results of This Work ............................................................................................. 263 

Opportunities for Future Work and Development .................................................. 264 
Anthropomorphic Phantom Developments ..................................................... 264 

Commercial PSD Usage for Radiation Monitoring .......................................... 265 
Overranging .................................................................................................... 266 
Starting Angle and Organ Dose Modulation ................................................... 267 

Predictive Algorithm for Tube Current Modulation .......................................... 268 
PSD CCD Prototype Dosimetry System ......................................................... 269 

Multi-Pixel Photon Counters ........................................................................... 270 

Final Thoughts ...................................................................................................... 271 

APPENDIX 

A FIBER CONSTRUCTION METHODOLOGY ........................................................ 272 

B TUBE CURRENT MODULATION DICOM SORTER CODE (SORTERV1_2.m) .. 276 

C TUBE CURRENT MODULATION DICOM READER CODE (READOUTV1_7.m) 277 

D AUTOMATED ROI ANALYSIS FOR CCD ACQUISITIONS CODE (ROI_V6.M) .. 280 

LIST OF REFERENCES ............................................................................................. 284 

BIOGRAPHICAL SKETCH .......................................................................................... 296 

 
 



 

10 

LIST OF TABLES 

Table  page 
 
2-1  ICRP weighting factors and number of measurement points .............................. 44 

3-1  Calibration factor (CF) of PSD PDD to Ion chamber PDD .................................. 77 

4-1  Overranging values for various techniques ...................................................... 113 

5-1  Protocol scan anatomical landmarks ................................................................ 138 

5-2  Default beam parameters for different protocols ............................................... 138 

5-3  Number of measurement points used for each protocol ................................... 139 

5-4  Total dose as a function of orientation .............................................................. 140 

5-5  Root-mean-square dose as a function of orientation ........................................ 140 

5-6  Average measured organ dose ........................................................................ 141 

5-7  Standard deviation in measured organ ............................................................. 142 

5-8  Effective doses for different protocols ............................................................... 143 

6-1  Cumulative point dose distribution: lens of eye................................................. 162 

6-2  Cumulative point dose distributions: thyroid ..................................................... 162 

6-3  Total tissue dose: lens of the eye ..................................................................... 163 

6-4  Total tissue dose: thyroid .................................................................................. 163 

7-1  Reconstruction mode selection......................................................................... 195 

7-2  Current in cylinder with no elliptical add-ons .................................................... 195 

7-3  Point dose in axial mode using CTDI head phantom with step phantom .......... 196 

7-4  Point dose in helical mode using CTDI head phantom with step phantom with 
no TCM ............................................................................................................. 196 

7-5  Point dose in helical mode using CTDI head phantom with step phantom with 
TCM .................................................................................................................. 197 

7-6  Console-estimated helical scan dose for various parameters .......................... 197 

7-7  Current in head base scan with thin slices ....................................................... 198 



 

11 

7-8  Current in head cerebrum scan ........................................................................ 200 

7-9  Current in routine head base scan .................................................................... 201 

7-10  Default beam parameters ................................................................................. 203 

7-11 Default effective mAs values when using no TCM............................................ 203 

7-12 Current in routine neck scan ............................................................................. 204 

7-13  Current in routine abdominal scan .................................................................... 205 

7-14  Current in routine chest thorax scan ................................................................. 207 

7-15  Current in routine pelvic scan ........................................................................... 208 

7-16 Current in routine abdominal scan using caudal-cranial orientation ................. 210 

8-1  Counts as a function of housing and lighting .................................................... 242 

8-2  Effects of special techniques upon counts ........................................................ 242 

8-3  Linearity of pixel intensity as a function of current ............................................ 242 

 
 

  



 

12 

LIST OF FIGURES 

Figure  page 
 
1-1  Tube current as a function in a typical study using TCM .................................... 31 

2-1  ATOM phantom .................................................................................................. 45 

2-2   RANDO phantom ................................................................................................ 45 

2-3   All tissue equivalent materials in sample axial slice ............................................ 46 

2-4   Completed male 50 percentile anthropomorphic physical phantom ................... 46 

2-5   ALRADS computational twin............................................................................... 47 

2-6  CT topogram of completed phantom .................................................................. 48 

2-7   Segmented data imported for sample axial image .............................................. 48 

2-8  Engraver software input for sample axial image ................................................. 49 

2-9   Engraved foam for sample axial slice ................................................................. 49 

2-10   Conformity of sample axial slice around dosimeter ............................................ 50 

3-1   IRayTM stereotactic radiosurgery device ............................................................. 78 

3-2 IGuideTM robotic positioning system ................................................................... 78 

3-3   ILensTM eye stabilization system ........................................................................ 79 

3-4   Calibration cyclops ............................................................................................. 79 

3-5   Film used to ensure position of active PSD element .......................................... 80 

3-6   Solid-water eye with PSD taped to back ............................................................. 80 

3-7   ILensTM attached to metal tip .............................................................................. 81 

3-8   Oraya Jade software screen-shot ....................................................................... 81 

3-9   Schematic of FOC PSD ...................................................................................... 82 

3-10   Completed PSD fiber .......................................................................................... 82 

3-11   Completed dosimetry unit picture ....................................................................... 83 

3-12   Schematics of completed dosimetry unit ............................................................ 83 



 

13 

3-13   Laser positioning unit mounted in aperture ......................................................... 84 

3-14   Set up for measuring percent depth-dose of PSD in liquid water ....................... 84 

3-15   Percent depth-dose of PSD in liquid water ......................................................... 85 

3-16  Percent depth-dose of PSD in solid water .......................................................... 85 

3-17   Beam quality of SR-115 portable x-ray unit measured in aluminum ................... 86 

3-18   Percent depth-dose of PSD compared with ion chamber ................................... 86 

3-19   Percent depth-dose of MCNPX results compared with ion chamber .................. 87 

3-20   High dose performance: calibration factor (CF) as a function of exposure ......... 87 

3-21   High dose performance: normalized version ...................................................... 88 

3-22   High dose rate linearity: counts as a function of exposure ................................. 88 

3-23   IRayTM collimator ................................................................................................ 89 

4-1   Schematic of PSD placement ........................................................................... 114 

4-2 Sample responses for bore PSD and dosimeter PSDs .................................... 114 

4-3  Overranging length as a function of pitch ......................................................... 115 

4-4   Overranging length as a function of reconstruction slice width ......................... 115 

4-5   Overranging length as a function of x-ray tube rotation time ............................ 116 

5-1 Two views of the STES cylindrical phantom ..................................................... 144 

5-2   Sample temporal axial response of PSD in cylindrical phantom ....................... 144 

5-3 Sample longitudinal response of PSD in cylindrical phantom ........................... 145 

5-4 RMS dose as a function of depth in phantom ................................................... 145 

5-5 Single-slice total dose variation between PSD orientations .............................. 146 

5-6   SADB as a function of different effective widths ............................................... 146 

6-1 Normalized axial dose rate ............................................................................... 164 

6-2  Normalized helical dose rate ............................................................................ 164 

6-3.   Lens of the eye, pitch of 1, cumulative point dose ............................................ 165 



 

14 

6-4   Thyroid, pitch of 1, cumulative point dose ........................................................ 166 

6-5  Pitch of 1.5, lens of the eye, cumulative point dose .......................................... 167 

6-6   Pitch of 1.5, thyroid, cumulative point dose ...................................................... 168 

6-7  Normalized total tissue dose, lens of the eye, pitch of 1 ................................... 169 

6-8.   Normalized total tissue dose, thyroid, pitch of 1 ............................................... 170 

6-9   Pitch of 1.5, Lens of the eye, normalized total tissue dose ............................... 171 

6-10   Pitch of 1.5, Thyroid, normalized total tissue dose ........................................... 172 

7-1   CTDI phantom with and without Lucite PSD adapter ........................................ 211 

7-2   Cylindrical elliptical add-on inserts family ......................................................... 211 

7-3   Construction using plywood mold ..................................................................... 212 

7-4   CTDI phantom within step phantom in CT scanner .......................................... 212 

7-5   Topogram of CTDI phantom within step phantom ............................................ 213 

7-6   STES CTDI head phantom ............................................................................... 213 

7-7   Average slice current at 160 mAs-R ................................................................. 214 

7-8   Average slice current at 200 mAs-R ................................................................. 214 

7-9   Average slice current at 260 mAs-R ................................................................. 215 

7-10   Typical phantom orientation, 10 measurements with abdominal protocol ........ 215 

7-11   Inverted phantom orientation, 10 measurements with abdominal protocol ....... 216 

8-1   Gain linearity..................................................................................................... 243 

8-2   Size of fiber entry hole, coin used for reference ............................................... 243 

8-3   Completed CCD system housing and schematic .............................................. 244 

8-4   Different types of lenses ................................................................................... 245 

8-5   Effect on edges by aspheric lens ...................................................................... 245 

8-6   Lens mounted in optical adapter threaded into lens tube ................................. 245 

8-7   Waveguides mounted on v-clamp .................................................................... 246 



 

15 

8-8   Silica waveguide transmission vs wavelength .................................................. 246 

8-9   Resultant images with different fiber-to-lens distances ..................................... 247 

8-10   Completed CCD housing ready for x-ray source benchmarking ....................... 247 

8-11   Lens effect on focusing ..................................................................................... 248 

8-12   Streaking artifact ............................................................................................... 248 

8-13   Final CCD image .............................................................................................. 249 

8-14   Pixel intensity linearity as a function of mAs ..................................................... 249 

8-15   Stability of pixel intensity from multiple trials .................................................... 250 

8-16   Pixel intensity as a function of mAs .................................................................. 250 

8-17   Calibration between mAs and pixel intensity .................................................... 251 

8-18   Mean pixel intensity vs ROI sampling area ....................................................... 251 

8-19  CCD double lens set up and a schematic ......................................................... 252 

8-20   Novel target adjustment device ........................................................................ 253 

9-1   MPPC with fiber with SMA and firewire connections ........................................ 260 

9-2  Typical MPPC response ................................................................................... 261 

9-3  MPPC counts vs mAs ....................................................................................... 261 

9-4 PMT and MPPC response ................................................................................ 262 

A-1   Elimination of jagged edges of fiber .................................................................. 275 

 
 



 

16 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
 Requirements for the Degree of Doctor of Philosophy 

 
OPTIMAL DOSE REDUCTION IN COMPUTED TOMOGRAPHY METHODOLOGIES 

PREDICTED FROM REAL-TIME DOSIMETRY 
 

By 
 

Christopher Jason Tien 
 

August 2011 
 

Chair: David Hintenlang 
Major: Biomedical Engineering 
 

Over the past two decades, computed tomography (CT) has become an 

increasingly common and useful medical imaging technique. CT is a noninvasive 

imaging modality with three-dimensional volumetric viewing abilities, all in sub-millimeter 

resolution. Recent national scrutiny on radiation dose from medical exams has 

spearheaded an initiative to reduce dose in CT. This work concentrates on dose 

reduction of individual exams through two recently-innovated dose reduction 

techniques: organ dose modulation (ODM) and tube current modulation (TCM). ODM 

and TCM tailor the phase and amplitude of x-ray current, respectively, used by the CT 

scanner during the scan. These techniques are unique because they can be used to 

achieve patient dose reduction without any appreciable loss in image quality. This work 

details the development of the tools and methods featuring real-time dosimetry which 

were used to provide pioneering measurements of ODM or TCM in dose reduction for 

CT. 
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CHAPTER 1 
INTRODUCTION 

Computed Tomography 

X-ray computed tomography (CT) is a medical imaging technology which uses 

computer processing in order to obtain three-dimensional volumetric viewing abilities, all 

reconstructed with sub-millimeter resolution of the insides of an object from a large 

number of projections of two-dimensional images taken around an axis-of-rotation. 

Tomography is the use of imaging sections through the use of any type of penetrating 

wave. In the case of CT, these penetrating waves are x-rays.  

While CT technology has been available since the 1970s, it has enjoyed a 

remarkable exponential climb in advancements over the last two decades due primarily 

to the advances in newer and faster computer systems and software. Historically, the 

reconstructed images were created normal to the axis-of-rotation because scans were 

performed in an axial manner. Now, with the advance to helical scanning, volumetric 

images can be reconstructed in any plane desired. Previously, CT scanners used only a 

single row of detectors, recently innovated CT scanners use as many as 320 detector 

rows for imaging. While the original prototype CT scanner developed by Hounsfield 

required five minutes for full rotations, current x-ray tubes can perform sub-second full 

rotations around the gantry. The 300 ms rotation time imparts the ability to patient 

anatomical information in real-time. For example, the x-ray tube rotation time is so fast 

that the heart-beat can be imaged in its different phases of expansion and contraction. 

In addition to fast acquisitions, CT offers extremely high contrast in its images. In fact, 

its primary unit is the Hounsfield Unit (HU) which describes change in linear attenuation 

coefficients as small as 0.1%. 
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Motivation 

While CT has rapidly been incorporated into clinical diagnostic radiology due to its 

high resolution and fast scan times, it does have the disadvantage of delivering 

moderate to high doses, with respect to diagnostic radiology. Recently, the increased 

radiation dosages have been scrutinized by the media and brought to the attention of 

the public. For example, in 2009, the National Council on Radiation Protection and 

Measurements  specified computed tomography (CT) scans as the largest contributor of 

manmade radiation exposure in the United States.1 The NCRP stated that medical 

procedures in 2006, Americans were exposed to more than seven times as much 

ionizing radiation compared with 1980 due primarily to the increase in utilization of CT 

and nuclear medicine. CT comprised 15% of total exposure in 1982 and 48% of total 

exposure in 2006. The annual number of CT examinations has increased from 3.6 

million in 1980 to 72 million in 2007.2 

The New England Journal of Medicine attributed 2% of all cancers in the United 

States to CT and concluded that too many scans were being performed.3 Investigators 

estimated each chest or abdominal CT scan on the order of 15-25 mGy, but each of 

these scans was performed as a part of a series. This in turn is usually compounded 

because multiple series are performed over treatment. While the NCRP did not 

recommend any specific actions, the investigators from the New England Journal of 

Medicine article recommended a three part approach: reducing the CT dose in 

individual exams, replacing CT use with alternate options such as ultrasound or MRI, 

and reducing the number of CT exams that are prescribed. For more specific directives, 

McCollough et al. and Kalra et al. have published articles which review methods for 

dose reduction and management.4, 5  
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Today, while more CT scans are being performed, the average dose per scan has 

fallen in each of the past decades. The American Association of Physicists in Medicine 

has acknowledged risks posed by CT, but its viewpoint is that the benefits of an 

appropriately ordered CT exam far outweigh those risks.6, 7 Quantification of radiation 

exposure from CT scans should be accurate in order to accurately assess the collective 

risk and to provide patient-specific organ doses for use in either retrospective 

epidemiologic or prospective risk estimation studies.  

Dose Measurement Methods 

Anthropomorphic Physical Phantom 

Properly quantifying radiation dose from CT has always been a challenge and 

several methods have been developed for this purpose. Presently, the most prevalent 

method for clinical dose measurement and image quality measurements is the 

Computed Tomography Dose Index (CTDI) which has undergone various refinements in 

order to maintain its relevance as CT has developed.6 Currently, volume CTDI (CTDIvol) 

is required to be displayed both before and after scans in CT scanners built after 2002.8 

At the time, CTDIvol was the newest version of CTDI; CTDIvol represents the average 

absorbed dose, along the z-axis, from a series of contiguous irradiations. Dose length 

product (DLP) was also developed at that time, and is calculated as the product of 

CTDIvol and the length of scan. Recently, the AAPM Task Group 23 released a new 

methodology for evaluating the radiation dose which is based upon equilibrium dose 

(Deq), a new metric which moves beyond CTDIvol and DLP.9 

The concept of CTDI was developed to provide a standardized method to compare 

radiation output levels between different CT scanners using reference phantoms. While 

the CTDI metric has evolved to adapt from a single-detector axial scan to a multi-
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detector helical scan, CTDI has always been measured in reference phantoms. These 

cylindrical phantoms are constructed to serve as generalized approximations of the 

human body and head with diameters of 32 cm and 16 cm, respectively.  

Cylindrical phantoms used in order to represent the human body lead to many 

problems in realistic measurement of dose. Namely, a cylinder does not approximate 

the shape of a human body. Additionally, the uniform Lucite composition does not mimic 

the varying attenuation of a human body. Furthermore, CTDI has become outdated 

because its measurement is done using a detector which is only 100 mm long – as 

mentioned previously, some modern scanners have scan lengths which are 320 mm. 

Even with smaller scan lengths, 100 mm has not proven to be adequate to account for 

scatter tails. 

Despite those concerns, CTDI still remains popular due to its application as more 

of an image quality test metric rather than a dose measurement.6 Remember, CTDI was 

designed to provide standardized method to compare radiation output levels between 

different CT scanners using reference phantoms. Today, in order to measure realistic 

organ dose and subsequently calculate effective dose from CT procedures, researchers 

have relied upon segmented patient models or anthropomorphic physical phantoms 

instead of CTDI phantoms.   

Measurements should be conducted in anthropomorphic physical phantoms which 

possess realistic radiological attenuation properties. One such phantom developed at 

UF is an anthropomorphic 50-percentile reference male segmented from the 

corresponding CT data used in the computational model used by the University of 

Florida Advanced Laboratory for Radiation Dosimetry Studies (ALRADS) laboratory, 
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which uses three different materials: soft-tissue equivalent substitute (STES), bone-

tissue equivalent substitute (BTES), and lung-tissue-equivalent (LTES).10 The physical 

phantom has a high axial resolution and readily-accessible point dosimetry 

measurements sites. 

Fiber-Optic Coupled Plastic Scintillation Dosimeter System 

Plastic scintillation dosimeters (PSDs) have become a popular and economical 

measurement tool because of their unique combination of fast response, temperature-

independence, small volume, water-equivalence along with energy-, dose-, and dose-

rate- linearity. Fast scintillating materials typically emit photons in 2-4 nanoseconds 

while slow scintillating materials emit photons in times greater than 200 nanoseconds.11 

In other words, in most applications, the PSD response is not a limiting factor. The small 

volume is important in order to allow physical accommodation of the measurement 

device within the phantom. Additionally, by only occupying a small volume, this gives 

the measurement device high spatial resolution. The water-equivalence is important 

because it mimics tissue and does not perturb measurements. Fiber-optic coupling 

(FOC) can be used for connecting the PSD to the waveguide. This design allows for a 

large number of scintillation photons to reach the photodetector while maintaining a 

small volume.  

While PSDs do suffer from stem effect from Cerenkov radiation, Beddar et al. has 

measured Cerenkov threshold to be around 178 keV, much lower than the 100 keV 

peak expected.12, 13 For this application, PSDs are specifically better than current 

diagnostic radiology dosimeters such as ion chambers because PSDs impart a higher 

spatial resolution due to their small volume in comparison with an ion chamber – this is 

about an order of magnitude. PSDs are also preferred over thermoluminescent 
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dosimeters (TLDs), or optically stimulated luminescent (OSLs) dosimeters because 

recent analyses have uncovered problems with other detectors: TLDs have an angular 

dependence of up to 20%; OSLs have shown degradation with repeated exposures.14, 15 

Another alternative, metal-oxide field-effect transistors (MOSFETs) were also 

considered but have shown an incredibly large variation in measurements of 

reproducibility, with the differences in some cases reaching 15%–30%.16 Furthermore, 

the metallic high atomic number used for MOSFETs will lead to image artifacts.id 

Two distinct photodetectors will be used in this investigation, each with its own 

advantages and disadvantages. The majority of this work utilizes photomultiplier tubes 

(PMTs). Using this type of photodetector allows measurements to be taken in real-time, 

with a high sampling rate. This design was innovated by Hyer et al., who fully 

characterized a separate system at diagnostic energies.17  

The other type of photodetector which has been used successfully is based upon 

a charge coupled device (CCD). A large source of noise in PSD measurements come 

from the stem effect – in this case, scintillating of the waveguide itself. Furthermore, for 

applications of radiation therapy, Cerenkov radiation is also generated. A CCD PSD 

system can use simple filtration or chromatic removal to subtract a Cerenkov spectrum 

or other wavelength dependent features from the measured light. CCDs also hold a 

distinct advantage in cost. Essentially each additional PSD channel for a PMT-based 

design requires another PMT (~$4000), while a single CCD (~$8000) could conceivably 

handle 50 PSD channels.  

A CCD PSD system for diagnostic radiology applications will suffer from much 

lower signal. While CCD PSD systems are currently used in radiotherapy systems, 
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exposure times are on the order of minutes and energies are on the order of 

megavoltages (MV). On the other hand, diagnostic radiology applications use 

kilovoltage (kV) energies with millisecond exposure times. Specifically, CT uses 

energies around 80-140 keV which is below the Cerenkov threshold of about 178 keV.18 

Dose Reduction Methods 

The approach of this research is to investigate the maximum radiation dose 

reduction for CT examination through two recently innovated techniques: organ dose 

modulation (ODM) and tube current modulation (TCM). This research uses exclusively 

results obtained from a Siemens SOMATOM Sensation 16 CT scanner. Note that TCM 

is also known as automatic tube current modulation (ATCM). Both ODM and TCM offer 

refreshingly innovative approaches to dose reductions. The dose reductions from ODM 

will be most clinically significant in small peripheral organs such as the eye lens. 

However, ODM is still extremely relevant because it may represent a previously 

overlooked source of uncertainty in many measurements, notably computational 

models. On the other hand, dose reductions from TCM techniques will be most clinically 

significant for low attenuation regions such as the lungs. ODM and TCM both offer the 

unique advantage of dose reduction with no distinguishable loss in image quality.  

Organ Dose Modulation 

Dose distribution at peripheral locations such as the lens of the eye or the breast 

has been demonstrated to be periodic as a function of beam collimation and pitch.19, 20 

The phase of this dose distribution is determined primarily by the starting angle at which 

the x-ray beam turns on and off. Organ dose modulation (ODM) involves manipulation 

of the starting angle of the x-ray tube in order to cause a shift in the dose distribution. 
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This could be used to match minimums in dose distribution with radiosensitive organs 

such as the lens of the eye or the breast.4, 19-25  

In order to accomplish accurate phase shifting, it is important to account for 

overranging.26 Overranging volumes are the volumes adjacent to the clinical volume of 

interest (VOI) which must be collected in a helical CT for proper reconstruction and the 

phase shift must also account for these extra volumes because the starting angle for the 

scan is not necessarily the same as that for the VOI. 

ODM does not change any parameters of the scan, thus different scans should 

produce the same reconstruction. In fact, van Straten et al. discovered that radiologists 

could not distinguish between two scans using two different x-ray tube starting angle.27 

Tube-Current Modulation 

Tube-current modulation (TCM) was developed by manufacturers and is now in 

use clinically in order to reduce CT patient dose in individual exams. TCM adjusts the x-

ray tube current during a scan in order to maintain constant photon fluence at the 

detector. If all other variables are held constant, a reduction in tube current leads to a 

reduction in patient dose, but an increase in quantum noise or mottle in the 

reconstructed image.  

Previously, tube current and voltage were chosen based upon patient size, patient 

weight, and image quality requirements. The tube current and voltage were fixed for the 

entire scan. However, due to varying body circumference and tissue attenuation, the 

fixed techniques lead to variable attenuation though the body, which lead to variable 

image quality. Images with too much noise obscure low contrast lesions or tumors that 

would normally be visible in less noisy images and could lead to misdiagnoses or the 

need to rescan the patient, exposing them to unnecessary radiation. Furthermore, fixed 
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techniques frequently suffer from photon starvation and subsequently artifacts are 

manifested during reconstruction. Previously, in order to avoid photon starvation 

artifacts, the tube current for the entire scan area was increased as opposed to simply 

increasing tube current in a small region as done with TCM.  

In other words, TCM attempts to tailor the current to the region of the body. For 

example, the tube current is increased when scanning along areas of high attenuation 

such as the shoulder or hips. Similarly, the tube current is decreased in areas of low 

attenuation such as the lungs or extremities. An example of tube current and 

attenuation plotted as a function of longitudinal position is shown in Figure 1-1. The 

adjustment is highly manufacturer-dependent, but detector feedback is usually within 

one-fifth of a second. TCM helps to reduce patient doses while ensuring uniform image 

quality – which is based upon the number of photons incident upon the detector.  

Current CTDI phantoms do not challenge the TCM systems in modern scanners. 

As a result, the same CTDIvol value is currently used to predict patient doses for both 

fixed tube-current and TCM scans, though the two exams can deliver dramatically 

different doses. 

There are currently two major TCM strategies employed by manufacturers: 

angular and z-axis modulation. This research investigates the use of Siemens 

technology. Recently Siemens introduced its CARE Dose 4D which adjusts “on the fly” 

– using angular modulating tube current based upon attenuation value measured from 

the previous 180 degree rotation. Other vendors such as GE and Philips, were not 

investigated in this research. However, each has their own methodology for TCM. For 

example, GE Medical Systems introduced its SmartScan system in 1994, which used 
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angular modulation to modulate tube current in the x-y plane, within a single rotation of 

the tube. The attenuation value is determined from an AP and lateral radiographic 

projection images. Philips Medical Systems introduced its version of angular TCM called 

Dose-Right Dose Modulation which modulates tube current within a single tube rotation 

according to the square root of the attenuation measured during the previous rotation. 

This modulation technique is based on image noise being inversely related to the 

square root of the number of photons captured. 

Z-axis modulation is the second approach to TCM. In this method, the tube current 

is modulated for each slice as determined from a scout radiograph. Therefore, unlike 

angular modulation, the tube current is maintained within a single rotation. Z-axis 

modulation keeps image quality uniform in each slice of the exam.  

Objectives of this Research 

Both ODM and TCM are especially promising because they reduce patient dose 

without any appreciable loss in image quality.4, 5 Real-time dosimetry using plastic 

scintillation dosimeters (PSDs) will be used to characterize the performance and 

behavior of both ODM and TCM in a realistic environment, namely an anthropomorphic 

phantom. The results can be applied in order to select the optimal combination of 

parameters to produce maximal dose reduction. 

The main goal of this research was to develop the tools and methods necessary to 

accurately measure the effects of ODM and TCM upon dose reduction in helical CT. 

This research was broken down into a series of smaller projects, each of which is 

described below. 

The first project was to fabricate a male 50-percentile reference anthropomorphic 

phantom in order to provide a realistic measurement medium. This phantom was based 
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upon the International Commission on Radiological Protection Report 89’s dataset 

representing the 50th percentile adult male.28 This phantom was first constructed as a 

computational model by the University of Florida Advanced Laboratory for Radiation 

Studies (ALRADS) laboratory. Anatomical data for construction of the physical phantom 

are directly drawn from the computational phantom. Thus the physical phantom has a 

computational twin for benchmarking and direct comparisons. In order to provide 

realistic attributes from a dosimetric standpoint, three different tissue equivalent 

materials were constructed: bone, lung, and soft tissue. This phantom was constructed 

in 5 mm axial slices from the gonads to the top of the head. The arms and legs were 

constructed in 10 mm axial slices which are detachable. 

The second project was to construct a dosimetry system which utilizes a small-

volume dosimeter which is preferably water-equivalent in order to mimic tissue. This 

dosimeter must be capable of measurements of absorbed dose in the anthropomorphic 

phantom described below at diagnostic-level energies. Plastic scintillation dosimeters 

(PSDs) were chosen due to their unique combination of low cost, temperature-

independence, small-volume, water-equivalence along with energy-, dose-, and dose-

rate- linearity. A fiber-optic coupling (FOC) was used for connecting the PSD to the 

waveguide. This was done by hand for each measurement fiber and is detailed in 

Appendix A of this work. The PSD was 0.5 mm in diameter and 2 mm in length. By 

using photomultiplier tubes (PMTs), the measurements were taken in real-time with bins 

as small as 10 ms. Dosimeters with a similar design by Hyer et al. were fully 

characterized at diagnostic energies.17 This dosimetry system was used as a device for 

real-time monitoring and measurement of Oraya Therapeutic’s IRayTM stereotactic 
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radiosurgery (SRS) device which uses diagnostic energy photons for age-related 

macular degeneration. The PMT PSD system was fully characterized for application to 

SRS. For example, depth-dose curves and calibration factors were measured. High-

dose rate and high-dose performance were tested. A theoretical optimization of the 

PMT PSD system and compared with the current design. 

The third project was to measure overranging. Proper reconstruction requires 

some degree of overranging, thus this study introduced an innovative and accurate 

method to directly characterize overranging length using real-time dosimetry. This 

method is more accurate and faster than other methods currently used. The 

overranging length is specifically measured as a function of different pitches, rotation 

time, beam collimation, and reconstruction slice width. Including overranging lengths in 

the prediction of dose length products, or in Monte Carlo calculations of effective dose 

will reduce underestimates of dose. Additionally, overranging is an important aspect in 

starting angle calculations (discussed in specific aim 4). 

The fourth project was to measure the effect of x-ray tube starting angle upon 

measurement uncertainty and its impact upon clinical dosimetry. Direct physical 

measurements of this uncertainty are not possible given the uncontrollable x-ray tube 

starting angle. In this project, a mathematical dose expression on helical CT scan dose 

by Dixon et al. was further developed to calculate the helical dose for any given starting 

angle.23. This method can be used to decompose the helical response into axial and 

longitudinal responses which can reconstruct the uncertainty for any arbitrary starting 

angle. Starting angle dose bias (SADB) is a new metric which is introduced in order to 

express the observed difference in dose measurements as a direct result of different x-
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ray tube starting angles. The SADB calculation is first performed with a cylindrical 

phantom and applied to an anthropomorphic phantom. 

The fifth project was to determine dose savings possible from manipulation of x-

ray tube starting angle. This method of dose savings is also known as organ dose 

modulation (ODM). Significant variation of organ and effective doses at surfaces is due 

to overlaps and gaps in the helical exposure. As mentioned in Specific Aim 4, these 

potential dose reductions have not been realized because the x-ray tube starting angle 

is both unpredictable and uncontrollable in popular CT scanners. Specific Aim 4 focused 

upon the uncertainty imparted. This project continued analysis of x-ray tube starting 

angle and calculates potential dose savings for two important peripheral organs, namely 

the lens of the eye and the thyroid. This method incorporated pitch, actual beam width, 

beam divergence, distance from isocenter, and anatomical volume distribution.   

The sixth project was to determine the dose savings from tube current modulation 

techniques (TCM). A custom MATLAB® program was created in order to extract 

DICOM data of tube current in each slice for reconstructed images produced by the 

scanner. Measurements were calibrated to a CTDI phantom with a PSD embedded in a 

Lucite plug. Next, measurements were taken with a CTDI phantom surrounded by two 

adjacent uniform tissue-equivalent add-ons with three segments possessing different 

lateral diameters. The varying attenuation in the lateral directions challenged the TCM 

to appropriately match current. The TCM was measured in real-time for a variety of 

standard manufacturer protocols. This information was subsequently used to plot tube 

current as a function of position. 



 

30 

The seventh and eighth projects were to design new prototype PSD systems. This 

was directly largely at a CCD PSD system. The seventh project was targeted at using a 

CCD PSD to increase parallel capabilities of a dosimetry system. While the CCD was 

being manufactured, more than 30 scintillation fibers were prepared. CCD PSD systems 

are currently used in megavoltage (MV) radiotherapy systems where exposure times 

are on the order of minutes. On the other hand, the prototype is designed to 

demonstrate the feasibility of a PSD system for kilovoltage (kV) energies with 

millisecond exposure times. The fabrication process of the system is outlined. A 

reasonable response is established. Also, since the signal and response is expected to 

be orders of magnitude smaller, a calculation of system parameters is performed in a 

manner similar to Specific Aim 3. Overall, the new prototype system was aimed at a 

CCD PSD system, however the eighth project examines a novel multipixel photon 

counter PSD system. 

In addition to the physical measurements originally proposed, Chapter 3 also 

includes an analysis of the optimization of the PMT-based PSD system. Chapter 6 

discusses direct dose reduction, which is another aspect of ODM. Chapter 8 addresses 

in great detail the fabrication and feasibility of the CCD-based PSD system along with 

preliminary results. Chapter 9 examines a multipixel photon counter PSD system. 

Chapter 7 will be dramatically expanded in the next few years by ALRADS. The 

eventual goal is to design a predictive algorithm which will computationally simulate a 

scout scan and predict the current used by the scanner. The group plans to use the 

physical TCM data obtained in this work in order to provide input into an attenuation-

length-based program. 
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Figure 1-1.  The tube current and attenuation as a function of longitudinal position in a 

typical study using TCM (Photo courtesy of C. Suess, “Dose optimization in 
pediatric CT: current technology and future innovations,” Pediatr Radiol 
32:729-734 (2002) Page 733, Figure 5) 
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CHAPTER 2 
ANTHROPOMORPHIC PHANTOM CONSTRUCTION 

Background 

Anthropomorphic phantoms use materials which mimic a human body’s 

radiological properties in order to measure a realistic biological dose delivered during 

diagnostic imaging and radiotherapy procedures. Recently, a push towards precise 

measurements of dose delivered during  scans has researchers measuring average 

computed tomography (CT) organ doses as well as effective doses.29 Computational 

approaches have also been undertaken, but require knowledge of the exact photon 

energy spectrum or irradiation geometry – which is often proprietary information to each 

specific vendor and changes among models. Advanced techniques which employ real-

time electronic feedback such as automatic tube current modulation in CT and 

automatic brightness control (ABC) in fluoroscopy are particularly difficult to model in 

computational simulations.  

The most popular anthropomorphic phantoms are the RANDO (The Phantom 

Laboratory, Salem, NY) and ATOM phantoms (Computerized Imaging Reference 

Systems, Inc, Norfolk, VA).30, 31 Both the RANDO and ATOM phantoms have axial 

resolution of 25 mm.30, 31 The human anatomy is sorted using attenuation properties into 

three different regimes: soft-tissue, bone, and lung.30, 31 These phantoms are shown in 

Figure 2-1 and 2-2. 

In order to overcome the often prohibitively high cost of the RANDO and ATOM 

phantoms, in-house soft tissue-equivalent substitute (STES), lung tissue-equivalent 

substitute (LTES), and bone tissue-equivalent substitute (BTES) have been developed 

at the University of Florida (UF). The UF materials are the next generation of materials 
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originally developed by White et al. and Jones et al..32-35 These UF materials are low-

cost tissue radiological equivalent materials, prepared in a standard laboratory, which 

have been incorporated into a family of adult anthropomorphic phantoms.  

While the RANDO and ATOM phantom utilize a 25 mm slice thickness, the UF 

phantoms utilize a 5 mm slice thickness, which provides better resolution in the cranial-

caudal direction.30, 31 While the full-body data set includes over 353 axial slices, the UF 

phantoms were constructed without legs because they lack radiosensitive organs. This 

simplified fabrication to 193 axial slices which ranged from the crown of the head to mid-

thigh. All internal organs in the phantoms were included in the phantom as STES. In 

order to measure organ dose, the dosimeter placement is thus based directly upon 

position. The organs from the segmented CT data have been translated onto each slice. 

From the previous generation, the BTES remains the same and is based upon an 

epoxy resin which forms a hard thermoset polymer, as described by Jones et al..32, 33  

The STES and LTES are based upon a new urethane mixture which forms a pliable 

rubber material. The new STES and LTES are an improvement in terms of construction 

ability and phantom durability. Furthermore, the rubber composition of STES allows 

much better accommodation of real-time dosimeters than the hard polymer material 

used previously. A completed slice showing BTES, LTES, and STES is shown in Figure 

2-3.  

Each of the UF phantom’s anatomies is based upon a segmented computational 

phantom created from a CT anthropomorphic  reference library developed by Lee et 

al..36 The physical phantom can be used to directly benchmark the results from the 

computational twin. The physical phantom is shown in Figure 2-4 while its 
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computational twin is shown in Figure 2-5. The idea has been proposed by Winslow et 

al. in order to determine point-to-organ dose scaling factors allowing the calculation of 

average organ doses from simple point organ dose measurements made in the physical 

phantom.10 

Figure 2-6 shows a CT topogram of the physical phantom. A Vac-Fix reusable 

patient positioning system for radiation therapy (S&S Par Scientific, Houston, TX) was 

used to secure the phantom in reproducible position. Both the Vac-Fix bag and medical 

tape were utilized to to minimize the air gaps, which are characterized by the horizontal 

dark lines located within the phantom in this figure. Measurements have shown less 

than 2% difference when these gaps are present. The phantom is shown with the 

individual point dose measurement locations, marked with metal pellets. Table 2-1 

shows the ICRP weighting and number of available measurement points for each organ. 

Materials and Methods 

This section of the dissertation reports on the materials and methods used to 

construct anthropomorphic phantoms for use in dosimetry studies, in an improvement 

on methods and materials previously described by Jones et al..32, 33 This methodology 

was previously published as part of the PhD dissertation by Winslow.37 Since then, this 

has been published as an article in the Journal of Clinical and Applied Medical Physics 

by Winslow et al..10 The fabrication was streamlined with an engraving machine, which 

is used to create molds for the phantom slices from bitmap images computationally 

generated from the original reference models produced by Lee et al..36, 38-41 Lee et al. 

used nonuniform rational B-spline (NURBS) surfaces in order to create a reference 

phantom.36, 38-41 Information regarding the new tissue-equivalent materials as well as a 

detailed summary of the construction process and completed phantom are included.  
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 Phantom Construction Materials 

BTES, LTES, and STES were all designed in order to mimic the radiological 

properties of humans. Previous iterations by Jones et al. were designed for pediatric 

cases.32, 33 In order to construct this adult male phantoms, 253 axial slices were 

required per phantom, so it was also crucial that the process become streamline the 

process.  

The metric used to determine the accuracy of STES, LTES, and BTES was 

density and attenuation. Final results are discussed in the Results section below. 

Attenuation was evaluated by measuring multiple samples of varying thickness in a 

narrow beam geometry generated by clinical radiographic unit. Additionally, Hounsfield 

Unit (HU) values were measured using a Siemens SOMATOM Sensation 16 helical 

MDCT scanner operated at a tube voltage of 120 kVp.  Average HU was determined 

from the selected regions of interest (ROI) using areas of approximately 10 cm2. 

Density was determined by first finding the dry mass, mdry, of samples of BTES, 

LTES, and STES were each measured on a scale to a precision of 0.001 gram, then the 

wet mass, mwet, of each was found in a beaker of de-ionized water. Using the density of 

the de-ionized water, ρwater, the density was measured. Equation 2-1 uses Archimedes’s 

principle was used in order to determine density.  

 
 

(2-1) 

 

Bone tissue-equivalent substitute (BTES) 

For the UF series of anthropomorphic phantoms, bone tissue-equivalent substitute 

(BTES) was used to represent a homogenous mixture of cortical and trabeulcar 
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spongiosa – bone trabeculae and bone marrow. The BTES composition were matched 

to those defined by Cristy et al. in the Oak Ridge National Laboratory’s stylized model 

series.42 The mass density, mass attenuation coefficient, and mass energy absorption 

coefficient were matched to the diagnostic photon energy range of 80-120 kVp.42 Jones 

et al. showed that the final effective atomic number for the BTES is 8.80 in comparison 

with the ORNL reference tissue effective atomic number of 8.59.32 Furthermore, the 

BTES created by Jones et al. had a maximum deviation from ORNL reference values by 

only a few percent for both mass attenuation coefficient and mass energy absorption 

coefficient.32 

Jones et al. prescribes a BTES mixture of 36.4% Araldite GY6010 and 14.6% 

Jeffamine T-403 (Huntsman Corp., Woodlands, TX), 25.5% silicon dioxide and 23.5% 

calcium carbonate (Fisher Scientific, Hanover Park, IL).32 Final results are discussed in 

the Results section below. 

Lung tissue-equivalent substitute (LTES) 

For the UF series of anthropomorphic phantoms, the lung tissue-equivalent 

substitute (LTES) was used to represent the lung and its constituent structures. A 

density of 0.33 g/cm3 was chosen for this generation of anthropomorphic phantoms in 

order to represent the density of a full inspiration, as defined by the ICRU.43 Full 

inspiration was the most realistic choice because patients are typically holding their 

breath during the exposure.  

The previous generation of UF phantoms, by Jones et al., continued the 

fabrication structure specified by White et al., which relied upon a foaming agent for the 

LTES.32-35 The reliance upon foam created problems with uniformity and reproducibility. 

Hence, this next generation of UF phantoms relied upon an epoxy resin which was 
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combined with polystyrene micro beads (Poly-fil, Fairfield Processing, Danbury, CT) 

with an electric mixer in order to ensure homogeneity. Specifically, the LTES was 

constructed in a mixture of STES, as described in the next section, mixed with 

polystyrene micro beads in a 1:10 ratio by weight. The small deviations in micro bead 

distribution actually  impart a range of densities which spans various levels of 

inspiration. 

Soft tissue-equivalent substitute (STES) 

For the UF series of anthropomorphic phantoms, soft tissue-equivalent substitute 

(STES) was used to represent homogenous soft tissue as well as all organs, connective 

tissue, and adipose tissue. In order to measure organ dose, the dosimeters will be 

placed based upon position. The organs from the segmented CT data set were 

eventually demarcated upon the final phantom using templates made from the axial 

slices of the CT data set. Note only the ICRP 103 organs used in the calculation of 

effective dose were eventually drawn on the physical phantoms.44 Human soft tissue in 

the diagnostic energy range of 80-120 kVp has a density of 1.04 g/cm3.11 The x-ray 

attenuation coefficient was based upon soft tissue composition as defined by the ICRU 

reference mentioned for the LTES fabrication.43  

A commercially available, durable, readily available two-part urethane compound 

(PMC 121/30 Dry, Smooth-On, Easton, PA) was found to be easy to work with and did 

not suffer from problems frequently encountered by Jones et al. with epoxy resin based 

STES.32, 33 The two-part urethane compound was combined with 2.8 percent-by-weight 

of calcium carbonate powder (Calcium Carbonate, Fisher Scientific, Hanover Park, IL) 

and mixed with an electric mixer to ensure homogeneity.  
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Previous Phantom Construction Methodology 

The previous generation of UF phantoms, as described by Jones et al., involved 

preparing epoxy based soft tissue material in a vacuum chamber to eliminate air 

bubbles, pouring the material into a square mold, milling out the outer slice contour as 

well as appropriate voids for bone and lung tissue-equivalent material, and finally filling 

these voids with bone or lung tissue-equivalent material as required.32, 33 This method 

was quite tedious, but only a few number of slices needed to be done because the 

phantom used thicker slices and modeled a pediatric human.  

In this generation of UF phantoms, the BTES, LTES, and STES materials were 

specifically fabricated in order to avoid problems stemming from air bubbles. Therefore, 

a vacuum chamber was not required. Secondly, instead of manually milling the outer 

slice contours and appropriate voids, an automated engraving system (1624, Vision 

Engraving and Routing Systems, Phoenix, AZ) was employed. The engraving map was 

imported from Lee et al.’s segmented CT data for the hybrid NURBS-based male 

anthropomorphic reference phantom.36, 38  

Current Phantom Construction Methodology 

Engraving map creation 

Phantoms constructed were based on hybrid NURBS-based computational 

phantoms of a 50th percentile adult male and female developed at the University of 

Florida by Lee et al..36, 38 These phantoms are considered “hybrid” phantoms because 

they are originally obtained from human tomographic data, but were subsequently 

modified to match anthropometric dimensions and organ masses as defined by the 

International Commission on Radiological Protection (ICRP) publication 8960 reference 

data for a 50th percentile as described by Lee et al..36, 38-40 The original human 
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tomographic data for the male hybrid phantom came from a 36 year old Korean adult 

male (176 cm height, 73 kg weight).39, 40 Information about the female hybrid phantom 

was omitted because only the male hybrid phantom was utilized for the measurements 

taken in Chapters 3 through 8; more information can be found in Lee et al.’s articles.39, 

40 All scans were performed at full inspiration with an in-plane matrix size of 512x512 

pixels with organ segmentation performed manually with the guidance of a radiologist.39, 

40 An axial image showing segmented organs from the computational phantom is shown 

in Figure 2-7. 

Segmented data were passed through a speckle filter and converted to a 

vectorized bitmap format in order to be recognized by the automatic engraver. A sample 

imported file is shown in Figure 2-8. All parts of the anatomy were sorted into BTES, 

LTES, and STES single pixel values. Smaller diameter engraving bits of 1/16” diameter 

were used for the head, while larger diameter 1/8” engraving bits were used for the 

body. 

The engraving map was made in foam blanks which were fastened to the 

engraving table and with depths resulting in 4.5 mm thick axial slices. 0.5 mm was 

allocated for the adhesive between slices, which will be discussed later. In order to 

smooth the edges of each contour of the engraving map, an engraving path was first 

performed at a slow feed (0.6” per second), outlining the entire perimeter of the area to 

be cut – in comparison with the faster rate fill engraving path (3” per second) used for 

the interior of the engraving map. Each body axial slice mold took around ten minutes to 

complete, while head axial slice molds, in general, required slightly less time. Final job 



 

40 

time for axial slice mold was recorded in order to determine the appropriate amount of 

material to prepare to fill the mold. A finished tissue mold is shown in Figure 2-9. 

Insertion of soft tissue-equivalent material 

STES was the first material to be poured into the axial slice molds. After filling, the 

molds were covered with wax paper, air pockets were popped, and covered with 

smooth, weighted boards in order to force excess STES out of the molds. 

Approximately three hours was required for enough curing to take place to remove the 

wax paper. After another 24 hours, the STES was removed from its mold. 

Insertion of bone tissue-equivalent material 

BTES was the next material to be incorporated into the axial slice molds. The 

bottom of each axial slice mold was sealed using contact paper and BTES was used to 

fill the voids designated for BTES in the engraving map. Again, air pockets were 

popped. Excess bone was removed with polishing using a belt sander. After 48 hours, 

the BTES was removed from the contact paper a belt sander with an 80 grit belt.   

Phantom assembly 

Before the LTES was inserted, phantom slices were glued together in groups of 5-

20 slices using simple wood glue adhesive. Fortunately, wood glue has been shown by 

Jones et al. to possess density and mass-attenuation properties similar to STES at 

diagnostic energies.32 This was done in order to facilitate rapid disassembly of the 

phantom and to decrease air gaps due simply to the task of stacking 200 slices 

together. The number of slices in each section was selected by determining where it 

would be valuable to have a separation for a future dosimetric point. This was done by 

dividing each organ required for ICRP-effective dose into sections by volume.  
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Insertion of lung tissue-equivalent material 

LTES was the last material to be incorporated into the axial slice molds. The 

current methodology of LTES is different than that used by Winslow et al., which was 

done in each slice individually. Instead, the LTES was poured into the phantom 

sections. Again, excess material removed by polishing with a belt sander. About 24 

hours was required for the LTES to harden.10 A completed axial slice is shown in Figure 

2-10 with a dosimeter. Recall that an axial slice with all three different materials was 

previously shown in Figure 2-3. 

Results 

The BTES was been previously characterized by Jones et al. to have a half-value 

layer (HVL) of 9.8 mm at 80 kVp, and 13.3 mm at 120 kVp.32 The average HU was 

found to be 622 HU, which is consistent HU values of bone – ranging from 400 to 1000 

HU.45 

The density of the LTES was measured to be 0.33 g cm3, which agrees with the 

density for full inspiration. The average HU was found to be is -678 HU, which is 

consistent with widely accepted HU values for lung – ranging from -1000 to -500.45 

The STES had an HVL of 25 mm at 80 kVp, and 29 mm at 120 kVp. The 

measured density was 1.04 g cm3. The average HU was found to be 9.8, which agrees 

with a mixture of homogenous soft tissue as well as all organs, connective tissue, and 

adipose tissue soft. Muscle has 10-40 HU while both soft tissue and adipose tissue has 

a -50 to -100 HU.45 Table 2-1 shows the ICRP weighting and number of available 

measurement points for each organ. 



 

42 

Analysis 

The most significant development in this generation of UF phantoms is the new 

STES and LTES formulations. These new materials are easier to handle and provide 

more precise anatomical radiological representation – while using commercially 

available materials. This generation also models adult anthropomorphic phantoms 

rather than pediatric phantoms. As both axial precision were increased and the overall 

size of the phantom were increased, the feasibility of construction was made possible 

only through streamlining of the fabrication process, notably the incorporation of the 

engraver and elimination for need for vacuum chambers.  

The new generation of STES is made of a durable pliable rubber compound while 

the epoxy resin was brittle and will break when dropped. Because of its pliability, 

insertion of real-time dosimeters only required a thin slit to be cut into the material for 

the dosimetry system which will be discussed in Chapter 3 without concerns about 

radiation streaming. On the other hand, the epoxy resin required a dremel and creation 

of channels. 

Small variations were observed in axial slice thickness which were initially 

attributed to the engraver. However, the actual cause were the accumulation of many 

tiny deformation of the foam molds as the attachment to the engraving table was 

broken. The phantom slices created by Jones et al. were not attached together, 

therefore they did not have to account for the thickness of the actual wood glue.32 This 

problem was discovered and solved by adjusting the engraving depth to 4.5 mm. 

Discussion 

This next generation of UF phantoms is an improvement upon the original 

techniques and phantoms created by White et al. and refined by Jones et al..32-35 A 
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male anthropomorphic 50-percentile reference phantom was created using this new 

methodology but could be used to develop a family of phantoms which would be 

developed from the series of computational twins generated by Lee et al..36 Fisher et al. 

has included the investigation of an adipose tissue-equivalent substitute which was 

added to the existing phantoms in order to represent the 90-percentile reference 

phantom.46 

By following the methodology detailed above, other institutions can feasibly 

fabricate their own anthropomorphic phantoms for clinical use with materials costing 

around $3,500 in addition to an initial equipment investment of approximately $10,000 

and labor of several hundred hours per phantom. 
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Table 2-1. Organ/Tissue ICRP weighting factors and number of measurement points 

 
 
 
  

Organ/Tissue ICRP weight Measurement Points

Bone Marrow 0.12 19

Colon 0.12 10

Lung 0.12 8

Stomach 0.12 4

Breast 0.12 2

Remainder Tissues 0.12

Adrenals -- 2

Extrathracic Region -- 4

Gall Bladder -- 1

Heart -- 1

Kidneys -- 2

Oral Mucosa -- 1

Pancreas -- 1

Prostate -- 1

Small Intestine -- 6

Spleen -- 2

Thymus -- 1

Gonads 0.08 2

Bladder 0.04 1

Esophagus 0.04 6

Liver 0.04 4

Thyroid 0.04 1

Brain 0.01 4

Salivary Glands 0.01 6

Bone Surface 0.01 19

Skin 0.01 2

Lens of the Eye -- 2



 

45 

 
Figure 2-1.  ATOM phantom (Photo courtesy of CIRS, “Technical Specifications: ATOM 

dosimetry phantoms: A family of dosimetry phantoms,” Unpublished (2008) 
Figure 2, p. 6) 

 
Figure 2-2.  Head of RANDO phantom (Photo courtesy of RSD Radiation Support 

Devices, “Technical specifications: Alderson radiation therapy phantom,” 
Unpublished (2008), Figure 4, p. 1) 
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Figure 2-3.  All tissue equivalent materials in sample axial slice showing a) STES, b) 

LTES, and c) BTES (Photo courtesy of D. Hyer, “Imaging doses in radiation 
therapy from kilovoltage cone-beam computed tomography,” PhD 
Dissertation, University of Florida (2010), Figure 2-5, p. 52) 

 
Figure 2-4.  Completed male 50 percentile anthropomorphic physical phantom   
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Figure 2-5.  ALRADS computational twin (Photo courtesy of D. Hyer, “Imaging doses in 

radiation therapy from kilovoltage cone-beam computed tomography,” PhD 
Dissertation, University of Florida (2010), Figure 2-1 p. 50) 
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Figure 2-6.  CT topogram of completed phantom (Photo courtesy of R. Fisher, “Dose 

assessment and prediction in tube-current modulated computed tomography,” 
PhD Dissertation, University of Florida (2010), Figure 2-6, p. 63) 

 

 
Figure 2-7.  Segmented data imported for sample axial image (Photo courtesy of J. 

Winslow, “Construction of anthropomorphic phantoms for use in dosimetry 
studies,” J Appl Clin Med Phys 10(3):195-204 (2009), Figure 1A, p.199) 
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Figure 2-8.  Engraver software input for sample axial image (Photo courtesy of J 

Winslow, “Construction of anthropomorphic phantoms for use in dosimetry 
studies,” J Appl Clin Med Phys 10(3):195-204 (2009), Figure 1C, p.199) 

 

 
Figure 2-9.  Engraved foam for sample axial slice (Photo courtesy of D.Hyer, “Imaging 

doses in radiation therapy from kilovoltage cone-beam computed 
tomography,” PhD Dissertation, University of Florida (2010), Figure 2-4, p. 52) 
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Figure 2-10.  Conformity of sample axial slice around dosimeter (Photo courtesy of 

D.Hyer, “Dose assessment and prediction in tube-current modulated 
computed tomography,” PhD Dissertation, University of Florida (2010), Figure 
5-3, p. 115)
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CHAPTER 3 
REAL-TIME POINT PLASTIC SCINTILLATION DOSIMETER SYSTEM FOR USE IN 

MONITORING AND MEASURING DOSE IN AGE-RELATED MACULAR 
DEGENERATION STEREOTACTIC RADIOSURGERY  

Background 

Age-related macular degeneration (AMD) is a chronic, progressive disease of the 

macula, the central part of the retina and is the leading cause of severe vision loss and 

blindness among those over age 65 in the developed world.47, 48 AMD has dry and wet 

forms, which account for 20% and 80% of cases involving severe vision loss, 

respectively.47, 48 The dry form of AMD is characterized by the loss of rods and cones in 

the central portion of the eye which results from atrophy of the retinal pigment epithelial 

layer below the retina. On the other hand, the wet form of AMD is characterized by 

leakage and bleeding from vessels which lead to increased tension at the macular site. 

The wet form of AMD begins with the formation of fibrovascular tissue from the choroids 

through the Bruch’s membrane.48 This choroidal neovascularization grows beneath the 

pigment epithelium or into the sensory retina.48  As a consequence, there is loss of rods 

and cones in the central portion of the eye that ultimately leads to vision loss.48 

Currently, the dry form of AMD is untreatable and monitored for signs that it might 

be progressing to the wet form of AMD. The wet form of AMD has many therapeutic 

options such as vitamin supplements, laser photocoagulation, photodynamic therapy 

(PDT) and intraocular drug therapy.49-52 Laser photocoagulation is the oldest form of 

treatment, and dates back to 1982.50 While this method reduces chorodial neovascular 

membrane formation, it scars the macula with permanent loss of central vision.50 PDT 

uses a photosensitizer which is subsequently exposed to light of a specific wavelength; 

this method has had limited success.52 Popular intraocular therapy drugs are 
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ranibizumab (Lucentis®, Genentech, San Francisco, CA) or pegaptanib sodium 

(Macugen, OSI-Eyetech, New York, NY).49, 51 Both ranibizumab and pegaptanib sodium 

are examples of vascular endothelial growth factor inhibitors (VGEF-1).53 These drugs 

work by inhibiting the growth of vascular tissue.53 Other than comfort, another drawback 

of intraocular drug treatment is that patients must return for periodic direct injections into 

the vitreous humor. This becomes costly due to injection fees and pharmaceutical costs.  

The biological tolerances of the human eye to ionizing radiation have been 

measured and published by the National Council of Radiation protection and 

Measurement (NCRP).54 Radiation therapy is a novel alternative therapy option to 

current treatments of wet AMD. The goal of radiotherapy treatment is to destroy the 

leaky vasculature while minimizing radiation injury to surrounding tissues.  

Radiation treatments currently include both intraocular, epiretinal delivery of beta 

radiation and external radiations including proton therapy, Gamma Knife radiosurgery 

and high-energy external beam radiotherapy.55-58 Oraya Therapeutics, Inc has 

developed the IRayTM, a noninvasive, low-voltage, stereotactic radiosurgery (SRS) 

device for treatment of the wet form of AMD. The IRayTM addresses many of the 

inherent limitations of other radiation therapy options used in the past to treat AMD such 

as linear accelerators, brachytherapy sources, and Gamma Knife.59-63 Radiation therapy 

has been proposed in conjunction with pharmaceutical treatments because the radiation 

would soothe the dehydrating effects of VGEF drugs.64 This has been successfully 

administered with ranibzumab.64 The specifics of the IRayTM will be discussed in much 

more detail in the Materials and Methods section. The IRayTM is shown in Figure 3-1. 
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In order to ensure patient safety and accuracy in treatment, Oraya Therapeutics 

has graciously provided funding in order to develop a real-time dosimetry system which 

will be capable of monitoring the constancy of the dose delivery device and also to 

provide a measurement of the dose delivered. This dosimetry system must be easily 

integrated into their current machine. Plastic scintillation dosimeters (PSDs) were 

chosen because of their unique combination of low cost, temperature-independence, 

water equivalence, small volume, dose rate- and energy-independent response, and 

real-time capabilities. 12, 17, 65-72 This system is based upon the system designed and 

built by Hyer et al..17  

Materials and Methods 

IRayTM Stereotactic Radiosurgery Device 

The peak kilovoltage energy used by IRayTM is 100 kVp, equivalent to the peak 

energy used for common x-ray and computed tomography (CT) procedures, delivered 

at a source-to-target distance of 15.0 cm.59-61 The x-rays are generated by a 

commercially available x-ray tube ((MXR-160HP/11, Comet AG, Switzerland). This tube 

has a tungsten anode and 0.8 mm Be filtration and is used at 100 kV between 1- 18 

mA. While the procedure is considered radiotherapy, the 100 keV energy used by the 

IRayTM places it squarely in the lower, diagnostic-level regime.11, 45 For comparison, 

typical external beam radiation therapy devices for cancer treatment generate energy 

spectra in the megavoltage regime – 6, 10, 18 MeV linear accelerators are common; 

most brachytherapy isotopes also emit a combination of charged and uncharged 

particles in the megavoltage regime; Gamma Knife uses Co-60, which also emits in the 

megavoltage regime, specifically two photons with an average energy of 1.25 MeV.45  

The use of photon beams in the kilovoltage energy range results in significantly less 
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scattered radiation and thus significantly limits the radiation dose to non-targeted 

tissues.11, 45 

The IRayTM system is designed for office-based ophthalmic use and is currently 

undergoing clinical trials for the treatment of wet AMD. The IRayTM is coupled to a 

robotic tracking system known as the IGuideTM which actively tracks using a proprietary 

localizing algorithm and corrects the gaze angle using a suction cup lens, ILensTM, with 

25 mm Hg pressure. The IGuideTM and ILensTM are shown in Figures 3-2 and 3-3, 

respectively. The ILensTM defines the geometrical axis of treatment. The robotic 

positioning system uses two cameras to detect reflective fiducials attached to the lens 

and stabilizer bar of the IGuideTM, which is a robotic positioning unit. This is attached to 

the ILensTM, which is a contact lens with a negative pressure of 30 mm Hg used to 

stabilize the eye. The IGuideTM system tracks the position of three reflective fiducials 

which are dictated by the ILensTM position. The entire delivery is monitored by the 

physician in real-time. If the fiducials exceed a given position, a gating event is triggered 

and treatment is immediately stopped. Delivery resumes after the eye is repositioned 

and the physician orders it again. 

The positioning system automatically aligns the IRayTM to the geometric axis. The 

intersection of the geometric axis with the retina is used as the first order alignment with 

the posterior pole. The proprietary localizing of the robotic positioning system also uses 

the fiducials to determine if any movement is beyond preset threshold levels – in which 

case it will automatically stop treatment. Extraneous exposure to the lower lid of the eye 

is preventing by using a custom lid retractor. The axial length is determined by 
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ultrasound and used for adjustment and fine-tuning of the alignment with the posterior 

pole. 

A total of 24 Gy macular dose is split equally into three sequential beam deliveries, 

each entering through the inferior pars plana, mainly in order to avoid the lens and optic 

nerve.61 The IRayTM delivers a beam which is 3.5 mm wide at the entrance spot and is 4 

mm wide at the macular target which is 150 mm from the x-ray source. The resultant 

focal spot has been measured to be 6 mm after accounting for movement and 

geometrical considerations of overlap. The movement is attributed to microsaccades.53, 

73 Microsaccades are small, jerk-like, involuntary eye movements which occur during 

prolonged visual fixation longer than several seconds in any animals with foveal vision, 

including humans.73 Microsaccade amplitudes vary anywhere from 2 to 120 

arcminutes.73 

The calibration “cyclops” with the PSD inserted is shown in Figure 3-4. This black 

box is typically used to position an ion chamber which is used to measure delivered 

dose. However, the PSD system fiber is small enough to be used as well. A close-up of 

the radiochromic film which was used in order to ensure proper positioning of the active 

element within the beam is shown in Figure 3-5. 

A PSD was attached to a solid water eye in order to measure dose delivered to the 

macular target. The solid water eye is shown on its stand with the PSD in Figure 3-6. 

The front of the solid water eye has a metal tip in order to attach to the tracking 

mechanism of the IGuideTM. In a patient, this metal tip is attached to the outside of the 

ILensTM as shown in Figure 3-7. On the back of the solid water eye, a metal bracket was 
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originally used hold radiochromic film which was previously used to measure dose. This 

bracket provided an accurate and convenient flat surface for PSD placement. 

Figure 3-8 shows a screenshot of the Oraya Jade software which is used to 

control the IRayTM. The real-time view from the IGuideTM is shown in top middle of the 

screen while the beam parameters are displayed on the right and the dose heat map is 

shown overlaid upon the macular target. The control unit is on the other side of the 1.6 

mm lead shielding. 

Plastic Scintillation Dosimeter System 

A typical fiber-optic coupled (FOC) scintillation dosimetry system is usually 

composed of three main components: (1) a PSD element which emits scintillation light 

which is captured by (2) a waveguide which subsequently transports the light to (3) a 

photodetector which transforms the light to an electrical signal. Figure 3-9 shows a 

schematic of a typical FOC system. Note that because of its lower energy, Cerenkov 

emission is not as a dominating factor, which is one of the foremost issues with higher-

energy, radiotherapy applications.66, 74 Separation of the signal from Cerenkov emission 

has become a significant process critical to results for well-funded endeavors; recent 

approaches have included spectral filtering, scintillators which emit at orange 

wavelengths, and temporal gating.18, 66, 74-76 

Each fiber of the PSD system uses a 2 mm length of 0.5 mm diameter water-

equivalent scintillating fiber (BCF-12, Saint-Gobain Crystals, Nemours, France) in the 

shape of a cylinder, optically coupled to a plastic waveguide, also with a 0.5 mm 

diameter (ESKA CK-20, Mitsubishi Rayon Co, Tokyo, Japan). BCF-12 scintillating fibers 

emits in the blue region with a peak at 435 nm with a polystyrene core, a polymethyl 

methacrylate (PMMA) cladding, and a refractive index of 1.59; ESKA waveguides are 
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plastic optical fibers with a PMMA core, a refractive index of 1.49, with loss of 375 

dB/km at 450 nm.77, 78 Beddar et al. predicts the Cerenkov threshold for this material to 

be 178 keV.12, 13 Note the water-equivalence (1.05 g/cm3) of both the fiber and the 

waveguide. The distal portion of the scintillator was coated with reflective paint (EJ-510, 

Eljen Technology, Sweetwater, TX) in order to capture more scintillation photons.79 

Figure 3-10 shows a completed fiber. More detailed information about fiber construction 

can be found in Appendix A. 

The uncoupled end of the waveguide was terminated in a female SMA 905 

connector (SMA-505, Fiber Optic Center Inc, New Bedford, MA). A male SMA optical 

fiber adapter (E5776-51, Hamamatsu Corporation, Bridgewater, NJ) was used to enable 

connection with each of the two PMTs (H7467, Hamamatsu Corporation, Bridgewater, 

NJ).80, 81 The counting data was buffered and transferred through a hub to a computer 

for readout. In the original design by Hyer et al., the hub (UPORT 1610-8, Moxa Inc, 

Brea, CA) and five PMTs are powered by 12V and 5V DC power supplies, 

respectively.17 For the Oraya project, there were only two PMTs, which allowed for a 

smaller hub (UPORT 1250, Moxa Inc, Brea, CA) and only one 5V DC power supply as 

the hub was powered by the USB connection itself. Figure 3-11 below shows an image 

of the actual system and Figure 3-12 shows the corresponding schematics. 

Physical System Benchmarking 

Depth dose curves 

One of the overall objectives of this system is to create a dosimetry system to 

measure the output of the IRayTM system. In order to characterize the IRayTM system, a 

depth-dose curve will be created for water. Since access to the IRayTM will not be 

available until a trip to the Newark facilities, the ability to create a depth dose curve was 
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tested with another x-ray source at the same energy. A portable x-ray source (SR-115, 

SRI, Bohemia, NY) was used with a 100 kVp and 1.50 mAs technique. The SR-115 

uses a stationary anode, with 2.7 mm inherent aluminum filtration and a tungsten 

target.81 The generator uses a high frequency resonant inverter at 1.5 kW; the target 

has a focal spot of 1.0 mm and the target angle is 15 degrees.81 In comparison, the 

IRayTM was modeled by Hanlon et al. as a 100 kVp x-ray beam with an HVL of 2 mm Al, 

with an 1 mm focal spot on an anode target that is 15 cm from the macula target.60  

The depth of water was varied from 0.1 cm to around 7 cm. A constant source-to-

surface distance was maintained as is standard procedure in radiotherapy 

applications.11 A robust test can be done using solid-water blocks. A laser mounted on a 

ring-stand will be used in order to establish and confirm a precise surface definition.  

X-ray spectra filtration 

Varying thicknesses of aluminum were placed in front of the x-ray tube window 

from 0 to 4.5 cm in 0.5 increments in order to determine the actual HVL. The IRayTM 

spectra is presumably not the same as the SR-115’s. Prior to testing with the IRayTM 

yet, the filtration was adjusted for the same peak voltage of 100 kVp to match the beam 

qualities. 

High dose rate and high dose delivered calibration 

One of the other overall objectives of this system was to monitor the dose being 

delivered by the IRayTM system in real-time. While the PSD system had been well-

tested in CT scans which last less than 20 seconds the IRayTM delivered a treatment 

dose of 24 Gy over the course of 5 minutes. The performance of the system at high 

dose rates was explicitly tested using a mobile c-arm fluoroscopy unit (OEC 9800, GE, 

United Kingdom). In order to achieve the highest dose rate possible, the “optional high-
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level” was activated. According to Florida Department of Health codes should not 

exceed 20 Roentgens per minute at the entrance level 30 cm from the image intensifier 

assembly.82  

The performance of this type of system over long dose deliveries had been 

demonstrated Hyer et al., who used it for cone-beam CT, which lasts 1-2 minutes, with 

no buffering problems.83 This system had also been used for measuring computed 

radiography dose, in which the exposures are delivered in a very short time, thus 

resulting in a high dose rate. In order to test the performance, the dose was measured 

using an ion chamber as well as the PSD system; the change in calibration factor 

between counts to exposure was examined. 

Computational benchmarking 

Hanlon et al. and Lee et al. have previously modeled the anatomy of the eye and 

surrounding area using a nonuniform rational B-spline (NURBS) surface which includes 

critical nontrageted structures such as the brain, cranial bone marrow, cranial 

endosteum, thyroid, and salivary glands.28, 41, 59-61 A reference adult male and reference 

female head model was constructed consistent with anatomical data of the International 

Commission on Radiological Protection’s (ICRP) Publication 89.28, 60  These studies 

used MCNPX, a general purpose Monte Carlo radiation transport code developed by 

Los Alamos National Labs which tracks a variety of radiation particles over broad 

energy ranges, to simulate ocular radiotherapy of AMD.84 The x-ray energy spectrum 

was generated using the computer software developed by the Institute of Physics and 

Engineering in Medicine.85 

For this study, only the depth dose measurements will be used to benchmark the 

computational results produced by Hanlon et al. and Lee et al.. This will be done by 
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using the x-ray spectrum generated using the Institute of Physics and Engineering in 

Medicine as the source term and recreating the depth-dose geometry used for the 

physical studies. Future studies might address the overall agreement by using multiple 

measurement sites for the PSDs and creating an anthropomorphic reference adult head 

model. Additional studies may investigate the agreement between different Monte Carlo 

radiation transport codes. 

IRayTM measurements 

Adding additional filtration to the portable x-ray tube was only an approximation to 

the IRayTM. Measurements of the performance on the actual IRayTM were made on-site 

using the Comet x-ray tube. The main purposes of the PSD system was to measure: (1) 

current linearity, (2) saturation (3) depth dose curves, (4) ramping, and (5) beam 

stability. After warming up the tube and allowing the water cooler to settle, the 

positioning of the ion chamber with respect to the aperture of the x-ray tube was 

calibrated. The x-ray tube was used for 10 minutes at 100 kVp and 10 mA. The 

exposure positioning test was done in three steps: (1) at 200 mm distance with the 

aperture on, (2) at 200 mm distance with the aperture off, and (3) at 150 mm distance 

with the aperture off. This was used to extrapolate the exposure spot at 150 mm 

distance with the aperture on. 150 mm was the distance from anode to macular target. 

This distance was controlled with stepping motors and checked with computer controls 

and verified using calipers. 

Next, the laser positioning unit was compared with the exposure spot using 

radiochromic film. The laser positioning unit is shown in Figure 3-13 and was built into 

the aperture. The aperture also contained a tungsten filter and a thin lead collimator. 
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The PSD was fastened behind the top hat of the x-ray tube, out of the direct path 

of the beam. The current linearity was tested, saturation levels were determined, and 

stability of beam out was measured. Depth-dose curves were used to measure 

calibration factors between counts measured by the PSD versus the ion chamber 

measured dose. Additionally, the real-time capabilities and high time resolution (100 Hz) 

of the PSD system allow for visualization and analysis of a few interesting features 

previously undiscovered. 

Theoretical Optimization of PSD System 

In general, one of the primary reasons for the lack of commercial applications was 

the low signal-to-noise (SNR) ratio of PSD systems. It is possible to examine each of 

the controllable parameters of a PSD system in order to improve the SNR to an 

appropriate level. For Poisson statistics, which are an accurate description of radiation 

detection measurements SNR of each PSD-waveguide-PMT is defined as 

  (3-1) 

The variance in the noise can be defined as the quadrature sum of the main 

sources of PMT noise: photon shot noise, dark noise, and radiation-induced PMT 

currents. In other words,  

 

  

 
(3-2) 

The signal can be defined as the product of quantum efficiency, integration time, 

and photon fluence per unit time. Radiation-induced current in PSD applications are 

almost exclusively due to the Cerenkov effect, but can be ignored because it has a 

threshold energy of about 170 keV in plastic.13, 74 The Cerenkov effect will be ignored for 
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now; it will be discussed in Chapter 8 in conjunction with a discussion of filtering 

methods. SNR can thus be written as 

 
 

(3-3) 

The fluence, , can be calculated as the product of the number of photons, n; 

coupling efficiency of the scintillator to waveguide, ηS-W which includes geometric 

considerations as well as optical transmission; waveguide transmission efficiency, ηW; 

and coupling efficiency between waveguide and PMT, ηW-PMT. SNR is now written as 

 
 

(3-4) 

Notice that in this equation, the number of photons can be derived exactly. The 

couplings and dark current can be determined from the manufacturer’s technical 

specifications. In the PSD, the dose absorbed, D, for mass energy-absorption 

coefficient at energy, E, and fluence, φ, is equivalent to 11 

  (3-5) 

The kinetic energy, T, imparted upon a PSD of mass m is 11 

  (3-6) 

The exposure, X, imparted upon m in free space is  

  (3-7) 

where e is the charge of an electron and  is the mean energy expended in a gas 

per ion formed.11 Rewriting this expression in terms of fluence yields 
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  (3-8) 

Substituting Equation 3-8 into Equation 3-7 removes energy, 

   (3-9) 

The number of photons which are actually produced is the kinetic energy imparted 

divided by the average energy required from an electron in order to produce a light 

photon, (wPSD). This is written as 

  (3-10) 

This can be better grasped as the number of light photons per unit exposure,  

  (3-11) 

 

Results 

Depth Dose Curve in Liquid Water 

The depth of water was varied from 0.5 cm to 5 cm, in 0.5 cm increments. The 

exposure was measured with a dosimeter (35050A, Keithley, Cleveland, OH) and a 

pancake ionization chamber attachment (96035B, Keithley, Cleveland, OH). The 

minimum depth of water was 0.5 cm because the PSD was not placed free-in-air, but in 

a soft-tissue-equivalent-substitute (STES) which has been characterized by Winslow et 

al..10  
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After adding water, the x-ray head was readjusted to maintain at an arbitrarily-

determined 30 cm window-to-surface distance. The only restriction on the window-to-

surface distance is the guard-rail along the treatment head, which prohibits any distance 

smaller than 13 cm. The distance from the entrance window to the x-ray source is 

unknown. In any case, obtaining a depth-dose curve provides a good proof of concept. 

The first iteration of this was done using a plastic container and manually filling it with 

water to a given depth. The set up is shown below in Figure 3-14. Note an STES mold 

was made in order to accommodate a PSD dosimeter as well as an ionization chamber.  

The depth-dose curve measured with the PSD is displayed using markers in 

Figure 3-15 below. Dose measurements were repeated three more times at each depth 

for a total of four measurements. Figure 3-15 shows the SR-115’s HVL to be around 4.0 

cm of liquid water.  

Depth Dose Curve In Solid Water 

A more robust test was done using standard grade solid-water slabs (457, 

Gammex, Middleton, WI), which are advertised to provide calibrations within 1% of true 

water dose. Again, four measurements were taken at each depth. A laser mounted on a 

ring-stand was used to verify the precision of the source-to-surface distance. Solid-

water blocks were used both below and above the detector’s slab. This essentially 

allows the source-to-surface to be maintained within the tolerance of the machined size 

of the solid-water slabs. 

The depth-dose curve measured with the PSD is displayed using markers in 

Figure 3-16. Dose measurements were repeated three more times at each depth for a 

total of four measurements. Both Figure 3-15 and Figure 3-16 show the SR-115’s HVL 

to be around 4.0 cm of liquid water. The solid water tests offer much more precise 
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measurements of water depth, with better resolution. More importantly, it does not 

display the outlier seen at 4.0 cm of depth in Figure 3-15. 

Beam Quality 

Hyer et al. used a CT x-ray source, which has an HVL of 6-8 mm Al.45 The 

portable x-ray source was expected to have an HVL around 2 mm.45 It is known that the 

inherent filtration is 2.7 mm Al for the SR-115.81 This includes the collimator, which is 

typically 2.0mm Al at 100kV, and the tube filtration which is an additional 0.7 mm.81 The 

anode has 0.7 mm Al inherent filtration while the window is plexiglass but its filtration is 

equivalent to about 2 mm Al.81 The focal spot to window distance is 7.5 inches (around 

19 cm). This is longer than the Oraya source-to-target distance of 15 cm, but should not 

alter the depth-dose measurements. 

Figure 3-17 shows the result of increasing the thickness of type-1100 aluminum 

sheets (JRT Associates, Elmsford, NY). The HVL of the x-ray beam was found to be 4.0 

mm Al by direct measurement and was verified by an exponential curve fit of the other 

data. The goodness of fit (R2 value) was 0.9934. 

Ion Chamber Benchmarking 

There is an increasing divergence between the PSD-measured normalized 

intensity when compared with the ion chamber. If the depth at which the dose is being 

delivered remains constant and is well known, then this simply serves as a calibration 

curve. In this Oraya application, this is the case, with a robotically controlled source-to-

target distance of 15.0 cm. The actual water-equivalent depth is not currently known 

and depends upon the eye geometry. ICRP Publication 89 gives reference mass and 

density for the lens and total eye structure, with additional details provided by 
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dimensions given in NCRP Report 130.28, 54 Using these references, it is expected that 

the water-equivalent depth will be around 1.5 cm.28, 54  

Figure 3-18 shows the PDDs of both the PSD and the ion chamber as measured 

with the portable x-ray generator in aluminum. Figure 3-18 shows an increasingly 

important depth correction factor as depth increases. For example, it is around 6% at 

1.5 cm, while it is around 20% at 6 cm. The correction factor for depths ranging from 0 

to 2.0 cm is given explicitly in Table 3-1 for future reference. The substantial deviation 

between the PSD and the ion chamber depth dose is due to differing beam qualities and 

addressed in detail in the Analysis section.  

Computational Benchmarking 

The x-ray spectrum was generated using the Institute of Physics and Engineering 

in Medicine as the source term and recreating the depth-dose geometry used in the 

physical studies. MCNPX was used as the radiation transport code, and the photon flux 

was calculated at different depths of water. The simulations showed excellent 

agreement with the ion chamber measurements as seen in Figure 3-19. 

High Dose Rate and High Total Dose Performance  

In order to test the performance of the PSD system for large doses, the calibration 

factor between counts given by the PSD vs total dose measured by the ion chamber 

was measured free-in-air for different exposures ranging from 0 R to about 16.0 R 

delivered by a c-arm used in boost mode. The PSD system was set up to take 

measurements four times per second (250 ms bins). The calibration factor is shown as 

number of counts per R and is shown against exposure in Figure 3-20. The same data 

are shown normalized to an average value and are shown in Figure 3-21. There is no 
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more than a 1% deviation for all exposures, which ranged from 0.862 R to 15.26 R. 

Each exposure was delivered at 100 kV, which is the energy used by the IRayTM.  

In order to test the performance of the PSD system for large dose rates, the 

counts given by the PSD versus the total dose measured by the ion chamber was 

measured free-in-air for different dose rates as shown in Figure 3-22. This was 

accomplished by changing the current of the c-arm. Like the previous tests, these 

measurements were done at 100 kVp, which is the energy used by the IRayTM. The 

slope of Figure 3-22 shows that calibration factor between counts and exposure 

remains linearly proportional to the exposure from 0.862 R to 15.26 R, with a goodness 

of fit (R2) greater than 0.99. 

IRayTM Measurements 

Direct measurement of the IRayTM were made. This machine uses a commercially 

available x-ray tube previously described. The PSD was housed outside the collimator 

of the IRayTM. The collimator is shown in Figure 3-23 and demonstrates the need for a 

small-volume dosimeter. The main purposes of the PSD system was to measure: (1) 

current linearity, (2) saturation (3) depth dose curves, (4) ramping, and (5) beam 

stability. 

PSD current linearity 

The PSD was taped behind the top hat of the x-ray tube, out of the direct path of 

the beam as shown in Figure 3-24. The PSD and ion chamber response was measured 

as a function of the x-ray tube current as shown in Figures 3-25 and 3-26, respectively. 

The current was varied between 3 and 18 mA. In addition to investigating proportional 

response, Figures 3-25 and 3-26 were used to check for nonlinearities which could 

indicate saturation. The correction factor (CF) between PSD counts and ion chamber 
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charge is shown in Figure 3-27. The CF was 4.47 +/- 1.5% with the values ranging from 

4.33 at 18 mA to 4.63 at 3 mA. Figure 3-25 is similar to Figure 3-22, however the latter 

was operated at a higher dose rate.  

PSD saturation  

Saturation can be observed in two ways: scintillator-overflow and PMT-overflow. 

Specifically, scintillators can be overloaded with such high current that theoretically they 

could not produce enough photons. This would primarily be a function of decay time 

which is 3 ns for this scintillator. However, PMTs can be overloaded with a large number 

of signal-carriers. This number was determined experimentally. 

The fibers were moved a few millimeters such that the PSD was placed directly in 

the beam path. The position of the PSD was verified to be in the beam using film. The 

average PSD counts in a three-second bin within the plateau region was plotted as a 

function of varying current from 3 to 18 mA, in 3 mA increments. The counts were taken 

in 10 ms increments. This is shown in Figure 3-28 which shows a slight nonlinearity at 

15 mA and a definite plateau at 18 mA. A safe region of operation would seem to be 

around 1E+5 counts per bin. This corresponds to 10 million counts per second. 

The binning was increased from 10 ms to 200 ms in order to determine the 

maximum number of counts per bin. The maximum number of counts was 1E+6 counts, 

which was measured at a bin size of 100 ms. This again corresponds to 1E+7 counts 

per second. 

PSD depth dose curves  

Solid water blocks were used to create percent depth dose (PDD) curves. There 

are two depth dose techniques: an attenuation scheme and a scatter scheme. The 

“attenuation scheme” was taken with the solid water attenuator close to the radiation 
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source. With the narrow-beam geometry of the beam and the lack of a backscattering 

medium, there is only small contribution to the dose delivered from scatter. The “scatter 

scheme” is taken with the solid water attenuator close to the detector. The “scatter 

scheme” would presumably suffer from some sort of energy dependence due to the 

large amount of scatter. The PDD curves are shown in Figure 3-29 while the calibration 

factor (CF) between ion chamber PDD and PSD PDD is shown in Figure 3-30.  

The increasing thickness of aluminum means a higher effective energy and more 

filtered beam. There is not a concern for secondary scatter or backscatter because the 

“attenuation scheme” was used. Therefore, the higher overall PDD response with 

respect to the ion chamber can be attributed to sensitivity to higher energy photons. 

Note that the plane parallel small-volume (.0053 cm3) ion chamber (34013, PTW, 

Germany) was confirmed to be energy-independent. 

PSD ramping  

The PSD system was the first system which able to visualize the tube current in 

real-time. This is shown in Figure 3-31, which will be discussed. First, there was a small 

dip in the x-ray tube output around 1.25 seconds which was attributed to underdamping 

of the x-ray tube circuitry. Note that Comet uses underdamping in its circuits in order to 

avoid overheating the anode. The overvoltage chosen for this x-ray tube was 87%. This 

corresponds to the voltage overshooting allowed in the circuitry before the x-ray tube 

would turn off.  

Secondly, the actual ramping is clearly visible in this figure and can be 

discriminated using the PSD system. The end effect of the beam was already 

documented and measured to be around 2.1 seconds. In this case, this meant that 0.9 

seconds at full power represented 3 seconds of ramping. Therefore, 2.1 seconds of full 
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power were added to the end of each measurement to artificially compensate for the 

lost time. 

The mechanism of x-ray generation can explain both the small increase in counts 

at 0.5 seconds and the overall rise to the plateau value. Before the tube can fire x-rays, 

the filament is pre-heated. Once any voltage is applied, the electrons rush towards the 

anode. Next the tube voltage is ramped to its maximum value of -100 kV. Finally, the 

filament current is ramped to -3.8 A. The tube current was three orders of magnitude 

smaller and varied from 1-18 mA. 

The small increase seen in the tube output at 0.5 seconds was due to the initial 

application of the voltage. The increasing rise from 1 to 1.4 seconds can be attributed to 

ramping of tube voltage. At 1.4 seconds, the small drop in output occurs as filament 

ramping takes over, and the final rise towards the plateau region is due to filament 

ramping. 

Comet x-ray tube beam stability  

The 1% ripple is the manufacturer (Comet)’s specification claim. Only 0.1% ripple 

was seen in the PSD measurements using 250 ms bins. The 250 ms bins were 

previously chosen for the real-time monitoring of the Oraya IRayTM. This was due to the 

PSD system’s ability to buffer the data fast enough to maintain real-time capabilities. 

The x-ray tube’s filament current was operated at a high value in order to minimize the 

effect which ripple had upon the tube current. There was an almost linear rise in tube 

current as the filament current was increased. However, electron self-shielding created 

a maximum plateau region. 
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Theoretical Signal-to-Noise Optimization  

Testing the dark current of the PMT yielded negligible response. About 0.1% dark 

noise was also measured by Beddar et al..67 Thus, Equation 3-4 can be simplified to 

  (3-12) 

The lower event threshold on the control program was permanently set at 10 

counts in order to eliminate spurious background dark noise. The coupling coefficients 

are similar to Ayotte et al. and quantum efficiency have been calculated.86 The number 

of photons will now also be calculated. 

The IRayTM, which this dosimetry system was designed to characterize, uses 100 

keV photons to treat AMD. From Attix, the mass energy-absorption coefficient (μen/ρ) at 

100 keV for air and polystyrene are 0.0234 cm2/g and 0.0231 cm2/g, respectively.11 The 

average energy spent by an electron per light photon produced (wPSD) is 60 eV for 

plastic scintillators; the average energy spent mean energy expended in a gas per ion 

formed divided by the charge of an electron (w/e) is 33.97 J/C in air.11 The mass of the 

fiber is given by 

  (3-13) 

where density (ρ) is 1.05 g/cm3, diameter (d) is 0.500 mm, length (L) = 2 mm.77 

Putting these values into Equation 3-11 gives  

  (3-14) 
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Typical Exposure  

Hanlon et al. and Lee et al. specify an absorbed dose of around 24 Gy for an 

IRayTM treatment.59-61 The number of photons produced in the scintillator for 24 Gy is  

  (3-15) 

Using previously calculated geometry factor, coupling, and transmission factors, 

0the number which make it out of the scintillator and through the waveguide is 

  (3-16) 

Using previously obtained coupling and quantum efficiency factors, the number 

which make it through and are converted to electrical signal are 

  (3-17) 

Using the previously obtained PMT multiplication factor, the amount of total charge 

generated can be calculated by  

  (3-18) 

 

Analysis 

Appropriateness of PSD system 

A PSD system has many unique features, notably low cost, temperature-

independence, water equivalence, small volume, dose rate- and energy-independent 

response, and real-time capabilities.12, 17, 65-72 The main purposes of the PSD system 

was to measure: (1) current linearity, (2) saturation (3) depth dose curves, (4) ramping, 

and (5) beam stability. For this application to SRS, the fast response, small volume, 

linear dose response, linear dose-rate response, and real-time characteristics are the 

most important. The depth-dose curves were established in comparison with both an ion 
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chamber and computational simulations. These results showed good agreement, with 

the CF, as shown in Table 1, due to beam quality. Lastly, the PSD system was shown to 

theoretically generate an extremely measurable amount of current. 

This SRS system delivers 24 Gy over the course of five minutes in three beams. 

Thus the system must respond linearly to both high dose and high dose rate. This 

requirement becomes even more stringent when the geometrical distance factor is 

included. Specifically, the target is located 150 mm from the source, while the PSD is 

located only 2-3 centimeters from the target. Thus it is expected to receive more dose 

due strictly to geometrical factors. However, it was confirmed that the PSD system does 

respond linearly to high doses and high dose rates. 

PSDs have response times on the order of nanoseconds, and in this application 

the real-time capabilities will be used to trigger gating events. These measurements will 

be done in conjunction with movement registered by the IGuideTM, which also triggers 

gating events. With incorporation of the PSD system, both patient macular target 

position and beam constancy will be ensured. 

Ophthalmic Considerations 

An important consideration with regards to ophthalmic radiosurgery is the 

development of radiation retinopathy.53, 87, 88  Radiation retinopathy is defined as non-

inflammatory damage to the retina which is characterized by preferential damage to 

small diameter vessels.87, 88 The threshold dose of radiation retinopathy is estimated to 

be around 45 Gy, occurring 12-24 months or longer following therapy.53, 87, 88 Note that 

this is only an approximation and is not based upon direct studies of retinal 

radiosurgery, but upon studies of patients receiving radiation for head and neck cancers 

which also exposed the retina.87, 88 59-63  
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A recent study by Evans et al. has shown that radiation retinopathy is not a 

concern in external beam radiotherapy with zero cases of retinopathy seen out of 1078 

cases.89 Similarly, no evidence of radiation retinopathy was seen by Avila et al. in his 

studies which used Sr-90 applicatiors.55 Because radiation retinopathy is dependent 

upon the size exposed, the small spot size of the IRayTM suggests that retinopathy will 

not be a large concern. 

Basic radiobiology dictates the importance of area irradiated when considering the 

lethal effects of radiation to normal tissue.90 For example, a whole-body dose of 5 Gy 

will result in mortality of 50% of individuals within days to months.90 This assertion 

agrees with Hanlon et al., who claims that the main difference in the treatments which 

resulted in radiation retinopathy and those which did not appears to be the volume of 

retina irradiated.60 Specifically, the 10th – 90th isodose curves correspond to a volume of 

30 mm3 and 300 mm3 for external beam radiation therapy and proton beam therapy, 

respectively.60 In comparison, the IRayTM has a volume of only 3.14 mm3 within the 10th 

– 90th isodose curves.60  

The dose monitoring capability of the PSD system will ensure that doses which 

reach a threshold will automatically trigger a gating event and shut down the machine. 

Another safeguard against radiation overdose is the IGuideTM, which has been shown to 

provide stable, robotically-controlled targeting. Studies by Moshfeghi et al. have shown 

the complete three-beam overlap in the foveal target using radiochromic film in a human 

cadaver eye.53 Therefore, the targeting has been demonstrated by Monte Carlo 

simulations, human cadaver eyes, and animal pig work.53, 59, 60 The automated tracking 

and gating algorithm of the IRayTM ensures that the irradiated area on the macula is 



 

75 

constrained to a spot (4 mm) at the plane of the macula, with the 10th – 90th percentile 

isodose volume equivalent to only 1%-10% the volumes from proton beam therapy and 

external beam radiation therapy, respectively.60  

Selection of photomultiplier tube 

PMTs provide actual real-time capabilities with resolution realistically limited only 

by electronic readout, with typical binning around 10 ms.17 While it is true that other 

systems – notably, CCD-based systems – have the ability to measure dose as function 

of time, only PMT-based systems are “purely” real-time systems. To explain, PMT-

based systems measure dose directly through counts and subtraction, providing an 

almost instantaneous readout limited only by buffer and transfer speed.91 CCD-based 

systems, on the other hand, require post-processing to measure dose through 

brightness and chromatic filtering.66  

PMTs usually operate with a gain on the order of 1x106; in other words, PMTs 

provide better sensitivity: requiring only 10 ms bins, while CCDs require long 

measurements on the order of 5 seconds in order to acquire a very precise signal.17, 91, 

92 Therefore, PMT-based dosimetry can be used in a monitoring situation analogous to 

an ion chamber in a linear accelerator treatment head. In comparison with CCDs, PMTs 

are also very resilient and easy to set up without the hassle of optical coupling: finding 

focal lengths, adjusting lenses, and positioning within the field of view.  In other words, 

PMT-based systems are an excellent option if: a small number of measurements are 

required, the signal is extremely small, or if real-time monitoring is required. 

Discussion 

As the leading cause of severe vision loss and blindness among those over age 

65, AMD is a disease which should cause concern. The IRayTM SRS device uses a 
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quick, convenient and painless one-time SRS as an effective alternative to painful 

monthly pharmaceutical injections. This device was developed by Oraya Therapeutics, 

Inc. and has been validated in Monte Carlo simulations, human cadaver eye studies, 

pre-clinical animal studies and is currently in a phase 1 clinical trial.  

It is important that this machine delivers dose precisely and safely. The stability 

was controlled solely by the IGuideTM, a robotic system which relied upon feuducial 

positions. However, the PSD system was incorporated to provide a completely 

independent measure of (1) current linearity, (2) saturation (3) depth dose curves, (4) 

ramping, and (5) beam stability. Discrepancies in any of these areas triggered gating 

events, 

PSDs offer a unique combination of low cost, temperature-independence, water 

equivalence, small volume, dose rate- and energy-independent response, and real-time 

capabilities.12, 17, 65-72 These attributes make this PSD system an extremely viable choice 

for monitoring and measuring of dose delivered by the IRayTM SRS device. Specifically, 

the small volume allows placement within the existing IRayTM machine without the need 

for modifications; the linear high dose and high dose rate attributes allow accurate 

measurement; and the real-time capabilities are used to monitor dose as it is being 

delivered.  

This work was supported by Oraya Therapeutics, Inc.  
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Table 3-1. Calibration factor (CF) of PSD PDD to Ion chamber PDD  

 
 

  

Depth [cm] CF

0 1.0251

0.1 1.0288

0.2 1.0273

0.3 1.0235

0.4 1.0276

0.5 1.0308

0.6 1.0384

0.7 1.0293

0.8 1.0372

0.9 1.0545

1 1.0575

1.1 1.0706

1.2 1.0577

1.3 1.0550

1.4 1.0601

1.5 1.0634

1.6 1.0758

1.7 1.0541

1.8 1.0683

1.9 1.0636

2.0 1.0825
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Figure 3-1.  IRayTM stereotactic radiosurgery device 

 

 
Figure 3-2.  IGuideTM robotic positioning system 
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Figure 3-3.  ILensTM eye stabilization system 

 

 
Figure 3-4.  Calibration cyclops 
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Figure 3-5.  Film used to ensure position of active PSD element 

 

 
Figure 3-6.  Solid-water eye with PSD taped to back 



 

81 

 
Figure 3-7.  ILensTM attached to metal tip 

 

 
Figure 3-8.  Oraya Jade software screen-shot 
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Figure 3-9.  Schematic of FOC PSD showing A) reflective paint, B) PSD, C) waveguide, 

and D) SMA connector 

 

 
Figure 3-10.  Completed PSD fiber 
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Figure 3-11.  Completed dosimetry unit picture 

 

 
Figure 3-12.  Schematics of completed dosimetry unit showing 1) PMT, 2) PMT, 3) Hub, 

4) Panel mount, 5) Power supply, 6) Filtered power supply 
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Figure 3-13.  Laser positioning unit mounted in aperture 

 

 
Figure 3-14.  Set up for measuring percent depth-dose of PSD in liquid water 
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Figure 3-15.  Percent depth-dose of PSD in liquid water 

 

 
Figure 3-16.  Percent depth-dose of PSD in solid water 
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Figure 3-17.  Beam quality of SR-115 portable x-ray unit measured in aluminum 

 

 
Figure 3-18.  Percent depth-dose of PSD compared with ion chamber measured in 

aluminum 
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Figure 3-19.  Percent depth-dose of MCNPX results compared with ion chamber  

 

 
Figure 3-20.  High dose performance: calibration factor (CF) as a function of exposure 
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Figure 3-21.  High dose performance: normalized version of calibration factor (CF) as a 

function of exposure 

 

 
Figure 3-22.  High dose rate linearity: counts as a function of exposure 
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Figure 3-23.  IRayTM collimator 

 

 
Figure 3-24.  PSD on collimator 
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Figure 3-25.  PSD counts as a function of x-ray tube current 

 

 
Figure 3-26.  Ion chamber charge as a function of x-ray tube current 
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Figure 3-27.  Calibration factor between PSD and ion chamber for x-ray tube current 

 

 
Figure 3-28.  Count saturation 
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Figure 3-29.  PSD and ion chamber measurements as function of solid water depth 

 

 
Figure 3-30.  Calibration factor between PSD and ion chamber for depth-dose 
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Figure 3-31.  Real-time measurement of tube output showing tube ramping 
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CHAPTER 4 
A METHODOLOGY FOR DIRECT QUANTIFICATION OF OVERRANGING IN 

HELICAL COMPUTED TOMOGRAPHY 

Background 

In helical computed tomography (CT), reconstruction information from volumes 

adjacent to the clinical volume of interest (VOI) must be collected in order to properly 

reconstruct the VOI. These additional reconstruction volumes have been variously 

referred to as overranging lengths, overscanning volumes, or overranging lengths by 

previous investigators, who have made indirect inferences to dose contributions from 

these effects.93-96 In many dosimetry evaluations of CT exams, dose contributions of the 

primary beam are traditionally only considered within the clinical VOI. Reconstruction 

algorithms will almost always require some degree of overranging, thus this study aims 

to introduce an innovative and accurate method to directly characterize overranging 

length with real-time dosimetry. Typically, for a given scan length (ie, imaged volume), 

at least an additional one-half of a rotation is necessary at the beginning and at the end 

of the scan to ensure that complete data sets are obtained for the reconstruction of the 

first and the last sections. Including overranging lengths in the prediction of dose length 

products, or in Monte Carlo calculations of effective dose will reduce underestimates of 

dose. Overranging lengths are especially important considerations if there are 

radiosensitive organs in close proximity to the clinical VOI which could have been 

avoided.  

As increasingly larger longitudinal coverage is provided by modern multisection CT 

scanners, overranging effects increase and have to be taken into account properly. One 

method that addresses overranging is adaptive section collimation, where parts of the x-

ray beam exposing tissue outside of the volume to be imaged are blocked in the z-
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direction by dynamically adjusted collimators at the beginning and at the end of the CT 

scan.97 Studies by Deak et al. have shown dose reduction as large as 38%, but 

averaging 10% when dynamic collimators are used for a typical chest scan of 30 cm 

and pitch factor of 1.0.97  

Previous studies have quantified overranging lengths but they rely upon either 

cumbersome computational studies or indirect extrapolation methods. In the study by 

Tzedakis et al., the effective dose is calculated with the Monte Carlo N-particle (MCNP) 

radiation transport code.93-95 Their source uses a previously generated x-ray spectrum 

emitted from line-sources along a helical path which was benchmarked with CTDI 

dosimetric data as well as z-axis dose profiles obtained with thermoluminescence 

dosimeters.93-95 These Monte Carlo simulations used data displayed on the operator’s 

console to define their simulation’s scan boundaries.93-95 The proposed methodology 

avoids this reliance upon console measurements by determining the total length 

scanned using methods strictly based upon timing. Overranging lengths are particularly 

important considerations for deterministic Monte Carlo calculations of effective dose. As 

noted by Tzedakis et al., typical CT simulations assume that the exposed length is 

equal to the VOI length.93-95 In other words, while a simulation can accurately predict 

VOI dose, it will always underestimate DLP if it disregards the overranging lengths, 

which are always a part of a clinical scan.45  

An experimental physical study by van der Molen et al. derived the overranging 

length with a novel extrapolation method which is referred to as the “dose-slope” 

method. In this method, the DLP was derived from measurements of a varying number 

of rotations.96 These represented the DLP due to overranging and a varying size of VOI. 
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The number of rotations which represented the VOI were then linearly extrapolated to 

zero rotations to represent a DLP corresponding solely to the overranging.96 This 

method assumes that the overranging behavior stays constant at a low number of 

rotations. If, for example, the machine were to switch to a different reconstruction 

scheme, the dose-slope method would not necessarily be accurate.  

This new technique has the advantage of requiring only one measurement, 

instead of multiple measurements which are necessary to create the extrapolation data. 

Furthermore, this technique is the first direct physical measurement of overranging and 

unlike the dose-slope method does not require extrapolations. This method is 

completely independent from the console readings. In addition to comparisons with the 

two other overranging methodologies, a computed radiography (CR) plate will be used 

to independently verify the exposure length. 

Materials and Methods 

CT Scanner and Real-Time Dosimetry System 

A Siemens Somatom Sensation 16 multislice helical CT scanner (Siemens AG, 

Forchheim, Germany) was used with a routine abdominal scan protocol. This protocol is 

a very diverse protocol, but was chosen to provide a direct comparison to overranging 

measurements by Tzedakis et al. and van der Molen et al.. This particular protocol 

permits the selection of pitches between values of 0.50 and 1.50 in increments of 0.05; 

rotation speeds of 0.5, 0.75, 1 and 1.5 seconds per rotation; reconstruction slice widths 

of 0.75, 1, 1.5, 2, 3, 4, 5, 6, 8, and 10 mm per slice; and detector collimations of 12 and 

24 mm. The abdominal scan protocol was used with a tube voltage of 120 kVp and tube 

current of 140 mAs. The automatic exposure control was turned off for all scans. 
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A novel “point” tissue-equivalent fiber-optic coupled (FOC) real-time dosimetry 

system was used for this study.  While this dosimetry system accommodates up to five 

small dosimeter elements which can be read in real-time with a temporal resolution of 

10 ms, only three dosimeters were required for use in this study. The system 

performance has been previously described by Hyer et al. and is similar to the PMT 

PSD system described in Chapter 3 of this work.17 The dose linearity of the system has 

a correlation coefficient of 1.000 over exposures ranging from 0.16 to 57.29 mGy. Each 

dosimeter element is a small cylindrically-shaped plastic scintillator 500 µm in diameter 

and 2 mm in length which closely approximates a point detector. The scintillator does 

not suffer from angular dependencies – with the dose measured free-in-air at isocenter 

varying less than 5% over an entire revolution. In order to reduce scatter contributions 

for the measurements performed in this study, all dosimeters were suspended free-in-

air.  

Dosimeter Positioning 

This methodology only involves a determining the distance between scintillators. 

The maximum discrepancies between physical distances and console-reading 

measurements must be no more than 1-2 mm as stipulated by quality control 

guidelines.98 However, this was explicitly tested by comparing distance measured with a 

calibrated linear measurement device between two lead bars against a measurement 

from the operator’s console. The difference was less than 0.50 mm. The remaining 

portion of the methodology is based upon the temporal spectrum obtained, where the 

limiting resolution of this system is 10 ms, which using a typical (pitch = 1) table speed 

of 30 mm/s yields an uncertainty of 0.28 mm.17 Assuming even the highest table 

velocities (pitch = 1.5), the uncertainty is slightly less than 0.50 mm. Thus assuming a 
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high table velocity, the maximum uncertainty of the methodology is estimated as 0.7 

mm – which is obtained by the sum of the console measurement precision (0.5 mm) 

and the timing measurement precision (0.5 mm), added in quadrature.  

The unique ability of the point dosimetry system to provide real-time information at 

various positions along the CT scan is exploited to analyze the temporal response of the 

CT equipment.  Retrospective analysis of the event timeline provides all the information 

required in order to quantitatively evaluate the extent of overranging and the 

corresponding dose contributions. The response is initially characterized temporally, but 

is readily converted into longitudinal position with information about the table feed 

speed, which is also verified by the experimental measurements.  

In the experimental set up, the first of three dosimeters is positioned in the bore at 

a stationary longitudinal position while the second and third dosimeters are placed on 

the table, at isocenter height, and spaced 20-30 cm apart in the longitudinal direction. 

The bore dosimeter is suspended free-in-air – the only restriction is that it stays within 

the fan angle for the entire helical scan. In other words, the stationary bore dosimeter 

will always be within the scan volume and its response is used to measure the exact 

scan duration. The table dosimeters move through the primary beam during the scan 

and are only within the scan volume for a portion of the total scan. After a scout scan, 

the two table dosimeters are located and used to define the boundaries of the VOI for 

the helical scan. The temporal response of the table dosimeters is used to measure the 

portion of the scan exclusively in the VOI. The table speed is measured and the total 

scan duration and VOI scan duration are converted into distances. Overranging length 

is determined by simply subtracting the VOI length from the total scan length. Figure 4-1 
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shows a 3-D schematic of the setup, in particular the dosimeter placements within the 

bore and upon the table.  

Exposure Pattern  

As an absolute benchmark, the overranging length was determined by 

measurements using CR. The exact exposure pattern of the Siemens scanner was 

tested by scanning the CR plate at a low mA and developed at a low speed. Each of the 

physical measurement techniques provides different measurements. For example, the 

new methodology offers a measurement of beam-on time and small-region table 

velocity measurement. On the other hand, the console methodology used by Tzedakis 

et al. offers a beam-on time and an overall velocity measurement. Finally, the CR plate 

offers information on the length of the scan, and the pattern of the scan. The path of the 

x-ray tube will be determined by its exposure pattern from the CR plate. The total 

exposure length will be explicitly measured and compared with the measured lengths. 

Clinical Impact 

This methodology produced overranging lengths as measured in units of distance 

but provided no indication of clinical exposure. In order to measure dose, a number of 

metrics are available such as computed tomography dose index (CTDI), dose length 

product (DLP), and effective dose. CTDI and its main derivatives – namely weighted 

CTDI (CTDIw) and volume CTDI (CTDIvol) – are measured in units of milliGray (mGy); 

dose length product is measured in milliGray-cm (mGy-cm); and effective dose is 

measured in Sieverts (Sv). 

CTDI was first introduced and defined by the U.S. Food and Drug Agency as the 

average dose imparted by a single axial acquisition to a standard 100-mm pencil 

chamber dosimeter inside a CTDI phantom over 14 CT slices.21-23, 45, 99, 100 However, 
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CTDI is expected to vary within the axial plane, so CTDIw was introduced and defined 

as a weighted average of the CTDI at peripheral and center locations.21, 45 The advent 

of helical CT magnified variations along the longitudinal axis, so CTDIvol was introduced 

and defined as CTDIw normalized to pitch.21, 45, 100 CTDIvol can thus be used to express 

the average dose delivered to the scan volume.22 DLP was introduced to represent the 

total radiation exposure for a whole series of images and is defined as the product of 

CTDIvol and irradiated length.21-23, 45, 99, 100 As explained by Dixon et al., CTDI values are 

simply not accurate at the edges of the scans.21-23, 99 Using DLP in particular would 

imply that the CTDIvol values would be the same for the entire length. However, for this 

application, the sharp dose gradients between the “on” and “off” values at the edges of 

the VOI allow DLP to be a useful first-approximation to describe the overranging length. 

The DLP reflects the total energy absorbed, and thus the potential biological effect, 

attributable to the complete scan acquisition. Thus, an abdomen-only CT exam might 

have the same CTDIvol as an abdomen/pelvis CT exam, but the latter exam would have 

a greater DLP, proportional to the greater z-extent of the scan volume.100  CTDIvol was 

not chosen to measure overranging because it only represents a single slice.21, 22, 99, 100 

On the other hand, DLP is proportional to scan length and will be directly dependent on 

overranging. In other words, overranging length will provide a larger DLP, with no effect 

upon CTDIvol. Futhermore, while CTDIvol can accurately represent is the dose in the 

central slice within a long scan length, it is not an accurate measure of dose on the 

edges of the scan.21-23, 99 DLP is a useful metric specifically for overranging because it is 

dependent upon overall length. This study thus uses DLP in addition to raw 

measurements of length to quantify clinical implications of overranging.  
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Results 

Exposure Pattern 

The CR image is used to determine the exact length of exposure. The ROI is 

marked with two metallic markers on the side closest to the bore and one metallic 

marker on the side further from the bore. These markers are measured center-to-center 

in order to provide a length-to-pixel calibration factor for the image of 0.04 mm/pixel. 

The average length over 7 images was 695 (± 2.3 pixels), which converted to 27.8 cm.   

If the exposed length is 27.8 cm, then the actual translation of the table would be 

27.8 minus the beam collimation (half beam width at beginning and half beam width and 

end) or a 25.4 cm translation. In order to move 25.4 cm, with the steady-state velocity 

already calculated, the time required is 5.25 seconds. This agrees with the bore 

dosimeter timing measurement as well as the console timing measurement.  

The overall CR-measured length of 27.8 cm is greater than the console 

measurement of displacement length (26.7 cm) by 1.1 cm, or about one-half of the 2.4 

cm beam collimation. Thus, as expected, exposure is occurring outside of the 

overranging length displayed on the console. However, it is not the sum of table 

displacement and a full beam collimation as defined by Tzedakis et al., but only one-half 

of a beam collimation. Therefore, the overranging lengths obtained by this new 

methodology can be compared with results by Tzedakis et al. which are adjusted by 

one-half of a beam collimation width. These will be designated as “adjusted console 

readings.” 

Overranging Dependence upon Protocol Parameters 

Figure 4-2 shows the response of the dosimeters as a function of time for a 25.1 

cm user-selected scan length, for the lowest pitch of 0.5 and the highest pitch of 1.5. In 
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Figure 4-2, the width of each dosimeter’s response peak represents the time within the 

primary beam. The time elapsed between the leading edges’ of each table dosimeters’ 

peak response represents the time required for the table to translate the two dosimeters 

into the primary beam. Table velocities are calculated by the quotient of the measured 

distance between table dosimeters and the time to translate between these dosimeters. 

There is excellent linearity between table velocity and pitch, with a correlation-

coefficient-squared (R2) value of 0.999 and reproducibility for the three scans lengths 

performed of 19.7, 25.1, and 30 cm. This demonstrates the relationship expected 

between speed and pitch for a helical scan as well as providing validation of correct 

dosimeter placement and measurement. 

Figure 4-3 shows the overranging length as a function of pitch for three different 

scan lengths. The overranging length varies linearly with pitch, with R2 values of 0.971, 

0.942, and 0.979 for VOI scan lengths of 19.7, 25.1, and 30 cm, respectively. 

Overranging length ranges from 4.38 cm at a pitch of 0.5 and 6.39 cm at a pitch of 1.5. 

Van der Molen et al. measured overranging lengths of 4.26 cm at a pitch of 0.5 and 6.43 

cm at a pitch of 1.5.96 Tzedakis et al. measured overranging lengths of 4.75 cm at a 

pitch of 0.5 and 7.45 cm at a pitch of 1.5.94 The adjusted console readings were 3.55 cm 

at a pitch of 0.5 and 6.25 cm at a pitch of 1.5 

Overranging lengths as function of reconstruction slice thicknesses for two beam 

collimations of 12 and 24 mm are shown in Figure 4-4. Increasing the reconstruction 

slice width from 0.75 to 10 mm increased the overranging length from 11.2 mm to 29.7 

mm, respectively, using a beam collimation width of 12 mm; increasing the 

reconstruction slice thickness from 2 to 10 mm using a 24 mm beam collimation width 
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increased the overranging length increased from 25.4 mm to 52.5 mm, respectively. 

Note that the smallest reconstruction slice thicknesses for collimations for 12 and 24 

mm are 0.75 and 2 mm, respectively. Two distinct regions are observed in Figure 4-4: a 

constant overranging length for smaller reconstruction slice thicknesses followed by a 

linearly increasing overranging length for larger reconstruction slice thicknesses. For 

example, the beam collimation of 12 mm has its constant region from 0.75 to 2 mm 

reconstruction slice thickness, where the overranging length remains 1.11 ± 2.9% cm; 

overranging length is then linearly increasing with an R2 value of 0.99 between 

reconstruction slice thicknesses of 3 to 10 mm. Between the two linear regions, there is 

an abrupt 88% increase between reconstruction slice thicknesses of 2 and 3 mm. 

Similarly, for beam collimation of 24 mm, overranging length has its constant region 

from 2 to 4 mm reconstruction slice thickness, where the overranging length remains 

2.55 ± 3.3% cm; overranging length us then linearly increasing with and R2 value of 0.87 

between reconstruction slice thicknesses of 5 to 10 mm. Between the two linear 

regions, there is as an abrupt 77% increase between reconstruction slice thicknesses of 

4 and 5 mm.  

Overranging length was independent of gantry rotation speed. For these 

measurements, Figure 4-5 shows the overranging length as a function of tube rotation 

time from 0.5 to 1.5 seconds per rotation, for three different pitches. Overranging length 

remained constant as a function of varying tube rotation times, even at different pitches, 

with measurements varying only ± 3.3%, ± 2.8% and ± 1.2% for pitches of 1.0, 1.25, 

and 1.5, respectively. 
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“The ROI length is set at an arbitrary length. The two table dosimeters reached 

10% maximum at 1.85 and 3.85 seconds, respectively; these dosimeters were spaced 

9.70 cm away. In other words, the table speed measured was 48.5 mm/s. The 

dosimeters were placed in the central region of the scan in order to avoid any 

acceleration and deceleration present at the beginning and end of the scans. This 

speed agrees well with the 19.7, 25.1, and 30 cm scans, which had speeds of 48.4 

mm/s.  

 The bore dosimeter was above the 10% threshold from 0.55 to 5.80 seconds. The 

time of the scan is measured to be 5.25 seconds. The scanner selects a total scan 

length of 26.7 cm, with a predicted scan time of 5.24 seconds. This agrees well with the 

measured scan time. 

Analysis 

It has been long known that in helical scanning, volumes adjacent to the clinical 

VOI are also exposed to the primary beam. Selecting proper beam collimation, 

reconstruction slice width, rotation time and pitch can help to minimize the detrimental 

effects of overranging lengths. Clinical benefit always outweighs the potential risk in 

clinical diagnosis scenarios. However, the appropriate VOI selection is dependent upon 

the radiologist’s diagnostic needs and there is certainly an amount of leeway especially 

near the VOI borders. The protocol must correctly select the VOI, while simultaneously 

ensuring correct alignment – especially if the boundaries are close to radiosensitive 

organs. If for example, these clinical VOI boundaries are close to radiosensitive organs 

or tissues such as breasts, thyroid, eye lens, or gonads, overranging may result in 

exposure to the primary beam from its inclusion in the overranging length, not to 

mention increased exposure to scatter. As mentioned by Tzedakis et al., overranging 
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lengths are frequently excluded altogether from deterministic simulations which only 

consider the clinical VOI, thus underestimating exposure.93-95  

Overranging lengths are particularly important considerations for deterministic 

Monte Carlo calculations of effective dose. As noted by Tzedakis et al., typical CT 

simulations assume that the exposed length is equal to the VOI length.93-95 In other 

words, while a simulation can accurately predict VOI dose, it will always underestimate 

DLP if it disregards the overranging lengths, which are always a part of a clinical scan.45  

The results obtained by a direct measurement methodology produce results which 

agree within ± 5% of measurements obtained from console readings and within ± 3% of 

an indirect measurement methodology.93-96 Overall, a 5% difference in overranging 

length is not significant in the clinical context. For example, the overranging length in 

this helical abdominal scan was found to be around 5 cm or a maximum difference (5%) 

of less than 3 mm. This could be attributed primarily to the finite 10 ms timing resolution 

and secondarily to measurement precision of VOI boundaries. The abdominal protocol 

at a reconstruction slice thickness of 5 mm, 120 kVp and 140 mAs has a CTDIvol 

measured by the ImPACT group of 13 mGy.94 The 5% uncertainty is equivalent to a 

DLP of only 3.3 mGy-cm. In terms of effective dose, a 3 mm margin would be difficult to 

incorporate primarily due to uncertainties from patient motion and positioning between 

the time of the scout scan – where the VOI boundaries are defined – and the actual 

helical scan. The accuracy associated with scout scan distance was tested following the 

QC procedure mentioned earlier, with sub-millimeter differences.98 

It is important to consider the implications of an adjusted console reading. 

Specifically, if the console readings do indeed overpredict the overranging length, than 
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the DLP is similarly too large. In terms of calculations, this inaccuracy must be 

corrected, but clinically, this can be viewed positively, in that volume exposed was 

smaller than originally calculated. When compared with the adjusted console 

measurements, the new methodology produces results which are always larger, from 

2% (at pitch of 1.5) to 20% (at pitch of 0.5). 

In order to reduce uncertainty, the scintillator’s longitudinal axis was placed normal 

to the longitudinal axis in order to better approximate a point detector. Theoretically, 

irradiation anywhere along the 500 μm diameter would produce a signal, therefore 

producing an uncertainty in the VOI measurement. In the worst-case scenario of 

uniform response from the scintillator, unlikely due to the cylindrical geometry, this finite 

diameter imparts an uncertainty of 0.5 mm, well below the limiting uncertainty imparted 

by the temporal resolution of 10 ms.  

Analysis of the temporal response was initially conducted based on the leading 

edges of the detected radiation peaks. Further analysis using both leading and trailing 

edges on the temporal response peaks resulted in similar results within ± 2.4% of the 

exclusive leading-edge technique. Subsequently, the distance between the two table 

dosimeters was measured and divided by the average difference in leading and trailing 

edges of the table dosimeter temporal response in order to give the table speed.  

The table velocities were calculated from the quotient of the differences in the 

leading edge times obtained previously and the known distance between table 

dosimeters, with R2 values of 0.999 reproducible for the three VOI scans lengths 

performed (19.7, 25.1, and 30 cm). These values agree to within ± 1% to the table 

velocity selected on the console. The table dosimeters provide a measure of average 
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velocity over a small region whereas the console measurement of table velocity is 

based on overall scan length and overall scan time. The table velocity measured over a 

small region should agree well with the table velocity measured over the entire scan by 

the console, which implies that the acceleration and deceleration regions are negligible. 

Figure 4-3 shows the linear relationship between overranging length and pitch for 

different scan sizes, with R2 values of 0.971, 0.942, and 0.979 for VOI scan lengths of 

19.7, 25.1, and 30 cm, respectively. Our methodology thus demonstrates the expected 

independence of overranging length upon different individual clinical VOI lengths; this 

will have obvious effects upon normalizing the (constant) overranging lengths to the 

(varying) clinical VOI lengths. The DLP measured for the three scan lengths of 19.7, 

25.1, and 30 cm were 256, 326, 390 mGy-cm. Figure 4-3 shows overranging lengths 

ranging from 4.38 to 6.39 cm, with an average around 5.5 cm; these correspond to DLP 

of 131 and 192 mGy-cm, and an average of 165 mGy-cm. The results are summarized 

in Table 1. 

One advantage of this new methodology is its complete independence from 

console measurements. Specifically, the methodology prescribes a measurement of 

table velocity for each and every scan instead of relying upon the velocity and time 

calculated by the console. The Siemens scanner itself predicts the time required for the 

scan and displays the “scan time” before the scan is actually done. This is presumably 

done with a speed look-up table which depends on a combination of tube rotation time, 

pitch, detector collimation, and reconstruction slice thickness. 

It is possible to refine the methodology to operate with only the bore dosimeter and 

eliminate the table dosimeters if independent speed measurements are not desired. If 
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the system is operated in one-dosimeter mode, the degree of precision and accuracy is 

exceptional and is limited only in the time resolution of one detector. With our current 

design using 10 ms resolution, the uncertainty is less than one-half of a millimeter (for 

pitch = 1 the table velocity is ~ 48 mm/s). The console-reading measurements and 

physically-measured distances must differ by no more than 1-2 mm as stipulated by QC 

guidelines, therefore the maximum error would be seen in a smaller scan, and is 1.1% 

for a 19.1 cm scan. In fact, this impressive number could be further improved by faster 

PMT binning. Using the one-dosimeter mode would make it much simpler to use 

clinically and has exceptional uncertainty; but, as discussed, this will eliminate the 

complete independence of the dosimetry system. 

Figure 4-4 shows two distinct linear regions for smaller and larger sections – this 

reconstruction slice width dependence has been measured by both van der Molen et al. 

and Tzedakis et al..93-96 These two regions arise from different reconstruction schemes 

used by Siemens scanners for smaller (cone-beam-corrected mode) and larger sections 

(z-filtering).96 Specifically, the “cone-beam-corrected mode” regime is used for smaller 

thicknesses (0.75-2 mm reconstruction slice thickness for 12 mm beam collimation; 2 to 

4 mm for 24 mm) while the faster Siemens “z-filtering algorithm” is used for larger 

reconstruction slice thicknesses (3-10 mm for 12 mm; 5-10 mm for 24 mm).  

This methodology demonstrates the linear dependence of overranging length on 

pitch which has been observed in previous publications.93-96 With a routine abdominal 

protocol, overranging length is clinically relevant and can be expected to contribute an 

average of 10% extra dose, or a DLP around 60 mGy-cm (30 cm scan length with a 

CTDIvol of 20 mGy). Overall, the overranging lengths for varying pitch, reconstruction 
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slice width and beam collimation measured using this methodology agree within 5% 

with measurements by van der Molen et al..96 Further agreement in overranging lengths 

was observed with console-reading results obtained by Tzedakis et al. for 12 mm beam 

collimations; however, the overranging lengths obtained with 24 mm beam collimations 

were slightly lower than the console-reading results obtained by Tzedakis et al. by 

around 5-10%.93-95 Regardless, assuming a routine abdominal protocol, a 5% 

discrepancy in overranging length is equivalent to a DLP of only 3.3 mGy-cm. The 

overestimate of effective dose by Monte Carlo methods is mentioned by van der Molen 

et al. and attributed to the simulated beam profile, which does not produce any 

noticeable differences until a larger beam collimation of 24 mm is used.96 This is 

discussed in more detail by van der Molen et al..96 However, the CR exposure pattern 

test perform suggests that Tzedakis overestimated the overranging length simply 

because a whole beam collimation width was added rather than one-half of a beam 

collimation width.  

Gantry rotation speed was not expected to contribute to overranging length 

because the actual scan length required is determined by the amount of reconstruction 

information required. If the reconstruction scheme remains constant, this should remain 

fixed. In other words, it should not change depending upon the speed of the gantry, 

unless the reconstruction scheme changed as a function of gantry rotation speed. This 

parameter was included in order to measure overranging for any operator-controllable 

parameters. 

 This methodology only involves one physical measurement: distance between 

scintillators. According to QC guidelines, any discrepancies between measured and 
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physical distances should be no more than 1-2 mm.98 However, this was explicitly 

tested by comparing distance measured with a calibrated linear measurement device 

between two lead bars against a measurement from the operator’s console. The 

difference was less than 0.50 mm. The remaining portion of the methodology is based 

upon the temporal spectrum obtained, where the limiting resolution of this system is 10 

ms, which using a typical (pitch = 1) table speed of 30 mm/s yields an uncertainty of 

0.28 mm.17 Assuming even the highest table velocities (pitch = 1.5), the uncertainty is 

slightly less than 0.50 mm. Thus assuming a high table velocity, the maximum 

uncertainty of the methodology is estimated as 0.7 mm – which is obtained by the sum 

of the console measurement precision (0.5 mm) and the timing measurement precision 

(0.5 mm), added in quadrature. 

There is good general agreement with other published techniques. However, this 

method produces better precision than van der Molen’s et al. and also addresses a 

significant error made by Tzedakis et al.. Van der Molen et al.’s technique involved an 

extrapolation method with a linear-fit confidence interval of 0.95. The precision of the 

data used in order to perform this extrapolation was not discussed. Therefore, it is 

assumed that the error bars on those data were considered negligible by van der Molen 

et al., giving a precision on the order of 5% compared with maximum uncertainty of this 

new methodology of 1.1%. 

Discussion 

The methodology for direct measurement of overranging is an example of an 

application of the real-time capabilities of this point dosimetry system. In this 

methodology, using two table dosimeters provided a measurement of average velocity 

over a small region whereas the console determines table velocity based on overall 
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scan length and overall scan time. The table velocity measured over a small region 

agrees well with the overall measured table velocity, which is important because it 

demonstrates that the acceleration and deceleration regions are negligible. If 

implemented clinically, this method could potentially be adapted to operate in 

conjunction with the console measurements of speed, thus eliminating the need for the 

two dosimeters. This would also reduce the number of measurements required, but 

introduce a strong codependence upon console accuracy. 

This method is limited in that it may not work for modern scanners which utilize 

dynamic collimators. However, neither the console readings by Tzedakis et al. nor the 

extrapolation method by van der Molen et al. would work in this situation. A new method 

would need to be developed in order to account for the partially open or closed 

collimators. 

Overranging length can result in quite significant contributions to patient exposure. 

For a routine abdominal protocol, overranging length was determined to be clinically 

relevant with an average contribution of 10% extra dose, or a DLP around 165 mGy-cm. 

In spite of this, DLP is traditionally measured only for the VOI, omitting overranging 

length. This technique has an advantage over console-reading simulations because it is 

scanner-independent and does not require benchmarking or confidential proprietary 

information notably bowtie filter spectra; furthermore, this method requires a single 

measurement while current physical methods require multiple measurements to 

establish an extrapolation baseline; lastly, this method avoids assumptions regarding 

immediate irradiation during table translation.  
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This quick and direct methodology can be easily implemented in order to include 

overranging lengths for proper calculations of total DLP. Overranging length results 

have been measured for a Siemens Somatom Sensation 16, future research will include 

different vendors, scanner models, and post-processing methods – which have been 

shown to change overranging values by as much as 125%.96  
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Table 4-1. Measured overranging values [mm] for various techniques 

 
 

 

 

 

  

Pitch PSD measurement

Dose-slope                     

(van der Molen et al .)

Console Reading 

(Tzedakis et al .)

0.5 43.9 42.6 47.5

0.75 45.6 53

1 54.8 53.5 63

1.25 62 70.5

1.5 67.3 64.3 74.5
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Figure 4-1.  Schematic of PSD placement 

 

 
Figure 4-2.  Sample responses for bore PSD and dosimeter PSDs  
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Figure 4-3.  Overranging length as a function of pitch 

 

 
Figure 4-4.  Overranging length as a function of reconstruction slice width 
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Figure 4-5.  Overranging length as a function of x-ray tube rotation time
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CHAPTER 5 
QUANTIFICATION OF STARTING ANGLE DOSE BIASING IN HELICAL COMPUTED 

TOMOGRAPHY 

Background 

In helical CT, the x-ray tube’s starting angle determines the phase of the periodic 

sinusoidal dose profile found in the helical dose profile. Newly innovated techniques 

known variously as starting angle methods or organ dose modulation, manipulate the 

phase of the starting angle in order to pair the troughs of the periodic dose profile with a 

particular radiosensitive region.4, 24, 25, 101, 102 This technique has achieved 60% organ 

dose reductions in the lens of the eye in computational studies by Zhang et al..25 Organ 

dose modulation’s largest advantage offers these dose savings come with almost no 

loss to image quality. Specifically, a study by van Straten et al. concluded that for two 

given helical scans with two different starting angles, the images were deemed identical 

for all practical purposes by radiologists.27  

Dose reductions from organ dose modulation have not been realized because the 

x-ray tube starting angle is both unpredictable and uncontrollable in any CT 

manufacturer, including popular vendors such as GE, Philip, or Siemens. Recently, 

Toshiba has implemented one cardiac protocol in which the beam is gated to the 

cardiac cycle and is only on for a portion of the rotation. Still, no machines allow direct 

user specification of x-ray tube starting angle. This investigation focuses upon 

measurement uncertainty and its impact upon clinical dosimetry. In contrast, Chapter 6 

will derive the actual dose savings. 

Direct physical measurements of the helical dose was not possible given the 

random distribution of x-ray tube starting angle. In the method presented, a 

mathematical dose expression on helical CT scan dose by Dixon et al. was further 
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developed to calculate the helical dose for any given starting angle.21, 99 The resultant 

expression decomposed the helical response into axial and longitudinal responses; after 

phase-shifting, these responses were retroactively joined to represent a helical scan 

with any arbitrary starting angle. Starting angle dose bias (SADB) is a new metric which 

is introduced in order to express the observed difference in dose measurements as a 

direct result of different x-ray tube starting angles. The SADB calculation was validated 

with a cylindrical phantom and applied to an anthropomorphic phantom. 

Materials and Methods 

The first part of this study focused on dose measurements as a function of x-ray 

tube starting angle by quantifying SADB as a function of pitch, detector length, detector 

depth and beam collimation. These were used to scale the longitudinal aspect of the 

helical dose expression. These dose profile responses were collected with a real-time 

plastic water-equivalent scintillating point detector system previously characterized by 

Hyer et al..17  

The second part of this study was validation of the dose expression, by measuring 

the axial responses in a cylindrical phantom homogenously composed of the soft tissue 

equivalent substitute (STES) material previously characterized by Winslow et al..10 This 

STES material mimicked the attenuation characteristics of soft tissue at diagnostic 

energies.  

The last part of this study was measuring dose in an anthropomorphic phantom 

described in Chapter 2, which used both bone-equivalent and lung-equivalent materials 

in addition to the STES. The organ doses was measured to all ICRP-specified organs of 

interest for axial scans and derived for the helical scan. Helical organ doses were 

calculated for each organ and all possible starting angles. The maximum, minimum and 
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standard deviation in these measurements was due strictly to the starting angle. The 

total effective dose was calculated using the default beam parameters for five major 

scan protocols: head, neck, chest, abdomen, and pelvis. Patient positioning and region 

of interest (ROI) were determined using anatomical landmarks as approved by the 

American Society of Radiologic Technologists.103 These are summarized in Table 5-1.  

CT Scanner and CTDI Body Phantom 

A Siemens SOMATOM Sensation 16 multislice helical CT scanner Siemens AG, 

Forchheim, Germany) was used in service mode. Service mode additionally allowed the 

use of single axial scans, which was used to create the axial dose profiles. Prior to the 

helical scan, a scout image, a single planar image was typically obtained to delineate 

the region of interest. The scout image, which is an image taken with a stationary x-ray 

tube and the table translating longitudinally, was used to create the longitudinal dose 

profiles. The helical scan protocol used for the cylinder was: 160 kV, 120 mA, pitch = 1, 

0.5 second tube rotation time, 5 mm reconstruction slice width, and 24 mm (16 x 1.5) 

detector collimation. The protocols used for the anthropomorphic phantom are 

summarized in Table 5-2. Tube current modulation was not used in this study. 

The computed tomography dose index (CTDI) phantom has traditionally served as 

the standard for measuring dose in helical CT.45 The CTDI body phantom is a Lucite 

cylinder of 320 mm diameter and 150 mm height with five holes – one in the center and 

four peripheral holes – designed to accommodate a pencil ion chamber.45  

Measurement Phantoms 

A cylindrical phantom of similar dimensions was used for this study which was 

composed homogenously of the STES described in Chapter 2. The phantom was 

custom-fabricated in six cylindrical “pancakes” which can be stacked in order to obtain a 
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variety of different combined heights. One of these cylindrical disks had a height of 30 

mm while the remaining four cylindrical disks had a height of 40 mm. Each pancake had 

a diameter of 320 mm with 6 mm slits along the radius in order to accommodate the 

dosimeters. In total, the assembled phantom had the dimensions of a CTDI phantom: a 

diameter of 320 mm and a total height of 150 mm. These slits had 5 mm increments 

marked for reproducible placement of the dosimeter. The isocenter of the phantom was 

aligned with the isocenter of the CT gantry. Two views of the STES cylindrical phantom 

are shown in Figure 5-1. 

The STES cylinder phantom was used instead of a CTDI Lucite phantom for four 

reasons: first and foremost, any dosimeter depth along the 320-mm diameter was 

possible. In contrast, a CTDI phantom is designed to accommodate only three depths in 

its transverse plane: one at isocenter and two peripheral depths. Secondly, the STES 

material was a pliable medium which conformed around the dosimeter, as opposed to 

the air gaps present in the CTDI phantom’s holes because of their intended use for a 

pencil ion chamber. Third, because it was constructed as a series of short cylinders, it 

had an adjustable height which allowed for easier access to central slices. Lastly, the 

STES material was designed to be soft-tissue equivalent and will produce more 

clinically realistic dose measurements as opposed to the Lucite material used in the 

CTDI phantom. 

Initial performance testing was done with a homogeneous STES cylindrical 

phantom. In order to more accurately represent the human body, the male 50-percentile 

reference anthropomorphic phantom described in Chapter 2 was used for the next 

stage. As mentioned previously, the anthropomorphic phantom is composed of BTES, 
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LTES in addition to STES. Organ doses were measured to all ICRP-specified organs of 

interest. The number of measurement points for each organ was specified previously in 

Table 2-1. Each desired measurement was taken for an axial scans and derived for the 

helical scan using the method below, which was simply an expansion of Dixon et al.’s 

formulation.23  

Original Helical Dose Profile Expression 

Dixon et al. produced the theoretical derivation for decomposing the helical dose 

profile into two independent constituent dose profiles, namely the axial and longitudinal 

dose profiles.23 For a simple axial one-slice scan, the dose distribution possessed a 

sinusoidal shape which was periodic with the tube rotation time. In a more clinically 

applicable situation such as a helical scan, the tube continued this periodic rotational 

motion in the axial plane while the table was simultaneously translating along what is 

conventionally known as the z-axis or the longitudinal axis. In the methodology by Dixon 

et al., the total dose at a point located at longitudinal position, z, and depth in the axial 

plane, d, was written as  – which was determined for a helical scan with a 

instantaneous dose rate, . As is the case in clinical cases, the table was 

translating along its longitudinal axis at constant velocity, , for a scan time, . Its 

single-slice axial dose profile, , was obtained with a x-ray tube rotation time, . 

Introducing a simplifying change of variables,  and including a longitudinal dose 

profile with an effective length of L, written as , Dixon et al. expressed the 

accumulated total dose along the axis of rotation as 23   

  (5-1) 
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where  represents accumulated dose along the isocenter. Dixon et al. used a 

step function defined with a width equal to the effective length L to represent the beam 

profile.23  

Extended Helical Dose Profile Expression   

In the extension of this method, a longitudinal beam profile, gL, was used. The 

beam profile had a full-width-half-maximum roughly equal to L and also included scatter 

tails, which represents the overall effect of the beam upon the dose measured better 

than a step function. The beam profile was further rewritten as the convolution between 

the originally measured longitudinal dose profile, , and a effective-width step function 

with a length of L, written as .  

  (5-2) 

 

This effective-width step function, , was used to scale the original measured 

longitudinal dose profile to represent different aspects of the beam profile such as 

detector length, beam collimation, or pitch. The effective-width step function was useful 

for two reasons. First, it decreased the number of measurements needed by convolving 

a single beam profile to represent varying different beam collimations or pitches. 

Secondly, it allowed larger detector lengths to be characterized by the response of the 

point detector through convolution. Incorporating the effective-width step functions, the 

total dose along the isocenter was rewritten as 

 
 (5-3) 
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For the case of dose along the isocenter, a dependence on x-ray tube angle, , 

must be included in the single-slice axial dose profile; furthermore, the beam profile 

must be rewritten for a specific depth in the axial plane, , written as . For example, in 

this notation, with the phantom’s diameter of 320 mm,  at isocenter can be rewritten 

as . Thus, a more general expression for total dose for an effective length at any 

axis of rotation was rewritten as 

 
 (5-4) 

 

 In this general expression, the single-slice axial dose profile now accounts for 

longitudinal position, angle, and axial depth of the detector. Using a symmetrical 

homogenous cylindrical phantom should eliminate this angular dependence, but angular 

dependence was quantified as part of the axial dose profile characterization. Since all 

measurements were taken in the same longitudinal location in the center slice of the 

phantom, there was no longitudinal dependence. The dependence upon axial depth and 

effective length still remain, but Equation 5-4 was reduced to  

 
 

(5-5) 

 

 In this case, the axial dose profile and longitudinal dose profiles were measured 

separately and combined in order to form a helical dose profile. By shifting the axial 

dose profile “in-phase” with the peak in the beam dose profile, the maximum helical 

dose was obtained. Similarly, shifting the axial dose profile exactly 180 degrees out of 

phase with the peak in the beam dose profile, the minimum helical dose profile was 
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obtained. Prior to convolution and integration, these dose profiles were initially 

constructed as a function of time using the real-time dosimetry system and later scaled 

to an arbitrary index. Helical dose was calculated by combining single-slice axial 

responses and longitudinal responses as shown in Equation 5-5. 

Axial Dose Profile Characterization 

Temporal response was sampled at 10 msec intervals for both 16 x 1.5mm and 16 

x 0.75 mm detector collimation. The time axis was converted to angular variation given 

the selected tube rotation speed. Over one rotation, the real-time measurement thus 

yielded the entire range of angles which are possible during a helical scan.  

A sample temporal axial response of the dosimeter in the cylindrical phantom is 

shown in Figure 5-2. Due to table attenuation, notably in its guide rails, dips were 

observed in the axial dosimeter response. If repeated, this axial measurement would be 

a repeating periodic function. The uncertainty which would be due to starting angle was 

quantified by calculating root mean square (RMS) of the counts as the analysis metric 

over one rotation. These counts were converted to dose by applying a dosimeter 

calibration factor. The RMS value gives a measure of the variation of the magnitude of a 

periodic function and for this application served as excellent metric for the uncertainty 

due to starting angle. The RMS value was calculated as a function of varying depth 

along both the AP and lateral axis for the axial cylinder measurements. In addition to the 

RMS value, which measured just the variation of the dose, the actual total dose was 

calculated. These RMS measurements used realistic clinical protocol values for the 

abdominal routine scan for applicability to common dosimetric methods: 160 mA, 120 

kV, and tube rotation time of 0.5 seconds. 
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The RMS values were also be calculated for dosimeters at different angular 

orientations of the phantom in order to validate the assumption of angular independence 

utilized in Equation 5-5 above. In other words, at any fixed distance from the isocenter 

in the plane of the bore, the response should be the same. This was tested by 

measuring response as function of constant distance from isocenter for two points along 

both anterior-posterior and left-right axes.  

Cylindrical Phantom Dose  

Axial dose responses were collected in the cylindrical phantom at depths ranging 

from 1 to 31 cm, in 1 cm increments. Using the real-time dosimetry system and a simple 

scout scan, or topogram, the longitudinal dose beam profile was obtained by measured 

with a dosimeter at the given depth with 10 ms resolution. A sample response is shown 

in Figure 5-3. These profiles were collected at depths ranging from 1 (surface) to 16 cm 

(isocenter). This longitudinal beam profile is much more realistic than the step function 

used by Dixon et al.: containing a peak which is not uniformly flat, peak penumbras, and 

scatter tails.23 A single axial scan, by definition, does not include scatter contributions 

from adjacent slices because it only contains one slice. These penumbras and scatter 

tails defined the scatter contributions from adjacent slices in the final helical dose 

responses.  

The time which a given detector is in the primary beam was determined by the 

width of the peak in the longitudinal beam profile. As mentioned earlier, Equation 5-5 

has a component, the effective-width step function with a length of L, written as , 

which was used to scale the original measured longitudinal dose profile to represent 

different aspects of the beam profile such as detector length, beam collimation, or pitch. 

Note that a measured beam profile with a high temporal resolution can be rescaled to 



 

126 

different pitches by appropriate extent based upon the amount of distances covered by 

the beam. This distance at different depths was determined given the focus-isocenter 

distance of 570 mm and the total effective length of detector array at isocenter (which 

was located at the cylindrical phantom’s depth of 16 cm) of 24 mm. 

In order to determine the maximum helical response, the axial profile peak was 

shifted in-phase with the longitudinal profile peak and combined using Equation 5-5. 

Physically this represented the x-ray tube position such that the beam was directly 

incident upon the detector as it passed through the beam with the minimum attenuation 

between it and the x-ray tube. For the cylinder, the minimum helical response was 

obtained when the axial profile peak is shifted 180 degrees out of phase with the 

longitudinal profile in Equation E6. Physically, this represented the x-ray tube in a 

position directly opposed to the beam with the maximum attenuation between it and the 

x-ray tube. This phase-shifting is the premise of organ dose modulation. 

Need for Starting Angle Dose Biasing Metric 

The starting angle dose bias (SADB) is used in order to express the maximum 

observed difference in dose measurements from differing x-ray tube starting angles. 

SADB is greater than or equal to unity. It is defined as the quotient of the maximum 

dose possible divided by the minimum dose possible. SADB was measured for 

effective-width step functions ranging from 1 to 100 elements wide, to represent 

different beam collimations, detector collimations, and pitch. SADB was determined by 

analysis of the helical dose response. For example, a 60% dose reduction was 

equivalent to a SADB of 1.67, determined by 1.0 divided by 0.4. As either organ size 

increased or organ location became more isocentric, the SADB approached unity – in 

other words, the maximum dose and minimum dose were equivalent.25 This 
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represented a scenario where the starting angle has no effect. For a larger organ, as 

the number of rotations increase, the uncertainty due to starting angle begins to be 

averaged out.25 On the other hand, a large dose-savings can be obtained by 

manipulating pitch and detector collimation: higher pitch and larger detector collimation 

creates a longer low-dose trough with which could be paired with a larger radiosensitive 

region.  

Anthropomorphic Phantom Dose  

In the cylindrical phantom, the maximum instantaneous dose was delivered when 

the x-ray tube is closest to the dosimeter; in the same way, the minimum instantaneous 

dose was delivered when the x-ray tube is closest to the dosimeter. For the cylindrical 

phantom, these two positions are always separated by 180 degrees. In the 

anthropomorphic study, this was not necessarily the case because the phantom was 

representative of a human and thus was heterogeneous in both composition and shape. 

The distance was better measured in terms of attenuation-pathlength. Contributions 

from LTES, BTES and air made the attenuation pathlength a unique function of angular 

and longitudinal position. For example, the thymus – a superficial point in the thick 

shoulder region – has its maximum dose measured when the x-ray is directly anterior 

on the patient; however, its minimum dose came from a lateral position.  

Measurements of the anthropomorphic phantom provided clinically relevant data 

which used the default technical imaging settings parameters for five major CT scan 

protocols: head, neck, chest, abdomen, and pelvis. These exam parameters were 

previously summarized in Tables 5-1 and 5-2. However, the exam parameters listed by 

Romans et al. did not include table height.103 Therefore, for head scans, the phantom 

was aligned with the center of the brain at isocenter of the beam. For chest scans, the 
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isocenter was placed in the center of the body at an axial plane near the center of the 

lungs. For pelvis scans, the center of the prostate was placed at isocenter. To ensure 

reproducible results, the phantom was placed in a vacuum immobilization bag and any 

remaining gaps were eliminated using medical tape. 

As mentioned in Chapter 2, the anthropomorphic phantom was set up and imaged 

in a close approximation to a real patient for the particular anatomical region being 

treated by reproducing the organ location from the original hybrid dataset. The exact 

measurement location for the scintillating element was determined by dividing the organ 

by volume. Larger organs were subdivided into smaller segments with measurement 

locations for the centroid of each of these smaller segments. For the smaller organs, 

absorbed dose values were given by the measurement at the centroid. The number of 

measurement points was summarized previously in Table 2-1. For the larger organs, 

absorbed dose was given as the average of its constituent volumes.   

Measurements were taken as specified for calculation of effective dose by 

Publication 103 of the International Commission on Radiological Protection – with the 

exception of bone-surface, bone-marrow, lymphatic nodes, skin, and muscle.44 Each 

organ which was measured is explicitly listed in Table 5-3 along with the number of 

measurement points used. Bone-surface, bone-marrow, lymphatic nodes, skin and 

muscle were excluded because it was physically difficult to obtain an average organ 

dose measurement and were not expected to have significant SADB values. 

Specifically, starting angle effects were already been shown to average out for organs 

which are either large longitudinally, or centrally-located by Zhang et al..24, 25, 83 

Additionally, skin and bone surface have a weighting factor of 0.01 which minimized 
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potential impact from their exclusion. Muscle and lymphatic nodes are categorized as 

remainder tissues, along with 11 other tissues, thus minimizing any impact on effective 

dose. In the effective dose calculation, the average of the other 11 tissues was used as 

a suitable replacement. Effective dose was chosen as a metric because it is a simple 

calculation which is commonly used to compare between different procedures.45  

The axial scan was combined with the longitudinal scan using Equation 5-5 and all 

possible helical doses for differing starting angles were determined. As dictated by 

Equation 5-2, the longitudinal beam profile was applied to incorporate beam penumbra 

and scatter. Each possible starting angle (limited by the temporal resolution, 10 ms) was 

simulated and the helical dose was determined. In order to account for geometric beam 

divergence, effective beam width functions such as beam collimation at isocenter, focal 

spot to isocenter distance, and distance from isocenter were simulated. Finally, the 

average and standard deviation of all the possible helical doses for different starting 

angles were found. The effective dose was calculated using the organ weightings 

specified by Publication 103 of the ICRP.44 To study the effect of starting angle, the 

standard deviation of all organ dose measurements from varying starting angles is 

calculated using standard error propagation. 

Results 

SADB Measured in Cylindrical Phantom 

Dose as a function of time for a single axial scan was collected at depths ranging 

from 1 to 31 cm, in 1 cm increments. An axial dose profile was shown at a depth of 5 cm 

in Figure 5-2. The ordinate axis was converted to angular position of the x-ray tube 

given the tube rotation time – in this case, 0.50 sec per revolution – which produced a 
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periodic function which depends on the angular position of the rotating x-ray tube during 

a scan.  

The isocenter of the cylindrical disks was aligned with the isocenter of the beam; in 

other words, a depth of 0 cm represented a surface location and a depth of 16 cm 

represented the both the central axis of the cylinder and the axis of rotation of the 

gantry. Both d=0 and d=32 cm were not calculated due to physical limitations of the 

dosimeter construction: at d=0 cm, the fiber was not able to be positioned on the 

surface of the cylinder similar to its position for the rest of the scans - with the tip of the 

fiber perpendicular to the floor; at d=32 cm, the fiber’s snout at the end which was a 

result of the crimping required in the fabrication, required an additional 5 mm of 

clearance. The RMS values were calculated for depths in the cylinder ranging from 1 to 

31 cm in 1 cm increments and are shown in units of dose in Figure 5-4. Total dose 

values ranged from 1.35 to 2.29 mGy and RMS dose values ranged from 0.02 mGy at 

the isocenter to 0.14 mGy at the surfaces. 

Validation of Dose Expression 

Equation 5-5 was tested by measuring the axial response as a function of distance 

from the isocenter in the plane of the bore for two points along both anterior-posterior 

and left-right axes. An intermediate radius of 6 to 11 cm was chosen and. This is shown 

in Figure 5-5. The data points are summarized in Table 5-4. There was a maximum 0.2 

mGy variation in dose to STES. The root-mean-square dose is also shown in Table 5-5. 

The longitudinal response profile was obtained at depths ranging from 1 to 16 cm. 

A sample beam profile normalized to maximum response is shown at depths of 5 cm in 

Figure 5-3. The time axis was converted to a distance using the known topogram 

speed. The spacing between points is linearly interpolated to match the distance-
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spacing of the axial profile. For each depth, the measured beam profile was then 

convolved with different effective-width step functions from 1 to 100 elements wide.  

Figure 5-6 shows the SADB which was calculated for depths ranging from 1 to 16 

cm and effective-width step functions ranging from 1 to 20 elements wide. For each 

point, the helical response function was generated from a shifted axial response profile 

measured combined using Equation 5-5 with the result of the convolution of longitudinal 

response profile and effective-width step function. SADB was near unity for nearly any 

detector located at isocenter. SADB reached a maximum of 5.70 for a 2 mm point 

detector located at a depth of 1 cm. Increasingly isocentric positioning and longer 

detector lengths produced SADB values which converge to 1.00, meaning the maximum 

and minimum doses delivered were the same regardless of x-ray tube starting angle. 

SADB Measured in Anthropomorphic Phantom  

The axial scan is combined with the longitudinal scan using Equation 5-5 and all 

possible helical doses for differing starting angles are determined with resolution 

determined by 10 ms resolution and tube rotation time. The average and standard 

deviation of all the possible helical doses for different starting angles are shown in 

Tables 5-6 and 5-7, respectively. In addition, Table 5-8 shows the effective dose 

calculated using the organ weightings specified by Publication 103 of the ICRP.44 Note 

that Tables 5-6 through 5-8 do not include the lens of the eye because these are not 

included in ICRP 103. To study the effect of starting angle, the standard deviation of all 

organ dose measurements from varying starting angles was calculated using standard 

error propagation.  

If the measured dose was less than 1.0 mGy, it was not recorded. For example, 

while a measurement point was used for the organ dose to the brain for the thyroid 
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exam was ignored in the table. The average SADB value is also shown for each organ 

for each protocol. The largest standard deviation, in terms of percentage, is measured 

in the organ dose delivered to the salivary glands was 27.5 +/- 2.9 mGy, or 10.6%, in a 

head protocol. This was followed by the thyroid organ dose of 27.3 +/- 2.5 mGy, or 

9.2%. 

Analysis 

Cylindrical Measurements 

The STES phantom was used instead of a CTDI Lucite phantom for four reasons: 

first and foremost, any dosimeter depth along the 320-mm diameter was possible. In 

contrast, a CTDI phantom is designed to accommodate only three depths in its 

transverse plane: one at isocenter and two peripheral depths. Secondly, the STES 

material was a pliable medium which conformed around the dosimeter, as opposed to 

the air gaps present in the CTDI phantom’s holes because of their intended use for a 

pencil ion chamber. Third, because it was constructed as a series of short cylinders, it 

had an adjustable height which allowed for easier access to central slices. Lastly, the 

STES material was designed to be soft-tissue equivalent and will produce more 

clinically realistic dose measurements as opposed to the Lucite material used in the 

CTDI phantom. 

Cylindrical Phantom 

Table 5-4 shows that total dose increases as distance from isocenter increases. 

Table 5-5 shows the same trend that RMS dose increases as distance from isocenter 

increases. Note that data for Table 5-5 were smaller than expected from typical CTDI 

measurements because measurements were made in a larger STES cylindrical 

phantom and were also done with an abdominal protocol with current lowered by the 



 

133 

operator. In other words, superficial locations have both higher dose and higher RMS 

dose in comparison with locations near isocenter. This was expected from both higher 

geometrical attenuation as well as substantial attenuation by the medium for the 

centrally-located points. Figure 5-2 shows the highly symmetrical shape of the dose 

distribution centered about the isocenter, which was located at a depth of 16 cm. The 

dependence of dose and RMS dose upon angular variation was important to examine 

because the assumption of angular independence was required in Equation 5-4, a valid 

assumption given the homogenous composition and symmetry in the cylindrical 

phantom. Table 5-4 also shows the maximum difference between the doses measured 

from angular variation was 7.6%. Table 5-5 shows the maximum difference between 

RMS doses was 6.3%. This was determined to be due to precision in PSD placement.  

Both Table 5-4 and Table 5-5 showed an average 16% change in total dose per 

10 mm and 15% in RMS dose per 10 mm, respectively. The uncertainty in PSD 

distance from isocenter was estimated to be around +/- 3 mm due to uncertainty in 

isocenter localization as well as PSD placement within the phantom. This aspect of the 

investigation of cylindrical phantoms thus showed the independence of both total dose 

and RMS dose from angular variation. These doses are dependent upon only absolute 

distance from isocenter in a cylinder. This thus validated the assumption made in 

Equation 5-4. 

The width of the effective-width step function used in Equations 5-2 through 5-5 

was determined by the time in the primary beam. The time elapsed was a function of 

the beam collimation, detector collimation, pitch, and detector length. This was derived 

from the manufacturer’s specified focus-isocenter distance of 570 mm and the total 
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effective length of 24 mm of detector array at isocenter – which was located 16 cm deep 

in the cylindrical phantom. Beam profiles were shown normalized because the purpose 

was to calculate SADB, which was itself a ratio. Also, the profile from 17 to 32 cm will be 

identical to that measured from 1 to 16 cm due to the angular independence confirmed 

earlier. Thus the response from 17 to 32 cm was not included in the figures.  

Next, the scout scan was incorporated into the effective-width step function. For 

example, assuming an isocenter of 16 cm, the effective width at 17 cm depth would still 

not be the same the scout scan at 15 cm depth. While both are the same distance from 

the isocenter, due to geometric beam divergence as well as attenuation, the scout scan 

results made the results seem different. This can be ignored because the physical 

representation of the helical derivation explained that in a helical scan, the x-ray tube 

would actually be rotating, so they would be equivalent and were represented by a 

phase shift.  

As seen in Figure 5-6, random x-ray tube starting angle introduced a large (80%) 

range of possible helical dose for a cylindrical 2 mm detector at a depth of 1 cm. SADB 

converged to unity as the position became more isocentric. In other words, starting 

angle had no effect upon measured precision. As depth approached isocenter, there 

were almost no dose variations and the effect of varying x-ray tube starting angle 

became negligible. This reduction in the effect of starting angle was also seen by Zhang 

et al..24, 25 Because SADB was calculated by shifting the axial response peak directly in-

phase with the longitudinal response peak, it was actually possible for SADB to be less 

than 1 for large effective-width step functions. This occurred if the longitudinal response 

peak is wide enough to encompass the trough of the axial response peak and the two 
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surrounding peaks. This can occur most notably with a low pitch. This was physically 

interpreted as if the effective length becomes so long that the detector crossed the 

beam twice.  

Anthropomorphic Phantom 

In contrast with the cylindrical phantom, the pathlength through the 

anthropomorphic phantom was much more complicated than a homogenous STES 

cylindrical phantom. In addition to contouring which more accurately represented a 

human, contributions from LTES, BTES made the attenuation pathlength a unique 

function of both angular and longitudinal position. For example, the thymus – an anterior 

point in the thick shoulder region – would presumably have had its maximum dose 

measured when the x-ray was directly anterior on the patient; however, its minimum 

dose was not 180 degrees away, but instead from a lateral position.  

Examination of Table 5-7 shows that the largest one-sigma standard deviation, as 

measured with the standard deviation in dose measurement, was 9% in the thyroid. The 

smallest SADB observed was 1.27. Zhang et al. has also specifically designated the 

thyroid as an excellent candidate for dose reduction using starting angle methods 

because it is both superficially located and small.24, 25 Zhang simulated organ dose 

values at pitches of 0.75, 1 and 1.5. The measurements taken in this investigation were 

done only at the vendor’s standard protocol values – which were all below unity. If there 

was no concern about image quality, the dose reductions could be increased by 

increasing pitch. 

Overranging Considerations 

As discussed in Chapter 4, overranging lengths are the volumes adjacent to the 

clinical volume of interest which must be collected in a helical CT for proper 
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reconstruction. In an effort to minimize the effect of starting angle, phase shifting could 

be specified using control of the x-ray tube starting angle. This shift must account for the 

overranging present in the CT scan. For example, if it was determined that a 30 degree 

x-ray tube starting angle was optimal for a certain slice for a point measurement’s SADB 

determination, the tube would need to be turned on around -20 degrees for a 30 cm 

scan, depending upon the table speed. 

This investigation of SADB was designed in order to consider every possible 

starting angle. It was not designed to find one optimal angle, rather it used brute-force in 

order to calculate the average SADB for a given point measurement. Therefore, 

overranging considerations are irrelevant for these physical measurements but need to 

be incorporated into clinical algorithms for accurate implementations. 

Discussion 

SADB represents a source of uncertainty which has been previously ignored. 

Specifically, the majority of computational models of helical sources take only one 

measurement of dose at a constant starting angle – conventionally the 12 o’clock 

position.25 X-ray tube starting angle introduced a large (80%) range of possible 

measured helical dose for a cylindrical 2 mm detector at a depth of 1 cm. A new metric 

of SADB was introduced as the quotient of the maximum dose possible divided by the 

minimum dose possible. At a certain depth, SADB converged to 1.00, which 

represented no dose variations due to different x-ray tube starting angles.  

While dose reduction through organ dose modulation has been examined, the 

accompanying loss of precision due to the increase in SADB has not been accounted 

for. In other words, physical measurements will always have some baseline precision 
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which cannot be overcome without hundreds of measurements in order to eliminate 

SADB through measurement of the entire range of possible doses.  

An innovative and robust method was presented for physical measurement of the 

bias inherent in CT dose measurements due solely to differing x-ray tube starting 

angles. Addressing this dose uncertainty is important for all precise measurements of 

organ dose, especially dosimeter research, clinical exposure logs, or Monte Carlo 

simulations. 
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Table 5-1. Anatomy used for determining protocol scan ROI 

 
 

 
Table 5-2. Default beam parameters for different protocols 

 
 

Protocol Scan begin Scan end

Head Skull base Skull vertex

Neck Mid oral cavity Lung apices

Chest Thoracic inlet Top of kidneys

Abdominal Dome of diaphragm Iliac crest

Pelvic Iliac crest Lesser trochanter

Protocol mA kV

scan time 

[sec]

beam 

collimation 

[mm]

rotation 

time 

[sec] pitch

scan length 

[mm]

reconstruction 

slice width [mm]

CTDIvol 

[mGy]

Head 320 120 9.8 12 1 0.5 40 4 67.52

Neck 150 120 10.37 24 0.75 0.75 100 5 10.5

Chest 100 120 13.28 24 0.5 0.6 357.5 3 7

Abdominal 160 120 12.47 24 0.5 0.75 400 5 11.2

Pelvic 200 120 13.86 24 0.5 0.75 450 5 14
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Table 5-3. Number of measurement points used for each protocol  
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Table 5-4. Total dose [mGy] to soft tissue as a function of phantom orientation 

 
 

Table 5-5. Root-mean-square dose [mGy] to soft tissue as a function of phantom 
orientation 

Distance from 

isocenter [cm] Anterior Posterior Left Right

Maximum 

Difference

6 1.35 1.41 1.37 1.43 5.9%

7 1.5 1.47 1.53 1.55 5.4%

8 1.65 1.63 1.65 1.72 5.5%

9 1.88 1.88 1.83 1.83 2.7%

10 2.02 2.1 2.03 2.17 7.4%

11 2.4 2.24 2.29 2.41 7.6%

Distance from 

isocenter [cm] Anterior Posterior Left Right

Maximum 

Difference

6 0.032 0.033 0.032 0.034 6.3%

7 0.038 0.037 0.038 0.039 5.4%

8 0.045 0.044 0.045 0.045 2.3%

9 0.05 0.053 0.052 0.051 6.0%

10 0.061 0.062 0.06 0.062 3.3%

11 0.07 0.07 0.072 0.073 4.3%
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Table 5-6. Average measured organ dose [mGy] to soft tissue 

Organ/Tissue ICRP weight Head Neck Chest Abdomen Pelvis

Colon 0.12 -- -- 6.8 6.1 7.1

Lung 0.12 -- -- 6.3 -- --

Stomach 0.12 -- -- 4.7 5.1 --

Breast 0.12 -- -- 8.5 -- --

Remainder Tissues 0.12 -- -- -- -- --

Adrenals -- -- -- 4.1 4.8 --

Extrathoracic Region -- 18 18.6 9.1 -- --

Gall Bladder -- -- -- 3.2 3.5 --

Heart -- -- -- 5.1 -- --

Kidneys -- -- -- 4.5 4.8 5.8

Oral Mucosa -- 21.2 21.5 -- -- --

Pancreas -- -- -- 5.8 6 --

Prostate -- -- -- -- -- 12.6

Small Intestine -- -- -- -- 5.9 2.4

Spleen -- -- -- 4.2 4.4 --

Thymus -- -- -- 7.6 -- --

Gonads 0.08 -- -- -- -- 17.8

Bladder 0.04 -- -- -- -- 4.5

Esophagus 0.04 -- 20.6 5.1 -- --

Liver 0.04 -- -- 4.7 5.2 --

Thyroid 0.04 27.3 25.9 12.6 -- --

Brain 0.01 16.5 -- -- -- --

Salivary Glands 0.01 27.5 27.3 -- -- --
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Table 5-7. Standard deviation in measured organ dose [mGy] to soft tissue 

 
 

 

Organ/Tissue ICRP weight Head Neck Chest Abdomen Pelvis

Colon 0.12 -- -- 0.14 0.24 0.47

Lung 0.12 -- -- 0.17 -- --

Stomach 0.12 -- -- 0.06 0.13 --

Breast 0.12 -- -- 0.21 -- --

Remainder Tissues 0.12 -- -- -- -- --

Adrenals -- -- -- 0.14 0.07 --

Extrathoracic Region -- 1.6 0.98 0.12 -- --

Gall Bladder -- -- -- 0.02 0.02 --

Heart -- -- -- 0.1 -- --

Kidneys -- -- -- 0.15 0.06 0.13

Oral mucosa -- 0.91 0.20 -- -- --

Pancreas -- -- -- 0.03 0.02 0.08

Prostate -- -- -- -- -- 0.12

Small Intestine -- -- -- -- 0.04 0.16

Spleen -- -- -- 0.05 0.02 --

Thymus -- -- -- 0.09 -- --

Gonads 0.08 -- -- -- -- 0.34

Bladder 0.04 -- -- -- -- 0.05

Esophagus 0.04 -- 0.9 0.14 -- --

Liver 0.04 -- -- 0.08 0.04 --

Thyroid 0.04 2.5 1.5 0.18 -- --

Brain 0.01 1.3 -- -- -- --

Salivary Glands 0.01 2.9 1.7 -- -- --
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Table 5-8. Effective doses for different protocols 

 
 
  

Protocol Effective dose [mSv]

Head 3.88

Neck 4.54

Chest 4.71

Abdomen 2.14

Pelvis 3.29
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Figure 5-1.  Two views of the STES cylindrical phantom  

 

 
Figure 5-2.  Sample temporal axial response of PSD in cylindrical phantom 
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Figure 5-3.  Sample longitudinal response of PSD in cylindrical phantom 

 

 
Figure 5-4.  RMS dose as a function of depth in phantom 
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Figure 5-5.  Single-slice total dose variation between PSD orientations 

 

 
Figure 5-6.  SADB as a function of different effective widths  
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CHAPTER 6 
ORGAN DOSE AND INHERENT UNCERTAINTY IN HELICAL CT DOSIMETRY DUE 

TO QUASI-PERIODIC DOSE DISTRIBUTIONS 

Background 

In helical computed tomography (CT), there is significant variation of organ and 

effective doses at surfaces.21-23, 99 During helical scanning, there are overlaps and gaps 

in the primary exposure pattern due to pitch, actual beam width, beam divergence, and 

the distance from isocenter. Doses will be larger or smaller within primary exposure 

pattern region overlap or gaps, respectively. Even axially, in an anthropomorphic 

phantom, dose rate to a point is not constant over a rotation of the x-ray tube due to 

varying attenuation along a given chord from x-ray tube to measurement point; this is 

compounded with varying beam divergence.45 

The greatest dose rate occurs when the x-ray tube is nearest – as measured in 

attenuation length – to the measurement point. At any moment in time during a helical 

scan, regions within a patient which are closer to the x-ray tube position will have a 

higher dose rate than those regions farther away, as measured using attenuation 

length. It turns out that the cumulative dose distributions at peripheral locations due to 

helical scanning are locally periodic in space with a fundamental period equal to the 

table translation per rotation – which, in turn, depends up on pitch and detector 

collimation width.24, 25 The magnitude of these quasi-periodic distributions of dose are 

functions of: pitch, detector collimation width, beam divergence, and anatomical 

attenuation. Similarly, the phase of these dose distributions is a function of x-ray tube 

starting angle and starting edge of a scan. The phase is defined in terms of the location 

of the local dose maximum with respect to patient anatomy.  
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Dixon et al.. has derived mathematical expressions for accumulated dose 

distributions delivered in helical CT scans in cylindrical dosimetry phantoms, including 

one of the only expressions for the quasi-periodic dose distributions on the peripheral 

phantom axes.21-23, 99 These expressions are based on a mathematically derived single 

axial dose profile and the fundamental period of these dose distributions is equal to the 

table translation per gantry rotation.21-23, 99 However, these expressions can be 

considered first- order because they are valid for simple cylinders. Furthermore, Dixon 

et al.’s work is designed to improve CTDI measurements and does not address 

potential dose savings to radiosensitive tissues. In other words, the use of an 

anatomically-accurate anthropomorphic phantom such as the UF phantom series 

described by Winslow et al. can be used to measure the theoretical dose savings by 

manipulating the phase of the quasi-periodic dose distributions.10, 37 

Zhang et al. has computationally measured dose delivered in surface and center 

positions in MDCT using Monte Carlo simulations of a 64-slice CT scanner, a body 

CTDI phantom model, and voxelized patient models.24, 25 This work was the first to 

quantify the magnitude of variability for the dose at the surface of the phantom models 

and discusses potential organ dose savings for a variety of pitch values, beam widths, 

and tube starting angles.24, 25 However, Zhang et al. used a CTDI cylinder which not 

only has a fixed diameter but limits the available positions for dosimeter placement.24, 25 

Additionally, Zhang et al. did not quantify the impact of beam divergence due to varying 

distance from isocenter.24, 25 

Scan settings can be manipulated in helical CT scans in order to minimize 

exposure to radiosensitive tissues, which would lower the effective dose.44, 90 This 
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method also has the advantage of preserving image quality. The extent and relative 

magnitudes of the dose modulations present in helical MDCT will be investigated in a 

realistic physical anthropomorphic phantom and compared with the results obtained in a 

computational cylinder by Zhang et al..24, 25 Real-time dose measurements and a 

geometrically-based model of peripheral dose will be combined in order to create a 

model which considers: nominal and actual beam widths, pitch, and beam divergence in 

helical CT scanning. The effects of patient positioning and scan geometry are also 

investigated. Finally, the potential dose savings to specific radiosensitive tissues is also 

measured and compared with the simulated estimates. 

Materials and Methods 

CT Scanner and Measurement Devices  

A Siemens Somatom Sensation 16 multislice helical CT scanner (Siemens AG, 

Forchheim, Germany) was used. A novel “point” tissue-equivalent fiber-optic coupled 

(FOC) real-time dosimetry system, as described in Chapter 3, was used for this study.  

This dosimetry system uses an FOC plastic scintillation dosimeter (PSD) with a 0.5 mm3 

scintillating volume and a time resolution of 10 ms. The system performance has been 

fully characterized by Hyer et al..17 The UF male 50-percentile anthropomorphic 

phantom, as described in Chapter 2, was used for this study.10, 37 One of the 

advantages of this physical phantom is its computational twin which gives an accurate 

localization of anatomical features.  

Determination of Cumulative Dose Distribution 

The technique for determining dose distribution closely mirrors the previously 

outlined method in Chapter 5. Essentially, the dose will first be measured for an axial 

scan and used to create a periodic dose rate profile. Specifically, the dose will first be 
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measured at a peripheral location in a phantom at the center of the beam collimation for 

an axial scan. Next, these measurements can be extrapolated to create a repeating 

periodic dose rate profile. The total dose to a point in a helical scan acquisition can then 

be approximated by integrating over the region of this curve defined by the amount of 

time the measurement point is in the primary beam. The integration time depends 

factors such as: pitch, actual and nominal beam widths, beam divergence, and distance 

from isocenter. The starting integration time can be shifted along the dose rate profile 

and is used to determine the minimum and maximum doses corresponding to a 

particular tissue. 

Dose modulations were expected to be most dramatic for peripheral tissues, thus 

the radiosensitive thyroid and eye were chosen.90, 104, 105 Dose to the lens of the eye 

reflects scenarios where lens exposure cannot be avoided by tilting the gantry. The 

dose modulations observed by Tien et al. were largest for organs which were both 

peripheral and small, therefore other radiosensitive candidates such as the breast, 

stomach, and testes were discarded.104, 105 It turns out that the thyroid and eye are the 

most likely candidates for dose reduction if starting angle manipulation is made 

possible.  

Axial Point Dose Rate  

Single axial scans were recorded with the FOC PSD dosimetry system using the 

following technique: 120 kVp, 130 mAs, 12x1.5 mm beam collimation, 9 mm 

reconstruction slice width, 0.75 second x-ray tube rotation time kVp, tube current 

modulation off, 1 scan, 2 images. The tip of the FOC dosimeter was placed in the 

anthropomorphic phantom at physical positions which corresponded to the lens of the 

eye and the center of the thyroid. The measurements were repeated three times, 
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averaged, and normalized for both tissues. Note that physical measurement of axial 

dose rate profile takes into account factors such as axial attenuation, x-ray beam 

spectrum, and geometry which must be explicitly defined in computational simulations. 

Helical Point Dose Rate 

After collecting axial point dose rates, the helical point dose rate is obtained by 

integrating the profile for a given amount of time. The axial point dose rates were used 

as the basis for periodic functions used later in this analysis. The helical dose rate curve 

is used to represent the change in dose rate measured at a point due to the continual 

rotation of the x-ray tube in helical scanning. At this point, the axial point dose rates 

were plotted as a function of an arbitrary index in order to accommodate different gantry 

rotation times. Note that table translation and beam width are accounted for in 

subsequent steps. 

Cumulative Point Dose 

The time which a point would be in the primary beam was calculated using the 

table speed, distances from isocenter to the peripheral point and distance from 

isocenter to the x-ray tube focal spot. Table speed was derived from pitch, detector 

collimation width, and gantry rotation time.45 Pitches of 1 and 1.5 were used. The actual 

beam width value used was 28.3 mm, as measured by Staton et al. for specific 

particular Siemens Somatom Sensation 16 CT scanner and a detector collimation width 

setting of 24 mm.106, 107 

The cumulative point dose was determined by integrating the helical dose rate 

curve over the time which a point would be in the primary beam. Underlying this method 

is the assumption that the peripheral dose could be calculated by the sum of a section 

of the helical dose rate curve which corresponds to the time which the point dosimeter 
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would be within the primary beam of the x-ray tube. The effect of scatter was 

determined by measuring the surface dose profile at isocenter for a CTDI head phantom 

in comparison with the dose profile measured free-in-air. 

Total Tissue Dose 

The last step to determine tissue dose – also termed Total Tissue Dose – is to 

integrate the cumulative point dose curve over a region which represents the tissue. 

The length of integration corresponds to the length of each tissue. This is further refined 

by weighting each contribution to the sum using the distribution of mass within each 

particular tissue. The metric of Total Tissue Dose allows quick comparisons between 

relative magnitudes of possible total tissue doses savings for the lens of the eye and 

thyroid by simply manipulating the phase of the dose distribution.   

The distribution of mass within the lens of the eye along the z-axis was 

approximated by using the chord lengths of a circle with a 10 mm diameter.28, 108 The 

distributions of mass within the thyroid along the z-axis were obtained more precisely 

from the segmented CT data set used in creating the adult male physical phantom: the 

number of pixels for thyroid tissue located within each thyroid tissue containing CT slice 

was compared to the total number of pixels for the entire organ. In addition to the mass 

distributions, these data were also used to determine the length of section of the 

cumulative point dose curve to integrate.  

There is a range of values in the Anterior-Posterior (AP) axis for a reasonably 

defined isocenter for an anthropomorphic phantom. The nominal distance from 

isocenter was 6 cm and 10 cm for the thyroid and lens of the eye, respectively.28, 108 The 

range chosen for this study was 3 cm in either direction along the AP axis. In other 
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words, cumulative point doses and total tissue dose were also calculated for different 

distances to isocenter.   

Results 

Axial Point Dose Rate  

Real-time axial measurements were recorded for points within the lens of the eye 

and the thyroid. The normalized plots of the axial dose rate to the eye and thyroid are 

shown in Figure 6-1. Since the gantry rotation time was 0.75 seconds and the axial scan 

is only one rotation, the time between the peaks of this plot was 0.75 seconds. In this 

plot, the x-ray tube was activated at the 12 o’clock x-ray tube position (nearest to the 

dosimeter for both organs), circled around the phantom, and returned to the 12 o’clock 

position before turning off. For both tissue locations, the troughs of the dose were less 

than 5% of the peak dose.  

Helical Point Dose Rate 

The axial scans were repeated for both tissue locations and used as the basis for 

periodic functions – representing dose rates at a point for a repeated axial scan or a 

hypothetical helical scan with a pitch of zero. The periodic functions for the lens of the 

eye and the thyroid are shown in Figure 6-2 plotted versus arbitrary units to facilitate 

different gantry rotation times; this is in contrast to the axial point dose rate curves in 

Figure 6-1, which represent the “instantaneous” dose received at a point located within 

either organ, while in the primary beam, during a helical MDCT scan for an arbitrary 

gantry rotation time. The phase of each curve is a function of the scan start position and 

the starting angle of the activated x-ray tube. 

The helical point dose rate curve was derived including both primary and scatter 

radiation. Therefore, gafchromic film measurements were performed in order to ensure 
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that the scatter was negligible. It turns out that the dose measured at isocenter for a 

CTDI head phantom is less than 2% larger than the dose measured at isocenter free-in-

air which suggests that the ratio of scattered to primary radiation is small enough at 

peripheral axes in a phantom to be negligible.  

Cumulative Point Dose 

The cumulative point dose curve represents the dose at a point which has 

undergone a complete exposure by the primary beam. Complete exposure is taken to 

mean during the course of the scan the point begins out of the primary field of exposure, 

enters the primary field of exposure, and exits the primary field of exposure. Cumulative 

point dose curves were calculated for two different pitches as well as different phantom 

positions relative to isocenter. Specifically, the eye lens to isocenter distances selected 

were 7, 8, 10, and 13 cm; the thyroid to isocenter distances selected were 3, 6, 7.5, and 

9 cm. Values were normalized against the nominal distance to isocenter distributions 

mentioned earlier.28, 108 Figure 6-3 and Figure 6-4 show the possible cumulative point 

dose values for the lens of the eye and the thyroid for a pitch of 1, respectively. Figure 

6-5 and Figure 6-6 show the possible cumulative point dose values for the lens of the 

eye and the thyroid for a pitch of 1.5. Again, within these Figures 6-3 to 6-6, tissue-to- 

isocenter distances were varied by changing the phantom positioning upon the table.  

The cumulative point doses were normalized to the nominal distance’s minimum 

values if the primary beams were expected to overlap, while they were normalized to 

the nominal distance’s maximum values if the primary beams were expected to create 

gaps. For example, the nominal eye lens distance to isocenter of 10 cm did not result in 

primary beam exposure overlap, therefore the cumulative point doses were normalized 

to the maximum value. On the other hand, the nominal thyroid distance to isocenter (6 
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cm) resulted in primary beam exposure overlap, therefore the cumulative point doses 

were normalized to the minimum value. Geometric attenuation, which varies by the 

square of distance, was applied in order to account for different distances from tissue to 

the x-ray tube. Beam divergence, which varies linearly with distance, was applied in 

order to account for different beam widths with different distances from tissue to the x-

ray tube.  

The period of the local total dose distribution is equal to the product of detector 

collimation width – which is simply table translation per full x-ray tube rotation – and 

pitch. Therefore, the phase as plotted for each cumulative point dose distribution is 

easily scalable. Each jth value of the cumulative point dose curve is the sum of a section 

of the helical point dose curve which begins at the jth value and continues another 

divergence-corrected beam width. The (j+1)th value, is the sum of a section of the helical 

point dose curve which begins at the (j+1)th value and continues another divergence-

corrected beam width. In other words, the number of values which remains constant, it 

is simply the phase of the helical point dose curve which is shifted. 

The range in magnitude of total point dose measurement values for all figures 

increased with pitch. An interesting case for the lens of the eye is the 8 cm distance 

from isocenter using pitch of 1, which showed no dose variability over the entire range. 

This is an example of a region where the effects of beam divergence and beam overlap 

seem to counteract each other: the cumulative point dose in this distribution decreased 

due to beam divergence while the increase in primary beam exposure overlap, and vice 

versa. This is seen in the thyroid at a distance of 7.5 cm distance from isocenter using 
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pitch of 1. This demonstrates the variability based on initial positioning of the phantom 

positioning relative to isocenter.  

The percent ripple, maximum, minimum, and average normalized values for 

cumulative point dose distributions for pitches of 1 and 1.5 are summarized in Table 6-1 

and Table 6-2 for the lens of the eye and thyroid, respectively. Average normalized 

value refers to normalization to the maximum value for each pitch value.  Averages are 

taken over a single period and percent maximum dose reduction refers to each 

distribution individually. 

Total Tissue Dose 

Cumulative point dose represented the dose at a point which has undergone a 

complete exposure by the primary beam. The next step was to integrate the series of 

point measurements in order to represent total point dose. Each point on the total tissue 

dose curve was designed to represent the total dose delivered to a tissue based upon 

position relative to starting phase. The total tissue dose curves were calculated for 

different phantom positions and pitches of 1 and 1.5.  Figure 6-7 and Figure 6-8 show 

the possible total tissue dose values for the lens of the eye and the thyroid for a pitch of 

1, respectively. Figure 6-9 and Figure 6-10 show the possible total tissue dose values 

for the lens of the eye and the thyroid for a pitch of 1.5. These figures demonstrate the 

potential dose savings in tissue dose achievable with shifting only the phase. Note that 

these curves also contain information about dose savings in tissue dose achievable with 

differing phantom positioning. 

The range in magnitude of total tissue dose values increased with pitch as seen in 

Figures 6-7 to 6-10. Also, the distances closest to isocenter had the smallest range. For 

the cases in which the phantom is positioned such that the distance from isocenter is 
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greater than or equal to 3 cm from nominal distance, the reduction in average total 

tissue dose for lens of the eye was 16% and 14% for pitches of 1 and 1.5. Similarly for 

distances which were greater than or equal to 3 cm from the nominal distance, the 

reduction in average total tissue dose for the thyroid was 13% and 12% for pitches of 1 

and 1.5, respectively.  

The percent ripple, maximum, minimum, and average normalized values for 

cumulative point dose distributions for pitches of 1 and 1.5 are summarized in Table 6-3 

and Table 6-4 for the lens of the eye and thyroid, respectively. Similar to Tables 6-1 and 

6-2, average normalized value refers to normalization to the maximum value for each 

pitch value.  Averages are taken over a single period and percent maximum dose 

reduction refers to each distribution individually. 

Analysis 

This investigation was designed to physical measure the potential tissue dose 

savings from manipulating the local dose distribution – varying x-ray tube starting 

position – and phantom positioning relative to isocenter. Dose savings from starting 

angle has already been measured in computation simulations by Zhang et al..24, 25 

Unfortunately, the physical measurements cannot serve as benchmarks because Zhang 

et al. used a different CT machine, different beam collimations, and different 

phantoms.24, 25  

General trends were observed between this study were seen and Zhang et al. for 

both organs examined. For example, Zhang et al. reported percent ripple at the surface 

of the CTDI body phantom of 30% and 70% for pitches of 1 and 1.5, respectively.24 The 

surface of the CTDI body phantom can be compared with the lens of the eye when 



 

158 

positioned 13 cm from tissue to isocenter. The percent ripple found by this study is 25% 

and 76% for pitches of 1 and 1.5.  

Zhang et al. reported dose reductions of 3, 7, and 11% for the lens of the eye at a 

pitch of 1 for three different phantoms used; 37, 49, and 52% for the lens of the eye at a 

pitch of 1.5 for three different phantoms.24 All these values compare favorably with the 

ranges found in this study, which found values which ranged from 0% to 20% for a pitch 

of 1 and from 59% to 71% for a pitch of 1.5. Also, Zhang et al. reported dose reductions 

of 3, 4, and 3% for the thyroid at a pitch of 1 for three different phantoms used; 20, 20, 

and 4% for the thyroid at a pitch of 1.5 for three different phantoms.24 All these values 

compare comparably with the ranges found in this study, which found values which 

ranged from 0% to 4% for a pitch of 1 and from 14% to 19% for a pitch of 1.5. These 

values are especially impressive considering the difference in experimental setups 

mentioned previously: different CT scanners, different beam collimation, and different 

phantoms.  

 Zhang et al. used CTDI phantoms for studies which facilitated precise isocenter 

placement.24 By using physical phantoms, a range of table heights was visually chosen 

by a technologist as possible vertical heights for proper patient positioning. Different 

tissue-to-isocenter depths were considered when calculating each of the total tissue 

dose savings. Furthermore, the horizontal plane could reasonably vary by more than 3 

cm, which is large enough to create large differences in tissue dose as evidenced by 

Tables 6-1 through 6-4.  

In order to compensate for beam penumbra, beam collimations are larger than 

their nominal width.45 Therefore, primary beam exposure overlaps occur for scans even 
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with pitch 1 near isocenter. As the distance from the tissue to isocenter increases, the 

size of the overlapping region decreases and actually becomes a gap between primary 

beam exposures. Moreover, the distance from tissue to isocenter at which the overlap 

becomes a gap, the smallest range of total tissue dose savings is observed. This further 

enhances the effect of phantom positioning. 

As mentioned in Chapter 5, point measurements are much more subject to the 

periodic nature of dose distributions in helical CT – larger volume measurements simply 

average out any periodic variation. Specifically, caution must be taken with small 

dosimeters such as TLDs, OSLs, semi-conductors, and MOSFETs. While this problem 

can be partially mitigated by using an average of multiple dosimetry points, this 

presumes a good distribution – in other words, small contribution of minimum or 

maximum points. Accurate measurement of a region using the average of multiple point 

measurements is dependent upon measurement location as well as distribution and 

number of points. Another way to minimize the variability in point dose measurements is 

to run multiple scans. The Siemens Somatom Sensation 16 was found to have an 

unpredictable but possibly biased activated x-ray tube starting angle during helical 

scans which would lead to dose distributions which are not averaged out by using 

multiple scans. Both averaging and starting angle dose biasing are discussed in 

Chapter 5.  

It was demonstrated that peripheral points within a phantom during helical MDCT 

have periodic dose distributions based upon phantom positioning and x-ray starting 

angle. Due to this periodic distribution it is feasible that aliasing could occur. For 

example, the RANDO® and ATOM® phantoms, measurement points could conceivably 
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have the period of the local dose distribution with a phase of 2.5 cm, which would alias 

with the phantom slice spacing of 2.5 cm.30, 31 

Dose reductions due to manipulation of local dose distribution phase would come 

at no cost to image quality. For the lens of the eye, up to 20% and 71% reduction in 

dose was calculated for scans using pitches of 1 and 1.5, respectively. Similarly, for the 

thyroid, up to 19% dose reduction was calculated for a pitch of 1.5. These two organs 

are especially radiosensitive and have a high weight in effective dose calculation. This 

method can thus efficiently lower the effective dose of the entire scan.   

Note that regardless of the phase of the local dose distribution, the dose to both 

the lens of the eye and thyroid can be reduced by shifting these tissues closer to 

isocenter when setting up the patient. This introduces the idea of adjustment of patient 

setup in relation to isocenter in order to protect asymmetrically distributed radiosensitive 

tissue such as the lens of the eye and thyroid, which are positioned on the anterior side. 

Discussion 

This study described a methodology in order to physically measure the dose 

savings to tissue located a peripheral locations using real-time dosimetry. The dose 

savings was achieved through both phase shifting and patient positioning. Controlling 

the starting tube angle is one method of phase shifting. However, it is currently a source 

of uncertainty when using point dosimeters as discussed by Dixon et al., Tien et al. and 

also addressed in Chapter 5.21-23, 99, 104, 105  

Dose to the lens of the eye and thyroid can be minimized by positioning patients 

so these tissues are closer to isocenter.  Subsequent studies, including Monte Carlo 

studies similar to those of Zhang et al.., should be designed to further evaluate the 
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potential dose savings or image quality costs resulting from positioning patients off 

isocenter. 

Potential total tissue dose reduction was quantified. Phase shifting has an 

advantage over other dose-reduction techniques, notably shielding and tube current 

modulation, because there is reduction in dose reduction with no accompanying loss of 

image quality. Tissue dose savings were observed for both the lens of the eye and 

thyroid – two especially radiosensitive organs – studied with this methodology.44, 90  

As mentioned earlier, phase shifting is not currently viable because the ability to 

dictate x-ray tube starting is not clinically available. In order to incorporate this method 

into clinical practice, manufacturers would need to devise a method for sensing and 

controlling the x-ray tube starting angle. If this was accomplished, dose distribution 

could be determined using scan parameters and a scout image. Presumably, the lowest 

points of the tissue dose would then be overlaid over the radiosensitive organs. 

This work was supported by the U.S. Department of Energy under project award 

number DE-GF07-05ID14700.  
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Table 6-1. Lens of the eye, cumulative point dose distribution: percent ripple, maximum, 
minimum, and average normalized values  

 
(Data reproduced with permission from J.Winslow, “Dose assessment and prediction in tube-current 
modulated computed tomography,” PhD Dissertation (2009), Table 5-1, p.121) 

 
Table 6-2. Thyroid, cumulative point dose distributions: percent ripple, maximum, 

minimum, and average normalized values  

 
 (Data reproduced with permission from J.Winslow, “Dose assessment and prediction in tube-current 
modulated computed tomography,” PhD Dissertation (2009), Table 5-1, p.121) 

 

  

24 mm, 24 mm, 40 mm, 40 mm,

Pitch 1 Pitch 1.5 Pitch 1 Pitch 1.5

Maximum 1 0.71 0.9 0.7

Minimum 0.72 0.35 0.72 0.32

Min/Max 72% 50% 80% 46%

Range 0.28 0.36 0.18 0.38

Average 0.84 0.55 0.79 0.53

Avg/Max 84% 78% 88% 75%

Standard Deviation 0.1 0.13 0.06 0.14

24 mm, 24 mm, 40 mm, 40 mm,

Pitch 1 Pitch 1.5 Pitch 1 Pitch 1.5

Maximum 1 0.67 0.87 0.66

Minimum 0.7 0.36 0.7 0.28

Min/Max 70% 53% 80% 42%

Range 0.3 0.31 0.17 0.38

Average 0.82 0.55 0.77 0.51

Avg/Max 82% 82% 88% 77%

Standard Deviation 0.12 0.12 0.07 0.15
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Table 6-3. Total tissue dose, lens of the eye: percent ripple, maximum, minimum, and 
average normalized values  

 
(Data reproduced with permission from J.Winslow, “Dose assessment and prediction in tube-current 
modulated computed tomography,” PhD Dissertation (2009), Table 5-2, p.122) 

 
Table 6-4. Total tissue dose, thyroid: percent ripple, maximum, minimum, and average 

normalized values  

 
(Data reproduced with permission from J.Winslow, “Dose assessment and prediction in tube-current 
modulated computed tomography,” PhD Dissertation (2009), Table 5-2, p.122) 

   

24 mm, 24 mm, 40 mm, 40 mm,
Pitch 1 Pitch 1.5 Pitch 1 Pitch 1.5

Maximum 1 0.49 0.56 0.29

Minimum 0.77 0.26 0.45 0.14

Min/Max

Range 0.23 0.23 0.11 0.15

Average 0.88 0.39 0.5 0.22

Avg/Max 88% 79% 90% 75%

Standard Deviation 0.08 0.08 0.04 0.06

77% 54% 81% 47%

24 mm, 24 mm, 40 mm, 40 mm,
Pitch 1 Pitch 1.5 Pitch 1 Pitch 1.5

Maximum 1 0.46 0.56 0.31

Minimum 0.94 0.41 0.52 0.19

Min/Max

Range 0.06 0.05 0.04 0.12

Average 0.97 0.43 0.54 0.25

Avg/Max 97% 94% 97% 81%

Standard Deviation 0.02 0.02 0.01 0.04

94% 89% 93% 62%
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Figure 6-1.  Normalized axial dose rate (Figure courtesy of J.Winslow, “Construction 

and application of anthropomorphic phantoms for use in CT dose studies,” 
PhD Dissertation (2009), Figure 5-2, p.114) 

 

 
Figure 6-2.  Normalized helical dose rate (Figure courtesy of J.Winslow, “Construction 

and application of anthropomorphic phantoms for use in CT dose studies,” 
PhD Dissertation (2009), Figure 5-3, p.115)  



 

165 

 
Figure 6-3.  Lens of the eye, pitch of 1, cumulative point dose for different positions 

(Adapted with permission from J.Winslow, “Construction and application of 
anthropomorphic phantoms for use in CT dose studies,” PhD Dissertation 
(2009), Figure 5-4, p.115) 
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Figure 6-4.  Thyroid, pitch of 1, cumulative point dose for different positions (Adapted 

with permission from J.Winslow, “Construction and application of 
anthropomorphic phantoms for use in CT dose studies,” PhD Dissertation 
(2009), Figure 5-7, p.117) 
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Figure 6-5.  Pitch of 1.5, lens of the eye, cumulative point dose for different positions 

(Figure courtesy of J.Winslow, “Organ dose and inherent uncertainty in helical 
CT dosimetry due to quasi-periodic dose distributions,” Med Phys 38, 3177-
3185 (2011), Figure 5, p. 3181)  
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Figure 6-6.  Pitch of 1.5, thyroid, cumulative point dose for different positions (Figure 

courtesy of J.Winslow, “Organ dose and inherent uncertainty in helical CT 
dosimetry due to quasi-periodic dose distributions,” Med Phys 38, 3177-3185 
(2011), Figure 6, p. 3181)  
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Figure 6-7.  Normalized total tissue dose, lens of the eye, pitch of 1, for different 

positions (Figure courtesy of J.Winslow, “Organ dose and inherent uncertainty 
in helical CT dosimetry due to quasi-periodic dose distributions,” Med Phys 
38, 3177-3185 (2011), Figure 7, p. 3182) 
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Figure 6-8.  Normalized total tissue dose, thyroid, pitch of 1, for different positions 

(Figure courtesy of J.Winslow, “Organ dose and inherent uncertainty in helical 
CT dosimetry due to quasi-periodic dose distributions,” Med Phys 38, 3177-
3185 (2011), Figure 8, p. 3183) 
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Figure 6-9.  Pitch of 1.5, Lens of the eye, normalized total tissue dose for different 

positions (Figure courtesy of J.Winslow, “Organ dose and inherent uncertainty 
in helical CT dosimetry due to quasi-periodic dose distributions,” Med Phys 
38, 3177-3185 (2011), Figure 9, p. 3183) 
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Figure 6-10.  Pitch of 1.5, Thyroid, normalized total tissue dose for different positions 

(Figure courtesy of J.Winslow, “Organ dose and inherent uncertainty in helical 
CT dosimetry due to quasi-periodic dose distributions,” Med Phys 38, 3177-
3185 (2011), Figure 10, p. 3183)  
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CHAPTER 7 
A PRELIMINARY STUDY OF TUBE CURRENT MODULATION USING PHYSICAL 

MEASUREMENTS AND DICOM HEADER EXTRACTION  

Background 

The sixth project of this work was to determine the dose savings from tube current 

modulation techniques (TCM). The purpose of this investigation was to generate a 

library of data which will be used to develop a predictive computational algorithm for 

TCM. This will eventually be used to predict the dose delivered during any CT 

procedure.  

Tube-current modulation (TCM) adjusts the x-ray tube current during a scan in 

order to adapt to varying attenuation. Previously, tube current and voltage were fixed for 

the entire scan. These parameters were chosen based upon patient size, patient 

weight, and image quality requirements. Without TCM, varying body circumference and 

tissue attenuation at different longitudinal locations lead to variable attenuation though 

the scan, which resulted in different numbers of signal carriers reaching the detectors at 

different table positions. Ultimately, this lead to unacceptably low image quality in high 

attenuation regions and excessively high image quality in low attenuation regions. 

Images with too much noise obscure low contrast lesions or tumors that would 

normally be visible in less noisy images. In turn, this could lead to misdiagnoses or the 

need to rescan the patient, exposing them to unnecessary radiation. More often, fixed 

techniques suffer from underexposure which results from photon starvation and 

resultant artifacts which are manifested during reconstruction.45, 109 Previously, in order 

to avoid photon starvation artifacts, the tube current for the entire scan area was 

increased as opposed to simply increasing tube current in a specific region as done with 
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TCM. With the advent of computing power, it is now possible to use TCM in order to 

tailor the x-ray tube current to a specific region’s attenuation properties. 

CT dose has been traditionally associated with computed tomography dose index 

(CTDI) or one of its derivatives which were developed to maintain relevance as CT 

progressed from axial to helical scans and from single-detector to multi-detector scans. 

45, 98, 99, 102, 110, 111  Volume CTDI (CTDIvol) is the most recent iteration, which is measured 

using a 10-cm pencil chamber in a CTDI phantom and is intended to represent the 

average absorbed dose along the z-axis from a series of contiguous iterations.6, 7, 9, 102 

CTDIvol is simply the quotient of CTDIw and pitch.6, 7, 9, 102 In turn, CTDIw is intended to 

approximate average dose in the x-y plane and is calculated using a weighted average 

of measurements in different CTDI locations.6, 7, 9, 45 Overall, CTDI numbers are 

commonly used in the clinic as a single number which can be used for quality 

assurance and provides simple comparisons in tube output across scan parameters.6, 7, 

9, 45, 98, 99, 102, 110, 111  

CTDIvol only estimates the average radiation dose within an irradiated volume with 

similar size, shape, and attenuation as a CTDI phantom.7 In many cases, CTDI 

numbers have been criticized as being too simple for fully quantifying dose: a single 

number does not easily or accurately convert into a clinically measurement relevant 

metric as well as effective dose or organ dose.6, 7, 9, 45, 98, 99, 102, 110, 111 This complaint has 

only increased as TCM has been incorporated.22, 23, 99 With TCM, tube current is neither 

constant across the scan nor is a patient very similar to a homogenous Lucite cylinder. 

In other words, CTDIvol is not an adequate parameter for absorbed dose along the z-

axis in any scan which employs TCM of an anthropomorphic patient.102 
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The physical dosimetry system described previously in Chapter 3 can be used to 

accurately measure a point dose delivered during a CT scan. Alternatively, other 

approaches rely upon the computational power available through computational Monte 

Carlo methods. However, to date, these have been limited to fixed tube current 

methods.46, 109, 110, 112 The ImpaCT group of the UK has commercialized a CT dose 

calculator for clinical CT procedures based upon Monte Carlo calculations. This 

software uses inputs of: CTDI values, imaging protocol techniques, beam 

characteristics, and geometric measurements characteristics. The output result is organ 

doses resulting from CT imaging procedures. However, these Monte Carlo data are 

computed from axial, fixed tube-current scans performed on stylized geometric 

phantoms in the early 1990’s, when TCM technology was not yet available. To 

compensate for this, an average or maximum tube-current used in a scan is used. Much 

of the ImpaCT software is based on conversion factors based upon CTDI numbers, 

which has been proven to underestimate actual delivered doses.21-23, 46, 99 

It is absolutely feasible and accurate to obtain organ and effective doses for CT 

procedures using Monte Carlo computational simulations. However, incorporating TCM 

into the source modeling of Monte Carlo simulations has been challenging due to the 

lack of availability of data matching tube current to scan position. This portion of the 

investigation aims to measure the tube current throughout different protocols using a 

modified cylindrical phantom. These data will provide the data required to produce a 

predictive algorithm of tube current throughout the scan.  

There are currently two major TCM strategies employed by manufacturers: 

angular “on the fly” modulation and z-axis modulation. The Siemens SOMATOM 
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Sensation 16 which was studied uses CARE Dose 4D. CARE Dose 4D actually utilizes 

both angular “on the fly” modulation and z-axis modulation. Angular “on the fly” 

modulation is based upon attenuation value measured from the previous 180 degree 

rotation. This development was made possible due to advances in electronics – namely 

processing speed and smaller size. Z-axis modulation is based on each slice as 

determined from a scout radiograph. Before the helical scan is done, a scout scan – 

also referred to as a topogram – is performed and estimated attenuation through each 

region’s attenuation is determined. Z-axis modulation is designed to keep image quality 

uniform in each reconstructed slice. This processing is not done in real time like the 

angular “on the fly” method. Unlike angular modulation, the tube current is maintained 

within a single rotation. Tube current data was recorded for both z-axis and angular 

TCM schemes. 

Materials and Methods 

A custom MATLAB® program was created in order to extract tube current in each 

slice for reconstructed images produced by the scanner. This was done by parsing the 

Digital Imaging and Communications in Medicine (DICOM) header produced in the 

reconstructed image for the tube current tag used by DICOM for distributing and viewing 

any kind of medical image.45 While the first stages of this investigation utilize PSDs, 

many of the data are extracted from parsed on-board electronic current measurement 

reports. Therefore, the first parts of this project describe the utilization of PSDs while the 

latter parts describe the modeling work which will not require PSDs.  

The rationale for using DICOM headers was that PSDs do not measure tube 

current, but instead measure counts. As described in Chapter 3, these counts are 

subsequently converted to dose through a series of calibration factors. Therefore, while 
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PSDs offer excellent time resolution (10 ms), they do not give information on the actual 

tube current. PSDs can also be used to collect data about the tube current output. 

CTDI Phantom  

The first step was to calibrate measurements to a CTDI phantom with a PSD. 

CTDI phantoms have four peripheral holes and one central hole in order to 

accommodate a pencil ion chamber. When not in use, a Lucite plug is inserted into the 

hole and simply taped into place. The plug eliminates air gaps. Therefore, in order to 

eliminate any air gaps which would occur from PSD measurements, a Lucite plug was 

grooved using a dremel in order to accommodate the FOC architecture. An axial slice of 

the CTDI phantom is shown with the PSD and Lucite plug in Figure 7-1.  

For these scans, the CTDI phantom was placed in the head holder of the CT 

scanner. The head holder is made of relatively radiolucent material, in this case carbon 

fiber, and designed to support a patient’s head during a scan. The device does not 

affect the image quality. More importantly, it slightly elevates a patient’s head in order to 

position the middle of the head near isocenter.  

For the CTDI phantom, the dose delivered during both helical and axial scans was 

determined at a given longitudinal z-position. For the helical scans, measurements were 

taken with TCM activated using a reference mAs of 150. Additionally, data were taken 

with the TCM deactivated. TCM is not used for axial scans. The standard deviation of 

the dose was calculated for 8-10 repeated measurements. 

CTDI Phantom with Elliptical Add-Ons 

Elliptical add-ons for the CTDI phantom were constructed of the soft tissue-

equivalent substitute (STES) described in Chapter 2 of this work. The attenuation 

properties of this material are similar to Lucite.11 Two add-ons were added to enclose an 
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existing CTDI head phantom. Thus, the resultant oval shape had the same height of 15 

cm as the CTDI head phantom along with a minor axis of 16 cm.45 Three different major 

axes were used in the add-on piece, thus creating a variable stair-step phantom. Due to 

the elliptical attenuation, the phantom was expected to challenge the TCM in angular 

modulation. The elliptical phantom concept, design and fabrication was described in 

detail by Fisher.113 Fisher created a family of elliptical add-ons with increasing major 

axis size which maintain the same minor axis in order to be used in conjunction with a 

CTDI head phantom.Id The major axis lengths used in each of the five phantoms were 

26 cm, 28.5 cm, 31.25 cm, 32.6 cm, and 37.25 cm (+/- .25 cm variation from top to 

bottom); these phantoms are shown in Figure 7-2.113  

In the creation of these elliptical add-ons, Fisher et al. initially used the 

methodology of stacking foam blocks described in Chapter 2. However, the foam 

cutouts were proven to be too flimsy to withstand the weight of the STES. Specifically, 

the Fisher et al. discovered that the wax paper designed to provide a seal within the 

foam bulged and, in some cases, ripped.113 Therefore, plywood was used instead to 

create a more stable mold which would withstand the weight of the STES.113 A similar 

process was followed, using the engraver to cut elliptical templates.113 Instead of wax 

paper, however, the interior was lined with a rubber sheet,113 Using wooden blocks as 

spacers between the three main plywood supports, the entire apparatus was 

constructed to have a height of 15 cm, which corresponds to the height of a CTDI head 

phantom. This construction process is shown in Figure 7-3. 
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The CTDI head phantom was placed within the center of the mold and filled with 

STES. This was too bulky in order to fit into the head holder, and therefore was elevated 

to isocenter using radiolucent foam blocks.  

In an improvement to the single-sized elliptical add-on, an STES step phantom 

was constructed. This step phantom is a series of elliptical add-ons with varying major 

axis lengths. Essentially, this is representation of varying patient diameter. A picture of 

the CTDI head phantom inside the step phantom is shown in Figure 7-4. Figure 7-5 

shows a topogram.   

STES Phantom 

In addition to the Lucite CTDI head phantom, a cylindrical phantom with identical 

dimensions was constructed made of the STES material described in Chapter 2. This 

was done in order to create a completely uniform STES ellipse if necessary. This 

cylinder was constructed in a similar manner to the elliptical add-ons with stacked 

supports. The topogram of the final STES cylinder within the elliptical add-on is shown 

in Figure 7-6. The STES cylinder phantom also has four peripheral holes and a center 

hole for pencil chamber placement. STES plugs were also constructed in order to 

eliminate air gaps when the holes were not being used for pencil chamber 

measurement. A thin radial hole was drilled at mid-height, 7.5 cm, parallel with the 

circular surface in order to aid in localization. Also, four thin holes were drilled normal to 

the circular surface. The four holes can be seen in the axial view of the STES cylinder 

phantom. Note the U-shaped form in this figure which surrounds the cylinder is the 

carbon-fiber head holder.  
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DICOM Information Extraction 

Management of DICOM files 

Each slice of the helical reconstruction was output into an image (*.ima) file. Each 

*.ima file represents a reconstructed slice with height equal to reconstruction slice width. 

Thus for each typical abdominal scan, with slice thickness resolution of 5 mm, about 50 

files were generated. After even a few scans, it became difficult to manage all of these 

files. Therefore, a MATLAB® program was written (file_sorter.m), which was dedicated 

to sorting the considerable number of output data files for each scan. The source-code 

for this file can be found in Appendix B. 

Siemens uses a specific file naming convention for naming its *.ima files. The 

*.ima files had a name which contained the name of the patient followed by “.CT” 

followed by the scan protocol type followed by the scan series number followed by the 

number within the scan series followed by the date followed by the time followed by two 

large numbers which were related to the position of the slice within the volume. This 

was followed by a period and a sequence of numbers which related to the archival 

information. 

For example, if a patient named “David Hintenlang” had a pelvic CT scan 

performed on November 1, 2010 at 2:01 pm, and it was the 3rd scan performed, the 7th 

image in the sequence would begin with 

“DAVIDHINTENLANG.CT.PELVIS_PELVIS_(ADULT).3.7.2010.11.01.02.01.00.” and 

end with something such as “78125.150861084.ima” 

There were a few important exceptions. For example, files with the series number 

501 were dedicated to patient protocol information while the series number 601 was 

dedicated to information about raw data storage method. It was discovered that the 



 

181 

topogram performed at the beginning of each study was always designated scan 

number 1. Also, if a fast reconstruction algorithm was not available for the particular 

scan, then these scans would begin numbering again with a 100 prefix. For example, 

the first non-“fast” reconstruction series would be 101. The slow and fast designations 

are summarized in Table 7-1. 

Folders were created to store the data for future use in format, X IMA Y, where X 

represents the series number and Y represents the number of reconstructed slices 

which exists in this series.  

Tag identifier associations 

The second MATLAB® program file in this code was dedicated to reading the 

DICOM encoded file and pulling information out by the tag identifier of each of the *.ima 

files and, for this particular file (readoutv1_7.m), outputs the slice location, x-ray tube 

current, and exposure for each scan. The source-code for this file can be found in 

Appendix C.  

Unfortunately, the DICOM headers for the *.ima files did not include some 

information such as reference mAs and effective mAs for a given scan. The effective 

mAs was found on the console and recorded in the patient protocol (prefix 501) rather 

than the *.ima file. Other important parameters omitted in the DICOM information were 

estimated scan time and CTDIvol. Therefore, these parameters were separately 

recorded and manually added for completeness. 

The Siemens SOMATOM series of CT scanners chose one out of two 

reconstruction algorithms based upon the reconstruction width and beam collimation 

selected during each scan.114 Accordingly, each of these codes has “slow” and “fast” 

reconstruction modes.id For correct data read out, it was crucial for both of these codes 
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that the appropriate reconstruction mode is selected. The mode of reconstruction is 

determined primarily by beam collimation thickness and reconstruction slice height. The 

reconstruction modes as a function of beam collimation and reconstruction slice height 

for an abdominal scan are summarized in Table 7-1. 

Z-axis TCM Method 

The Siemens SOMATOM Sensation 16 which was studied used CARE Dose 4D. 

CARE Dose 4D actually utilized both angular “on the fly” modulation and z-axis 

modulation. However, there are two protocols which used only one of these techniques.  

As it turns out, the Extremities protocol relied exclusively upon only angular “on the fly” 

modulation while the Head protocol relied exclusively upon only z-axis modulation.114 

These TCM methods were performed independently of each other. Therefore, using the 

Head and Extremities protocols, different algorithms could conceivably be tabulated and 

modeled separately in different algorithms. After validation, they could be combined into 

one complete algorithm.  

Angular “on the fly” modulation was based upon attenuation value measured from 

the previous 180 degree rotation. This recent development was made possible due to 

the advances made in electronics. Z-axis modulation was based on each slice as 

determined from a scout radiograph. Before the helical scan was done, a scout scan – 

also referred to as a topogram – was performed; estimated attenuation through each 

region’s attenuation was determined. Z-axis modulation was designed to keep image 

quality uniform in each reconstructed slice, thus the tube current was observed to 

remain constant within a single rotation.114 In contrast, angular TCM was changed within 

each rotation as information from the previous 180 degrees was processed on-line.  
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This stage of the investigation focused on obtaining data to develop the first stage 

of modeling TCM, namely z-axis modulation. In other words, the undulations seen using 

the PSDs which stem from “on the fly” angular modulation did not need to be 

discriminated. The first stage approach was to isolate just the z-axis modulation function 

and thus required only the head protocol. This investigation anticipated the next stages 

and data was obtained for other common protocols such as neck, abdomen, 

chest/thorax, and pelvic scans.  

The only information required for the algorithm development was tube current 

information averaged over a slice. This further justified the choice of using DICOM 

instead of using the PSD system because the immediate output was each slice’s tube 

current information. For the first stage of algorithm development, using the DICOM 

headers provided a superior methodology for quantifying tube current using real-time 

PSD measurements for three reasons. First, in this way, even if angular TCM was being 

used, only the average current over the slice will be displayed. Secondly, all information 

was found without using any extra dosimetry systems. Lastly, the tube current was 

displayed as electrical current rather than normalized dose. Note that for further 

algorithm development, the PSD system would provide an independent source of much 

higher sampling rate of tube current per slice. 

Experimental Physical Measurements  

Protocol selection 

Siemens’ Adult Head protocols are adapted to use TCM along the patient’s 

longitudinal z-axis, and ignore the angular attenuation profile.114 Conversely, the 

Siemens’ protocols of Extremities, CARE Vision, Perfusion, and other special 

applications use exclusively “on the fly” angular TCM, with no z-axis TCM.114 Other than 
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using one of those protocols, another method of isolating only angular modulation is to 

perform a scout scan with an empty gantry. Next, the desired object to be scanned 

would be positioned in the gantry and scanned. Because the software has no 

information regarding the patient’s z-axis composition from its blank scout scan, the 

system will not incorporate z-axis TCM and is subsequently forced to rely upon only “on 

the fly” angular TCM. 

Siemens software uses an “Image Quality Reference mAs system” in order to 

characterize the TCM applied. The Image Quality Reference mAs corresponds to the 

effective tube current value that the technologist would apply for a reference patient 

without TCM. While initial dose savings may not be dramatic, the tube current will be 

matched much better with the patient’s anatomy. This will result in much higher image 

quality. Siemens defines a reference patient as a 70 to 80 kg for adults and 20 kg for a 

child.114 

The change in the tube output due to z-axis TCM is much larger in comparison 

with the angular TCM. In a sense the z-axis TCM establishes a baseline while the 

angular TCM oscillates around this value as the x-ray tube rotates around the gantry. 

This investigation was designed to provide data which would be used to create a 

predictive computational algorithm for TCM. Therefore, in order to accommodate this 

need, this investigation focuses upon the first stage of this modeling: the z-axis 

modulation. As the algorithm is refined and developed, the angular modulation will be 

incorporated along with more physical measurements. 

It is also important to correctly model the z-axis modulation first because the 

angular modulation is heavily dependent upon highly variable parameters, notably pitch 
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and beam collimation. On the other hand, the z-axis modulation depends simply upon 

the attenuation measured in the scout topogram. This investigation was designed with 

this in mind because the output current is averaged over one complete reconstructed 

slice.  

Symmetrical scan validation 

An easy way to test the robustness of the computational algorithm would be to 

scan the cylindrical phantom in both cranial-caudal and caudal-cranial orientations. In 

this way, for the stair-step phantom, the attenuation is either increasing or decreasing 

depending upon the orientation selected. This was easy to implement and challenge the 

algorithm to perform with both increasing and decreasing attenuation values.  

Reconstruction method effects 

The reconstruction mode of “slow” or “fast” is based primarily upon beam 

collimation and reconstruction slice height. These parameters are summarized in Table 

7-1 for an abdominal protocol. The immediate effect of using a thinner beam collimation 

was more overall x-ray tube rotations in order to cover the same distance. With smaller 

reconstruction slice thicknesses, more slices were available for a given scan volume. 

This offered more sampling points of current which in turn provided more data to study 

the behavior, with better statistics. More data were added to the reconstruction by using 

smaller beam collimation.  

Results 

CTDI Phantom  

The cylindrical CTDI head phantom was scanned to establish an order of 

magnitude measurement estimate for electrical current. Even with the TCM turned on, 

this phantom did not challenge the z-axis TCM algorithm because its attenuation did not 
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vary along the z-axis. Within the CTDI phantom, the coefficient of variation was 1.07 

and 4.39 with the Lucite PSD plug and with an air cavity, respectively. These images 

were previously shown in Figure 7-1 

Furthermore, the symmetry of the simple cylinder did not challenge the angular 

TCM algorithm. The results using different reference mAs values is shown in Table 7-2. 

The nomenclature of R/E represents the values of the reference mAs and effective 

mAs, respectively. This will be used for the rest of the tables. As can be seen in Table 

7-2, the current did not change along the z-axis. 

CTDI and STES Phantoms with Elliptical Add-ons 

Using the PSD system, the dose delivered was measured using the fibers 

embedded within the Lucite PSD plug in each of the CTDI positions (4 peripheral and 1 

central locations). This was performed in both helical and axial scans. The dose to 

Lucite was measured at longitudinal z-positions of 4, 7, and 13 cm which corresponded 

to increasing major axes in the x-y plane of the phantom. For the helical scans, 

measurements were taken with TCM activated using a reference mAs of 150. 

Additionally, data were taken with the TCM deactivated. TCM is not used for axial 

scans. The standard deviation of the dose to Lucite was calculated for 8-10 

measurements. Axial, helical without TCM, and helical with TCM measurements are 

shown in Tables 7-3, 7-4 and 7-5, respectively. Again, the nomenclature of R/E 

represents the values of the reference mAs and effective mAs, respectively. This 

procedure was repeated using the STES phantom with elliptical add-ons.  

Reconstruction Methods 

Siemens has two main methods of reconstruction for its images which are 

determined by the beam collimation and reconstruction slice thickness. The estimated 
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CTDIvol is shown as a function of reconstruction mode, beam collimation, and 

reconstruction slice thickness in Table 7-6. Using a more tightly collimated beam in the 

fast reconstruction scheme provides the best statistics in terms of number of samples 

per study. Using a 3 mm reconstruction slice thickness with a 12 mm beam collimation 

would result in 11% more dose delivered. Therefore, thin slices should be used only for 

initial development purposes because it is unrealistic for clinical cases. 

Z-Axis Modulation Characterization Using Routine Head Protocol 

The Siemens routine head protocol actually consisted of two scans performed in 

succession: first a cerebrum followed by a base scan. This protocol provided the 

simplest basis for construction of the current-prediction model because Siemens’ TCM 

for any scan in the head category is performed with only z-axis modulation. For certain 

exams, such as the Adult Head Protocol, Siemens uses limited TCM where the tube 

current is solely adapted to variation along the patient’s long axis but not adapted for the 

angular attenuation profile.114 

In the production of the predictive algorithm, exclusively z-axis TCM (no angular 

TCM) would be the easiest aspect to model as all information for the TCM is based 

upon the scout scan. The head routine actually was divided into two scans: base and 

cerebrum. The default for scout scan was lateral. This still challenged the TCM because 

the regions possessed different HUs. The scout scan was performed in the typical 

manner with a cranial translation. However, during the actual scan, the table translates 

in a caudal direction. The results for a thin (3 mm) head base protocol is shown in Table 

7-7. The results for a routine cerebrum and base protocols are shown in Table 7-8 and 

7-9, respectively. The three different attenuation regions produced by the elliptical add-

ons are distinct. The default scan protocol parameters are shown in Table 7-10. The 
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default effective mAs values when using no TCM and corresponding tube current are 

summarized in Table 7-11.   

Angular TCM Characterization 

Remember that this method of DICOM extraction outputs the average current for a 

given reconstructed slice. Therefore, it was expected that with about 2 full rotations of 

the x-ray tube (typical beam collimation of 24 mm with a typical reconstruction slice 

width of 5 cm), the variations between slices would not be evident in the results. This 

was true: each measurement of current was the same as the previous slice, as the 

standard deviation in many of these measurements was 1.5% or smaller.  

Results Using Both Z-Axis and Angular TCM  

Overall, scans were performed for the five major protocols: head, neck, chest, 

abdomen, and pelvic. The head protocol was previously described and data were 

provided for both thin (12 mm beam collimation, 3 mm reconstruction slice thickness) 

and default (24 mm beam collimation, 5 mm reconstruction slice thickness). However, 

as mentioned previously, the thin protocol was not clinically realistic and was meant to 

provide better sampling for the initial development of the algorithm. Neck, chest, 

abdomen, and pelvic scans use both z-axis and angular TCM.  

The data for the other four major protocols – neck, abdomen, chest/thorax, pelvic 

– are summarized in Tables 7-12 through 7-15, respectively. The default effective mAs 

values with no TCM and corresponding tube current were previously summarized in 

Table 7-11.   

Reverse Abdominal  

A routine abdominal scan was performed caudal-cranial rather than the default 

cranial-caudal. The data are summarized in Table 7-16. It was more instructive to plot 
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the average slice currents as a function of position for both thick-side-first (“reversed”) 

and thin-side-first (“routine”). The angular “on the fly” TCM was studied by using a 

protocol which typically relies upon both z-axis and angular “on the fly” TCM. The 

angular “on the fly” TCM was isolated by taking a blank scout scan. In other words, 

there was nothing scanned by the topogram. In this manner, no information about z-axis 

attenuation can be used to create z-axis TCM and any TCM which was performed 

would be due solely to real-time “on the fly” processing. 

The results of only angular TCM are shown in Figures 7-7, 7-8, and 7-9 for 

reference mAs of 160, 200, and 260, respectively, for the abdominal scan, with two 

different orientations. Figures 7-10 and 7-11 show the results for different table 

translation directions with both angular and z-axis TCM. In each Figures 7-7 to 7-11, 

there is an over response at the end, which was most dramatic when examining the 

different translation directions cases with a maximum overshoot of 82 mAs when 

scanning thick-side-first (cranial-caudal in clinical setting) and a maximum overshoot of 

only 34 mAs when scanning thin-side-first (caudal-cranial in clinical setting). 

Analysis 

Using only the Lucite cylinder or STES cylinder phantom does not challenge either 

of the TCM methods used by the system – z-axis and angular. Therefore, in order to 

accomplish this, elliptical add-ons were added to these simple cylinders, creating three 

distinct regions of attenuation. Additionally, this modified the shape of the object from a 

simple cylinder to a more complex ellipsoid. In addition to being convenient to 

implement, both the z-axis and angular TCM methods were challenged by this design.  

The different attenuation regions of the cylindrical phantom with elliptical inserts 

can be observed in Tables 7-7 through 7-9 and Tables 7-12 through 7-15. The plan in 
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order to develop an algorithm involves the first generation of the algorithm modeling 

only the z-axis TCM. This is used by Siemens for head protocols. These data are shown 

in Tables 7-7 and 7-9 which showed the base and cerebrum protocols. Next, only the 

angular TCM would be modeled. This can be accomplished by using an extremities 

protocol because Siemens uses only angular TCM for its modulation. And finally, the z-

axis and angular TCM codes will be incorporated into one. This is used by Siemens for 

neck, chest/thorax, abdomen, and pelvic scans. These data are shown in Tables 7-12 

through 7-15.  

In Table 7-7, a smaller slice than default was used in order to increase the 

sampling of the tube current data. However, using a 3 mm reconstruction slice thickness 

with a 12 mm beam collimation would result in 11% more dose delivered. Therefore, 

thin slices should be used only for initial development purposes to provide higher 

resolution in longitudinal sampling but is unrealistic for clinical cases. 

The typical and inverted abdomen data are shown plotted in Figures 7-10 and 7-

11. In Figures 7-10 and 7-11, the same phantom was used along with the same 

effective mAs. The only difference was the type of protocol, which suggested that the 

difference was due to the angular TCM present in the abdominal case but absent in the 

head case. These figures show that it is better to insert a patient in a certain direction if 

there are high attenuation regions as the total dose was smaller in the “inverted” 

direction (thin side first). In a clinical setting, this would be equivalent to a cranial-caudal 

scan rather than a caudal-cranial scan.  

Angular TCM Method 

In addition to utilizing just the extremities protocol, the angular “on the fly” TCM 

was studied by a novel method. This method involved using a protocol which typically 
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relies upon both z-axis and angular TCM. The difference was taking a blank scout scan. 

In other words, there was nothing scanned by the topogram. In this manner, no 

information about z-axis attenuation can be used to create z-axis TCM and any TCM 

which was performed would be due solely to on-line angular processing. 

This experiment was designed to eliminate the z-axis TCM in order to isolate the 

angular “on the fly” TCM. A preliminary investigation into “on the fly” angular modulation 

was done for completeness. It was anticipated that Z-axis TCM will produce much larger 

modulation results than angular modulation, especially given the relatively simple 

geometry of this phantom, notably in its purposeful lack of high or low attenuation 

regions. It was anticipated that the angular TCM will be the most challenging aspect of 

this predictive algorithm as a ray-trace program must be developed in order to 

determine the attenuation information being processed by the scanner during online 

TCM.  

After incorporation of angular TCM, there was a consistent over response near the 

the end of the scan, which was most dramatic when examining the thin-side-first cases. 

This was an example of the unexpected results from angular TCM. The thick-side-first 

cases still have a jump, but the overall magnitude was not as big. Overall, the integrated 

area under the reversed cases is smaller than the routine cases. The angular TCM does 

this because it operates on feedback of the previous 180 degrees. At the end of the 

scan, for an attenuating slice, the angular TCM is compensating and putting out a 

current. When the scan reaches the end of the patient, all attenuation is removed but 

the higher current is still activated.  
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The more dramatic results are seen when ending in the thick slices because the 

overall current must be higher. In other words, the percentage overshoot is almost 

equivalent, around 30%, but in terms of overall magnitude, ending with thick slices has 

a much higher overshoot. This could be investigated as another future source of dose 

reduction and could be implemented immediately in a clinical setting. 

Machine Reproducibility 

It was noticed while incorporating angular “on the fly” TCM that the reproducibility 

degraded from 4% to 1.5% observed with the z-axis TCM. This was due to variable 

starting angle as mentioned in Chapter 5 of this work. The extent of deviation was 

visualized by taking a series of 10 consecutive scans and is shown in Figure 7-10. This 

was repeated for the other table translation direction, with a series of 10 consecutive 

scans and is shown in Figure 7-11. Incorporating angular “on the fly” TCM involves 

adding another independent degree of TCM. The oscillations seen in angular “on the fly” 

TCM will simply add in quadrature with the uncertainties of the isolated z-axis TCM. 

Discussion 

This portion of the investigation recorded the tube current throughout different 

protocols. These data will provide the basis of a predictive algorithm of tube current 

throughout the scan. It is absolutely feasible and accurate to obtain organ and effective 

doses for CT procedures using Monte Carlo computational simulations. However, 

incorporating TCM into the source modeling of Monte Carlo simulations has been 

challenging due to the lack of availability of data matching tube current to scan position. 

The only information required for the algorithm development was tube current 

information averaged over a slice. In many Monte Carlo simulations, the source is 

simply defined as normalized value. Therefore, mAs can be defined as a certain number 
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of source particles. The PSD dose measurements were replaced with a custom 

MATLAB® program which extracted tube current from DICOM headers. This should 

prove easier for algorithm development as the information involves number of source 

particles whereas PSD dose measurements would require complete simulations to 

determine detector interactions. 

For this first stage of algorithm development, using the DICOM headers provided a 

superior methodology for quantifying tube current using real-time PSD measurements 

for three reasons. First, in this way, even if angular “on the fly” TCM was being used, 

only the average current over the slice will be displayed. This eliminates many of the 

high-frequency effects of the angular “on the fly” TCM and essentially isolates the z-axis 

TCM. Secondly, all information was found without using any extra dosimetry systems. 

Lastly, the actual tube current was displayed as current, not normalized dose, which 

offers the advantage in easier source modeling as mentioned above. Note that for 

further algorithm development, the PSD system could provide an independent source of 

much higher sampling of tube current per slice. Specifically, with 100 Hz sampling and a 

table speed of 48.5 mm/s as measured in Chapter 4, counts could theoretically be 

measured with sub-millimeter bins instead of 5 mm bins. This would be enough to 

isolate the high-frequency oscillations characteristic of angular “on the fly” TCM. Indeed, 

measurements from the PSD system have been shown to resolve the gantry rotation, 

as seen in Chapter 4. 

Elliptical add-ons were used to transform cylindrical phantom into phantoms which 

challenged both z-axis and angular TCM. The phantom was made with relatively simple 

geometry, notably in its purposeful lack of high or low attenuation regions. Data were 
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gathered for head, neck, chest/thorax, abdomen, and pelvic scans. Thin slices were 

clinically unrealistic because dose was 11% higher with 3 mm slices rather than 5 mm 

slices. However, a smaller slice than default was used for some scans in order to 

increase the sampling of the data on the current. 

Lastly, there was a significant overshoot observed in the abdominal scans which 

was attributed the angular TCM present. This overshoot was based upon percentage 

rather than absolute magnitude, therefore it is recommended that the lowest attenuating 

region be scanned at the end of a scan. This can be implemented in the clinic 

immediately by diligent patient positioning. 

This experiment was the first stage of data collection for an algorithm which 

predicts TCM behavior. It is anticipated that the angular TCM will be the most 

challenging aspect of this predictive algorithm as a ray-trace program must be 

developed in order to determine the attenuation information being processed by the 

scanner during online TCM.  
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Table 7-1. Reconstruction mode as a function of beam collimation and reconstruction 
slice height for an abdominal scan 

 
 
Table 7-2. Cylinder with no elliptical add-ons, in routine abdominal scan, in notation 

“reference mAs”/”effective mAs” 

 

16 x 0.75 16 x 1.5

0.75 slow N/A

1 slow N/A

2 slow slow

3 fast slow

4 fast slow

5 fast fast

6 fast fast

7 fast fast

8 slow fast

10 slow fast

R
e
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[m
m

]
Beam collimation [mm]

Z-Pos 100/69 360/232 500/325 900/585

[mm] [mA] [mA] [mA] [mA]

0 38 95 132 238

8 43 135 188 340

16 46 148 207 375

24 46 148 207 374

32 46 148 207 374

40 46 148 207 375

48 46 148 208 376

56 46 148 208 376

64 46 148 208 376

72 47 148 208 376

80 46 148 207 375

88 46 148 207 374

96 46 148 207 374

104 46 147 206 373

112 46 147 206 373

120 46 147 206 373

128 46 147 206 373

136 46 147 206 373

144 46 147 206 373

152 46 147 206 373

160 42 129 180 327

168 37 90 126 228
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Table 7-3. Point dose to Lucite using CTDI head phantom with step phantom as a 

function of CTDI hole position and longitudinal position for 16x1.5 cm axial 
scan 

 
 
Table 7-4. Point dose to Lucite using CTDI head phantom with step phantom and no 

TCM as a function of CTDI hole and longitudinal position for 15 cm helical 
scan  

 
 

CTDI hole Z-pos [cm] Dose [mGy] Standard deviation

Center 4 11.45 0.58%

Center 7 11.21 0.24%

Center 13 9.02 0.70%

Left 4 12.95 1.09%

Left 7 12.01 0.82%

Left 13 10.35 0.25%

Anterior 4 14.50 0.68%

Anterior 7 15.26 0.43%

Anterior 13 13.28 0.70%

Posterior 4 12.64 0.46%

Posterior 7 12.83 0.46%

Posterior 13 12.13 0.36%

CTDI hole Z-pos [cm] Dose [mGy] Standard deviation

Center 4 18.78 0.11%

Center 7 19.16 0.17%

Center 13 14.96 0.70%

Left 4 20.16 0.70%

Left 7 21.35 3.55%

Left 13 17.43 1.52%

Anterior 4 28.42 1.76%

Anterior 7 27.94 2.00%

Anterior 13 24.97 2.18%

Posterior 4 22.73 1.14%

Posterior 7 22.41 1.60%

Posterior 13 20.64 1.09%
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Table 7-5. Point dose to Lucite using CTDI head phantom with step phantom, with TCM, 
using 150 mAs reference, as a function of CTDI hole and longitudinal position 
for 15 cm helical scan  

 
 
Table 7-6. Console-estimated helical scan dose to Lucite as a function of reconstruction 

mode, beam collimation, and reconstruction slice thickness for 15 cm scan  

 
 

CTDI hole Z-pos [cm] Dose [mGy] Standard deviation

Center 4 32.14 0.43%

Center 7 38.71 1.21%

Center 13 50.99 0.56%

Left 4 32.01 1.82%

Left 7 38.74 1.52%

Left 13 44.45 2.70%

Anterior 4 44.64 0.09%

Anterior 7 52.68 0.42%

Anterior 13 71.16 2.37%

Posterior 4 37.04 0.53%

Posterior 7 44.05 1.82%

Posterior 13 73.35 3.46%

Reconstruction 

Mode

Beam collimation 

[mm]

Reconstruction 

slice thickness 

[mm] Scan dose [mGy]

Fast 16 x 0.75 3 6.34

Fast 16 x 0.75 4 6.34

Fast 16 x 0.75 5 6.19

Fast 16 x 0.75 6 6.19

Fast 16 x 0.75 7 6.19

Fast 16 x 1.5 5 5.69

Fast 16 x 1.5 6 5.83

Fast 16 x 1.5 7 5.83

Fast 16 x 1.5 8 5.69

Fast 16 x 1.5 10 5.83

Slow 16 x 0.75 0.75 6.50

Slow 16 x 0.75 1 6.50

Slow 16 x 0.75 2 6.50

Slow 16 x 0.75 8 6.19

Slow 16 x 0.75 10 6.19

Slow 16 x 1.5 2 6.11

Slow 16 x 1.5 3 6.11

Slow 16 x 1.5 4 6.11
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Table 7-7. Head base protocol with thin slices using cylinder with elliptical add-ons for 
different TCM mAs-R to mAs-E (R/E) values  

  

Z-pos 100/127 150/189 200/249 250/312 300/374 320/399 350/438 400/499

[mm] mA mA mA mA mA mA mA mA

0 32 34 44 55 67 71 78 89

3 36 42 57 70 84 90 99 112

6 45 63 84 104 125 134 148 167

9 56 84 112 140 167 180 197 224

12 60 91 121 151 182 194 213 243

15 60 91 122 152 182 195 214 243

18 61 91 122 153 183 195 214 244

21 61 92 123 153 184 196 215 245

24 61 92 122 153 183 195 215 245

27 61 91 122 153 183 195 215 245

30 61 92 123 153 184 196 215 245

33 61 92 123 153 184 196 216 246

36 61 92 123 153 184 196 215 245

39 60 91 122 153 183 196 215 245

42 60 91 122 152 183 195 214 244

45 61 91 122 153 183 196 215 245

48 61 92 123 153 184 196 216 246

51 61 92 123 153 184 196 216 246

54 61 92 123 153 184 196 216 246

57 63 96 128 159 192 204 224 255

60 70 105 141 176 211 225 248 282

63 76 115 154 192 231 246 270 308

66 79 120 160 199 240 256 281 320

69 79 120 161 200 241 256 282 321

72 80 120 161 201 241 257 282 322

75 80 121 161 201 242 257 283 323

78 80 121 161 202 242 257 283 323

81 80 120 161 201 241 257 282 322

84 79 120 161 200 240 257 282 322

87 80 120 161 201 241 257 282 322

90 80 121 162 202 242 258 283 323

93 80 121 162 202 243 260 285 325

96 81 122 163 203 244 261 286 326

99 81 122 163 203 244 261 286 327
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Table 7-7.  Continued 

 
 
 
 
  

Z-pos 100/127 150/189 200/249 250/312 300/374 320/399 350/438 400/499

[mm] mA mA mA mA mA mA mA mA

102 81 122 163 203 244 260 286 326

105 80 121 162 203 244 260 285 326

108 80 121 162 203 243 259 285 325

111 81 122 163 203 245 260 286 326

114 86 130 173 216 259 277 304 346

117 97 146 195 243 293 312 343 391

120 103 156 208 260 313 333 366 418

123 104 158 211 264 317 338 371 424

126 105 158 212 264 318 339 372 425

129 105 158 212 265 318 339 372 425

132 105 158 212 265 318 339 373 425

135 105 158 212 265 318 339 373 425

138 105 158 212 265 318 339 373 425

141 105 159 212 265 318 339 373 425

144 105 159 213 265 318 340 374 426

147 105 159 213 266 319 341 375 426

150 105 159 213 266 319 340 375 427

153 105 159 213 265 319 340 374 426

156 103 155 207 258 310 330 364 414

159 88 132 177 220 266 282 312 352

162 62 92 124 154 186 197 219 246

165 41 56 75 93 113 120 133 150

168 33 38 50 63 75 81 88 101
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Table 7-8. Routine cerebrum scan, cylinder with elliptical add-ons, tube current as a 
function for different TCM mAs-R to mAs-E (R/E) values  

 
 

 

 

 

 

  

Z-Pos 300/360 330/396 340/408 350/420 360/432 370/444 380/456 390/468

[mm] mA mA mA mA mA mA mA mA

0 59 65 67 69 90 73 75 77

8 110 122 126 130 159 136 141 144

16 162 179 185 190 223 200 206 212

24 170 188 193 199 225 210 217 223

32 170 187 193 198 226 209 216 221

40 169 186 192 198 225 209 215 221

48 169 186 192 198 225 209 215 221

56 175 193 199 205 235 216 223 229

64 201 222 229 236 270 248 256 263

72 222 245 252 260 293 275 283 290

80 223 246 253 261 296 276 284 292

88 224 247 255 262 298 277 285 293

96 226 249 256 264 300 279 288 295

104 226 249 257 264 300 279 288 295

112 232 255 263 271 310 286 295 303

120 260 286 294 304 352 320 330 339

128 287 316 326 335 386 354 365 374

136 298 328 338 348 396 368 379 389

144 306 337 348 358 405 378 390 400

152 307 338 348 358 407 378 390 400

160 291 321 331 341 396 359 371 380

168 199 220 226 234 272 247 255 260

176 92 101 104 108 125 115 118 120
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Table 7-9. Routine head base scan, cylinder with elliptical add-ons, tube current as a 
function for different TCM mAs-Rto mAs-E (R/E) values  

 
 

 
 
  

Z-Pos 150/183 200/244 250/303 320/389 350/425 400/485

[mm] mA mA mA mA mA mA

0 37 49 61 79 87 99

4 62 82 103 132 144 165

8 87 115 144 183 201 229

12 91 121 150 192 211 240

16 91 121 151 193 212 242

20 91 121 151 193 212 242

24 91 121 151 193 212 241

28 90 121 150 192 211 241

32 91 121 151 192 211 241

36 91 121 151 193 212 241

40 91 121 151 193 212 242

44 91 122 151 194 213 243

48 91 122 152 194 213 243

52 92 122 152 195 214 244

56 95 126 157 201 221 252

60 104 138 173 220 242 275

64 114 151 189 241 265 303

68 118 157 196 251 276 315

72 119 158 198 253 278 317

76 119 159 198 254 279 318

80 119 159 198 253 278 318

84 119 158 197 253 278 317

88 119 159 198 254 279 318

92 120 160 199 255 280 320

96 120 160 200 255 281 320

100 120 160 200 255 280 320

104 120 160 199 255 280 320

108 119 159 198 253 278 317

112 119 159 198 253 279 318

116 126 168 210 268 295 337



 

202 

Table 7-9.  Continued 

 
 
  

Z-Pos 150/183 200/244 250/303 320/389 350/425 400/485

[mm] mA mA mA mA mA mA

120 141 187 233 298 328 374

124 152 202 251 322 354 404

128 155 206 257 329 361 413

132 155 207 258 330 362 413

136 155 206 257 329 362 413

140 155 206 257 328 361 412

144 155 206 257 328 361 412

148 155 206 257 328 361 412

152 154 206 256 328 361 412

156 140 187 233 298 329 374

160 99 131 164 209 233 265

164 58 78 97 124 137 157

168 36 48 61 77 85 97
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Table 7-10. Default beam parameters 

 
 
 
Table 7-11. Default effective mAs values when using no TCM 

  
 

 

Protocol kVp Pitch

Reconstruction 

thickness [mm]

Beam collimation 

[mm]

Cerebrum 120 0.55 8 16 x 1.5

Base 120 0.75 4 16 x 1.5

Neck 120 0.75 5 16 x 1.5

Chest/Thorax 120 1.15 6 16 x 1.5

Abdomen 120 0.75 5 16 x 1.5

Pelvic 120 0.75 5 16 x 1.5

Protocol mAs-E

Tube current 

[mA]

Cerebrum 360 198

Base 320 176

Neck 150 150

Chest/Thorax 100 230

Abdomen 160 220

Pelvic 160 240
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Table 7-12. Routine neck scan, cylinder with elliptical add-ons, tube current for different 

TCM mAs-reference to mAs-effective (R/E) values  

Z-Pos 50/50 100/94 150/140 200/187 250/245 300/297 350/342 400/373

[mm] mA mA mA mA mA mA mA mA

0 42 78 118 157 198 239 278 319

5 43 88 133 175 221 265 314 358

10 42 87 129 174 216 263 304 348

15 40 82 122 162 208 266 287 345

20 37 78 114 156 192 237 271 307

25 36 78 110 154 189 250 261 314

30 36 75 111 149 186 223 262 298

35 36 75 111 150 185 223 263 299

40 37 76 112 151 187 227 265 302

45 39 82 118 163 198 245 281 315

50 42 87 129 174 216 265 302 335

55 47 98 143 196 238 293 331 349

60 50 102 151 203 253 311 349 361

65 51 105 155 211 261 316 358 381

70 50 102 153 204 254 313 373 402

75 49 99 148 200 248 306 375 425

80 48 98 145 198 241 306 389 441

85 47 96 144 194 239 307 392 447

90 47 97 144 194 240 309 394 449

95 48 97 144 195 241 312 394 449

100 48 99 147 199 245 318 394 449

105 51 105 154 209 256 327 394 449

110 57 116 172 234 279 334 394 449

115 60 124 184 249 294 341 402 455

120 66 133 200 268 314 355 409 461

125 65 131 197 260 333 371 453 480

130 64 128 193 259 338 405 472 491

135 62 125 187 253 360 420 500 500

140 61 124 186 252 361 435 500 500

145 61 124 186 251 362 435 500 500

150 60 121 183 246 354 431 500 500

155 56 112 172 232 336 423 500 500

160 56 101 165 227 305 360 443 445

165 42 76 111 158 211 275 343 352

170 40 55 94 122 164 183 234 248
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Table 7-13. Routine abdominal scan, cylinder with elliptical add-ons, tube current as a function for different TCM mAs-
reference to mAs-effective (R/E) values  

 
 

Z-Pos 40/26 80/42 120/62 160/82 200/103 220/114 230/119 240/125 250/132 260/138 280/150

[mm] mA mA mA mA mA mA mA mA mA mA mA

0 31 31 37 50 69 74 72 75 79 82 94

5 30 30 39 55 74 81 79 85 84 86 101

10 28 37 46 61 97 107 85 91 97 98 129

15 26 38 57 76 102 114 108 116 118 124 138

20 27 46 66 91 121 137 123 132 137 141 168

25 27 48 74 100 123 137 141 149 157 160 175

30 28 50 76 104 129 143 146 154 161 164 184

35 28 51 78 106 130 145 150 158 164 169 186

40 28 51 77 105 131 146 150 158 164 168 186

45 28 51 78 105 131 145 150 159 165 168 186

50 29 52 77 104 131 146 150 159 164 169 186

55 29 52 79 105 135 150 151 159 167 171 195

60 29 54 82 109 138 154 156 166 169 179 198

65 32 58 85 114 151 168 161 172 175 185 217

70 32 61 92 121 156 175 174 184 188 202 222

75 34 65 95 130 164 185 184 197 195 209 234

80 34 65 99 133 166 187 191 202 205 217 238

85 34 65 98 135 168 189 193 205 207 219 241

90 34 66 100 136 171 187 195 206 209 221 245

95 35 66 102 137 172 189 196 207 212 221 245

100 35 65 102 135 172 189 196 205 213 224 246
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Table 7-13.  Continued 

 
 

 

 

 

 

 

Z-Pos 40/26 80/42 120/62 160/82 200/103 220/114 230/119 240/125 250/132 260/138 280/150

[mm] mA mA mA mA mA mA mA mA mA mA mA

105 35 64 104 134 170 187 199 206 213 226 255

110 34 63 103 131 170 189 197 204 220 236 260

115 35 70 110 136 172 191 201 212 232 251 275

120 37 77 115 148 190 210 214 228 251 270 302

125 39 83 123 157 200 222 226 245 273 292 318

130 42 84 126 166 207 229 235 257 286 300 340

135 42 80 125 164 208 231 230 258 285 295 348

140 43 80 125 160 204 227 224 255 280 291 336

145 45 84 140 171 211 235 261 275 304 318 334

150 48 90 139 179 228 253 269 277 294 318 333

155 49 95 161 205 236 261 320 326 338 370 332

160 52 97 150 204 252 279 302 312 314 348 354

165 47 93 145 188 233 257 277 290 298 331 328

170 42 79 122 157 196 217 226 239 249 276 279

175 37 59 89 117 147 162 170 177 184 197 209

180 34 46 67 89 111 122 129 134 140 145 159
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Table 7-14. Routine chest thorax scan, cylinder with elliptical add-ons, tube current for 
different TCM mAs-reference to mAs-effective (R/E) values  

 
 

 

 

Z-Pos 60/36 80/48 90/54 100/60 120/73 140/85 160/100 180/112 200/125

[mm] mA mA mA mA mA mA mA mA mA

0 43 53 68 73 84 90 104 113 136

6 55 62 79 83 105 108 125 144 160

12 60 74 94 102 115 129 149 166 185

18 63 83 94 104 124 145 169 189 211

24 62 83 96 106 125 146 169 190 213

30 61 86 97 107 128 149 173 193 218

36 60 85 98 108 126 148 173 193 221

42 61 85 96 108 125 149 175 195 223

48 67 87 100 111 132 152 177 198 229

54 71 92 106 120 138 161 188 203 240

60 78 99 111 125 149 173 200 219 248

66 82 105 120 134 156 184 211 226 254

72 85 113 126 141 166 199 227 241 267

78 85 113 126 140 167 199 233 255 290

84 84 113 126 139 169 197 236 268 303

90 83 112 123 136 168 196 243 279 330

96 83 107 123 134 167 187 236 287 348

102 84 109 124 136 172 190 249 306 366

108 84 111 130 144 172 192 254 319 373

114 86 117 133 147 179 202 268 335 384

120 92 121 141 158 180 208 278 348 390

126 90 127 147 166 191 220 293 364 398

132 100 155 163 185 214 272 342 390 409

138 116 157 170 190 227 277 340 386 386

144 120 170 183 209 240 299 357 373 381

150 141 190 204 229 284 333 388 412 407

156 149 192 210 233 280 336 387 400 392

162 135 177 198 220 262 308 354 374 376

168 124 169 187 208 250 294 337 363 370
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Table 7-15. Routine pelvic scan, cylinder with elliptical add-ons, tube current for different TCM mAs-reference to mAs-
effective (R/E) values  

 
 
 
 

Z-Pos 40/24 60/29 80/36 100/44 120/53 140/62 160/70 180/80 200/88 220/97 240/106 260/115

[mm] mA mA mA mA mA mA mA mA mA mA mA mA

0 29 27 29 32 39 47 54 57 72 75 86 82

5 28 28 33 39 47 57 62 69 76 87 95 101

10 28 29 36 44 56 66 77 80 100 106 123 117

15 27 30 40 50 62 71 82 91 104 116 124 133

20 27 31 43 53 64 74 87 96 110 121 132 141

25 27 32 44 55 65 76 88 99 111 122 134 145

30 27 32 44 54 65 77 89 99 111 121 134 144

35 27 32 43 54 64 75 87 98 110 120 133 142

40 27 32 43 53 63 74 86 97 109 117 130 140

45 27 32 42 52 62 73 84 96 109 115 132 138

50 27 32 42 53 63 73 84 96 108 121 130 140

55 27 33 45 55 66 77 90 101 116 127 141 147

60 28 35 48 59 71 82 95 108 122 135 147 158

65 29 37 51 63 75 89 103 113 131 142 157 165

70 30 39 53 65 79 91 105 119 135 147 161 172

75 30 39 54 67 80 93 108 122 136 148 164 175

80 30 40 55 67 80 94 108 123 136 148 166 177

85 30 40 55 67 81 95 108 124 136 148 166 177

90 30 39 55 67 80 94 109 122 136 146 167 176

95 30 39 54 67 80 94 108 121 137 145 165 174

100 30 38 54 66 80 93 107 119 137 143 166 171

105 30 38 55 67 83 94 108 124 137 150 165 179

110 31 40 55 68 86 97 112 125 144 156 176 183
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Table 7-15.  Continued 

 

Z-Pos 40/24 60/29 80/36 100/44 120/53 140/62 160/70 180/80 200/88 220/97 240/106 260/115

[mm] mA mA mA mA mA mA mA mA mA mA mA mA

115 32 43 59 73 94 103 118 137 154 172 181 197

120 34 47 63 78 99 109 127 145 163 178 194 211

125 35 48 65 81 101 112 130 149 167 186 199 212

130 36 49 66 84 104 116 134 155 171 187 200 221

135 37 50 68 85 105 120 136 158 172 193 207 221

140 38 52 69 87 104 122 141 159 179 187 215 225

145 44 62 80 104 117 146 154 189 183 205 223 273

150 44 60 78 98 110 138 157 176 188 200 235 260

155 44 63 81 105 123 141 158 189 192 218 231 284

160 42 56 74 93 110 131 148 167 183 202 224 248

165 38 49 65 81 100 116 132 145 166 182 200 214

170 36 43 56 68 81 94 109 123 135 149 163 178
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Table 7-16. Backward routine abdominal scan, cylinder with elliptical add-ons, tube 
current for different TCM mAs-reference to mAs-effective (R/E) values  

 
 

 

 

Z-Pos 100/50 120/60 140/70 160/80 180/90 200/100 220/110 240/120 260/130

[mm] mA mA mA mA mA mA mA mA mA

0 48 62 73 79 89 99 108 117 126

5 59 75 93 101 116 125 137 152 168

10 80 100 121 112 123 135 149 165 230

15 82 101 124 139 146 164 184 201 239

20 99 127 148 151 165 177 201 220 295

25 98 118 138 166 179 196 223 240 271

30 102 124 146 172 187 204 232 249 282

35 101 125 147 175 191 211 239 258 284

40 103 127 148 179 190 213 243 260 282

45 99 123 145 171 188 208 233 253 271

50 98 120 141 164 183 199 222 242 266

55 89 110 130 154 174 186 209 231 244

60 87 105 122 143 161 172 194 216 232

65 83 97 115 138 152 167 188 209 218

70 81 99 114 133 149 161 181 202 219

75 82 98 114 133 149 163 183 200 218

80 80 97 114 133 149 164 184 201 218

85 81 98 115 134 150 164 184 201 220

90 81 99 115 136 153 168 187 205 221

95 83 102 118 135 153 168 187 206 227

100 83 101 118 137 154 172 190 210 223

105 82 99 117 133 151 168 186 204 221

110 77 93 110 128 145 159 177 192 205

115 71 88 104 119 134 148 165 179 195

120 66 80 95 110 123 136 151 164 178

125 63 77 91 106 119 131 145 159 171

130 63 76 89 103 116 127 141 154 168

135 63 76 90 105 118 130 145 158 168

140 65 78 92 105 119 131 146 159 172

145 67 80 93 112 129 139 154 167 174

150 69 85 101 113 130 142 157 171 187

155 70 86 99 121 135 151 168 181 184

160 67 84 100 112 126 141 155 170 182

165 62 77 90 103 114 128 142 155 165

170 52 65 77 85 94 106 116 127 139
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Figure 7-1.  CTDI phantom with and without Lucite PSD adapter inserted 

 

 
Figure 7-2.  Cylindrical elliptical add-on inserts family (Photo courtesy of R.Fisher, 

“Tissue-equivalent phantoms for evaluating in-plane tube current modulated 
CT dose,” MS thesis, University of Florida (2006), Figure 3-5, p. 56) 
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Figure 7-3.  Construction using plywood mold (Photo courtesy of R.Fisher, “Tissue-

equivalent phantoms for evaluating in-plane tube current modulated CT 
dose,” MS thesis, University of Florida (2006), Figure 3-3, p. 55) 

 

 
Figure 7-4.  CTDI phantom within step phantom in CT scanner 
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Figure 7-5.  Topogram of CTDI phantom within step phantom 

 

 
Figure 7-6.  STES CTDI head phantom  
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Figure 7-7.  At 160 mAs-R, average slice current as a function of position for two 

orientations 

 
Figure 7-8.  At 200 mAs-R, average slice current as a function of position for two 

orientations 
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Figure 7-9.  At 260 mAs-R, average slice current as a function of position for two 

orientations 

 
Figure 7-10.  Typical phantom orientation, 10 measurements with abdominal protocol  
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Figure 7-11.  Inverted phantom orientation, 10 measurements with abdominal protocol
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CHAPTER 8 
FEASIBILITY AND CONSTRUCTION OF PROTOTYPE CCD-BASED DOSIMETRY 

SYSTEM FOR USE AT DIAGNOSTIC ENERGIES  

Background 

Plastic scintillation detectors (PSDs) have become popular in dosimetry 

applications because of their unique combination of low cost, temperature-

independence, water equivalence, small volume, dose rate- and energy-independent 

response, and real-time capabilities.12, 17, 65-72, 115 Successful designs have coupled a 

PSD to an optical fiber which is subsequently coupled to either a photomultiplier tube 

(PMT) or, more recently introduced, charge-coupled devices (CCDs) and 

photodiodes.17, 65-67 

CCDs offer two main advantages over the PMT design described in Chapter 3. 

First, the method for eliminating background noise and stem effect with a PMT design is 

simply subtracting the dose from a “reference” fiber – with no scintillator – from that of a 

“signal fiber.”66, 70 A CCD could use this subtraction method or switch to another method 

which takes advantage of the spectral information.66 Secondly, massively parallel read-

out is economically and physically possible, comparable to Cirio et al.’s Magic Box 

system, which reads 1024 detectors simultaneously.116 With the average cost of a PMT 

around $4000, even an array of only 1% of this size (10 PMTs) would cost around 

$40,000. Each PMT is 3.5 cm wide x 6.0 cm high x 5 cm depth in size and requires its 

own read-out channel. Thus, in addition to a large physical volume,10 PMTs would 

require a rather exotic read-out hub with an enormous data buffering capabilities. 

Furthermore, two PMTs are required to read the “signal” and “reference” fibers for each 

measurement point. Using a high performance camera, Lacroix et al. has demonstrated 

a PSD system could theoretically handle over 15,000 detectors with a precision of 1% 
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on a 30.7 x 30.7 mm2 CCD imaging area.117, 118 Typically, PSD systems have precision 

around 2-3% using around 10-30 detectors.92, 118  

The PMT system described in Chapter 3 of this work had a real-time ability which 

was demonstrated in its utility and application in the ophthalmic project. Specifically, the 

real-time monitoring was used to ensure patient safety during delivery of the x-ray 

treatment. On the other hand, using a CCD does not easily lend itself to real-time 

monitoring.119 Furthermore, the PMT had extremely fine sampling, with up to 100 Hz 

available. Typically, 150 ms bins were used, so during a typical CT scan which takes 

about  8 seconds, there will be about 54 measurements. In contrast, acquisitions using 

a CCD are typically one long single exposure.119  

PSDs have enjoyed success in radiotherapy applications, notably by Beddar et 

al..12, 13, 67, 68, 70, 72, 120 However, problems with low signal at diagnostic energies are 

foreseen due to the lower exposure rate, lower exposure, and lower treatment times. In 

radiotherapy, the exposures are commonly at least one order of magnitude higher and 

treatment times are measured in minutes rather than milliseconds. In other words, the 

acceptable signal levels measured by Beddar et al. in radiotherapy applications may not 

be seen at diagnostic-level energies. 

First, the theoretical SNR will be derived and further demonstrate the feasibility of 

the prototype CCD-based dosimetry system for standard diagnostic energies and dose 

rates. Beddar et al. have completed a analogous study where the performance of PMT-

based PSDs was characterized using SNR.67 Lacroix et al. later expanded upon this 

method in order to also characterize the performance of CCD-based PSDs.67, 117, 118 
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This investigation will then discuss the development of a prototype CCD-based 

dosimetry system and preliminary results obtained. 

Materials and Methods 

CCD Theoretical Signal Level 

Overall, the goal of optimizing the performance of the system (as measured by the 

SNR) is accomplished by maximizing the number of photons which are incident upon 

the CCD. For Poisson statistics, which are an accurate description of radiation detection 

measurements SNR of a single pixel is defined as 

  (8-1) 

Where μ is the signal and σ is the noise. More specifically, the signal can be 

defined as the product of quantum efficiency, integration time, and photon fluence per 

unit time per single pixel.121 The variance in the noise can be defined as the quadrature 

sum of the main sources of CCD noise: photon shot noise, dark noise, readout noise, 

and electronic noise.121 

 
 

(8-2) 

Applying Poisson statistics to photon shot noise; multiplying dark noise rate, D, by 

integration time; incorporating readout and electronic noise into one term, RE, gives  

 
 

(8-3) 

Photon fluence per unit time per single pixel can be further broken down a product 

of: total number of PSD photons produced,  ; coupling efficiency including 

geometric considerations for isotropic scintillation as well as optical transmission 
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between PSD and waveguide, ;  waveguide transmission efficiency, ; coupling 

efficiency between waveguide and CCD lens, ; and pixel area, A. A collection of 

of typical efficiencies between PSD and waveguide for common optical materials and 

polishing techniques is given by Ayotte et al..86 Yu et al. also has shown that a 

correction is required for apodization.122 More discussion concerning optical coupling 

will be addressed later in this derivation. An apodization function, g, is used to model 

the non-uniform illumination or transmission profile that approaches zero at the 

edges.122 

  (8-4) 

The apodization term can be written as the inverse of the total number of pixels on 

the CCD, ntot, and pixel surface area, A122 

 
 (8-5) 

This cancels out the pixel area dependence, substituting this into the overall SNR 

relationship yields  

 

 (8-6) 

Many of the factors in this SNR equation can be estimated using manufacturer 

acceptance values or by other work using the same materials. These factors include: 

total number of photons produced by the scintillators (adjusted for gain setting), 

coupling efficiency between the scintillators and waveguide, CCD quantum efficiency, 

total number of CCD pixels, pixel area, integration time, dark current rate. Similarly, 
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noise terms are commonly characterized CCD performance metrics: dark noise, readout 

and electronic noise. Therefore, the SNR for each pixel can be calculated. 

For this application, photons will be incident upon groups of pixels rather than just 

one pixel. Thus, if n individual pixels (which are assumed to have the same SNR) are 

used to gather the information, then the SNR0 improves by a factor of . Klein et al. 

has recently discussed a method for optimizing SNR using varying ROI’s.115 

Furthermore, this CCD also allows f multiple frames to be combined to create a single 

image, which further improves the SNR0 by a factor of  Explicitly written, the SNR 

relationship becomes 

 

 (8-7) 

Yu et al. have studied the lens coupling efficiency for a variety of digital 

radiography schemes.122 An appropriate first-order approximation from Yu et al. is  

 
 (8-8) 

In this scenario the lens coupling efficiency is derived with the assumption of the 

fiber as a point source and a uniform distribution of light within the cone defined by 

numerical aperture. In Equation 8-8, m is the magnification, which is defined as the 

quotient of image and object sizes; F is the f-number. In other words, the lens coupling 

efficiency is roughly inversely proportional to the square of the f-number. F-number will 

be discussed in the next section. 

At this point, an electron-to-signal conversion coefficient, w, is introduced and 

defined as the number of electrons required to register a single digital grayscale level. In 
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order to maximize performance, w, is chosen by the manufacturer such that the full well 

depth is proportional to the full bit depth. This is analogous to a window-level setting 

such that a smaller w can give much higher sensitivity with a tradeoff in total range. This 

coefficient reduces the SNR ratio by a factor of . Substituting Equation 8-8 into 

Equation 8-7 gives an explicit expression of scintillation photon fluence per unit time per 

single pixel. The final expression for SNR can be written as 

 

 (8-9) 

Equation 8-9 will be used for experimental validation. In each expression for SNR, 

for the limit of high photon fluence, photon shot noise becomes the dominant noise 

term. In simpler terms, this expression is given as the root of the photons produced, 

coupling efficiencies, and collection time  

 

 (8-10) 

Using the appropriate values, Equation 8-10 shows that the SNR is about 5% of 

the SNR derived in Chapter 3 for the successful PMT-based dosimeter. This SNR is still 

acceptable and Equation 8-10 shows that a CCD design is at least feasible. 

Furthermore, many of the factors in this Equation 8-10 were estimated using the lower 

range of manufacturer acceptance values or other work using the same materials. 

Therefore this SNR calculated for the CCD should be used only as an order-of-

magnitude measurement.  

Note that the equations governing objective lenses were derived using the thins-

lens approximation which holds in the limit of the distances between the source, lens, 
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and observer being much larger than the size of the lens. Practically, most of 

assumptions in the thin-lens approximation do not change the results.123 However, an 

aspect which could potentially alter the results is vignetting, which is a reduction of an 

image's brightness or saturation at the periphery compared to the image center.123, 124 

This approximation is mentioned by Ray et al., Smith et al. and Lacroix et al. but 

regarded as a negligible effect when utilizing a high-performance lens.118, 123, 124 

Therefore, the theoretical SNR derivation shown in Equation 8-10 should be used only 

as a first-order approximation to the optimization of CCD design.  

CCD Physical System Design 

PSD and waveguide 

The prototype CCD-based PSD system involved the same design as the fiber 

used previously for the PMT-based system described in Chapter 3. This design involved 

fiber optically coupling the PSD to a waveguide. The PSD was the same water-

equivalent scintillating fiber (BCF-12, Saint-Gobain Crystals, Nemours, France). The 

PSD is a cylinder with 500 micron diameter and 7 mm height. Note that in anticipation of 

lower signal, a longer PSD was used than the PMT-based system which employed a 

cylinder with 500 micron diameter and only 2 mm height. 

BCF-12 scintillating fibers emits in the blue region with a peak at 438 nm with a 

polystyrene core, a polymethyl methacrylate (PMMA) cladding, and a refractive index of 

1.59; ESKA waveguides are plastic optical fibers with a PMMA core, a refractive index 

of 1.49, with loss of 375 dB/km at 450 nm.77, 78 Note the water-equivalence (1.05 g/cm3) 

of both the fiber and the waveguide.  

Absence of surface polishing reduced the light collection by approximately 40% in 

a study by Ayotte et al., therefore the ends of both the scintillator and waveguide were 
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polished for 20 to 30 minutes per surface using sequentially finer grit lapping paper (12, 

3, and 1 micron) in order to facilitate light transmission.79, 86 The other end of the 

scintillator was also polished, furthermore it was coated with reflective paint (EJ-510, 

Eljen Technology, Sweetwater, TX) in order to capture more scintillation photons.79 

Schematics and a picture of a completed fiber were shown previously in Figures 3-9 

and 3-10, respectively.  

In addition to the longer scintillator length, the fibers used for the CCD system 

differ from those described in Chapter 3 because they were directly incident upon the 

optics which are used to couple the optical waveguide to the face of the CCD instead of 

the earlier design which was coupled using SMA connectors. Waveguides were held 

securely in place using a post mountable v-clamp (VC1, Thorlabs, Newton, NJ). The 

waveguide was centered in the field of view and placed 8 mm away from the optical set-

up. The lens used is described in more detail below.  

CCD camera  

An electron-multiplying (EM) CCD (Luca, Andor Technology, Belfast, Ireland) was 

used in order to capture the images. An important feature of this CCD was its EM ability. 

In an EM system, a gain register is placed within each stage of the CCD capture which 

multiplies the number of electrons, thus making collection of signal from small numbers 

of electrons possible. The gain setting used was 225 (out of a maximum 255) for all 

image captures. This number is unitless and varied even among cameras of the same 

model. The brightness of the image as a function of gain was tested explicitly and is 

shown below in Figure 8-1. One drawback of EMCCD cameras is the requirement of a 

cooling system to maintain an extremely low temperature. This EMCCD required a 

cooling system which operated the system at -20 degrees Celsius.  
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CCD housing 

An electronic enclosure box (1415, Hammond Manufacturing, Cheektowaga, NY) 

was used to shield the CCD from ambient or background light. In addition to protection, 

the housing also provided a convenient carrying module. Necessary holes for the CCD 

system included: filtered power entry mount (1 large, 2 small), USB port (1 large, 2 

small), fiber hole (3 small), L-backet array support (3 medium), and breadboard 

attachment holes (3 medium). For the most part, “small” holes either M5 or 1/16-inch 

drill bit, “medium” holes are 1/4-inch drill bits, and “large” holes mean custom openings 

with edges on the order of 1 inch. In addition, new holes were drilled into the top lid of 

the enclosure for incorporation of convenient 6-32 (size) thumb screws. Holes were 

drilled and then a tap screw was used to create the threads for the thumb screws.  

The connections to the filtered power entry mount were soldered using 0.50” 63/37 

tin-lead solder with no-clean flux core (NCCW2, Amerway Inc, Altoona, PA) and 

sheathed using 1/8” heat-shrink tubing. 

The housing box is composed of three main parts: a body and two lids. Thus 

seams and corners on the body were first sealed with two coats of black rubber cement 

and then taped. All three pieces were painted with primer which was then followed by 

two coats of flat black paint in order to minimize reflection. The bottom lid was 

permanently attached to the body of the housing using black rubber cement and the 

seams were painted again. Thin rubber strips which serve as a gasket were placed 

along the top of the body in order to prevent light leakage. Additionally, rubber feet were 

attached to the bottom of the box and Velcro strips were used for organizing cables. A 

small hole was drilled in the front of the box in order to insert the optical fiber. The fiber 

entry hole is shown in Figure 8-2 with a coin to provide a frame of reference.  
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Four 1/4-20 x 2 inch screws were used to attach the breadboard. The v-clamp was 

attached to the breadboard using one 1/4-20 x 1 inch screw. 1/4-20 x 1 screws were 

used for attaching the L-bracket array support as well. The completed CCD housing 

with power entry module, USB port, and L-bracket support is shown in Figure 8-3. The 

housing’s effectiveness at removing ambient light was tested. 

Optical coupling  

As mentioned earlier, the end of the fiber was directly incident upon the detection 

system. A singlet plano-convex was used to focus the output of the fiber onto the CCD 

accurately. There are traditionally six types of singlet lenses: plano-convex, bi-convex, 

plano-concave, bi-concave, positive meniscus, and negative meniscus. These are 

shown in Figure 8-4. Of these, the plano-convex, bi-convex, and positive meniscus lens 

are known as positive lens, meaning they are used for focusing.123 On the other hand, 

bi-concave, plano-concave, and negative meniscus lens are known as negative lens, 

meaning they are used to spread light.  

To improve the signal, the ends of the waveguides were placed within the focal 

region of a traditional plano-convex spherical lens spherical lens (LA1116-A, Thorlabs 

Inc, Newton, NJ). These lens were constructed of a polymer and anti-reflective coating 

designed for transmission at 350-700 nm. 

The results from this simple plano-convex spherical lens were promising, but were 

immediately improved by a switch to an aspheric lens which provided images with less 

aberration. There are four types of aberrations which can be improved using aspheric 

lenses: spherical, marginal, distortion, and chromatic. Spherical Aberration causes blur 

because light rays passing through the edges focus sooner than other rays which pass 

passing through those rays passing through the center of the lens.123 This is shown in 
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Figure 8-5 below. Marginal aberrations are caused when parallel beams are not incident 

completely perpendicular with the lens.123 This creates two focus points and is also 

known as astigmatism. Distortion is caused because rays passing through the edges 

rays at the edge increase magnification.45 This is what causes the pincushion effect 

commonly seen in fluoroscopy. Chromatic aberrations are found when there is a light 

spectrum rather than a monochromatic source. In this aberration, colors with shorter 

wavelengths are bent quicker and sharper than the longer wavelengths.122  

The aspheric lens (Geltech C140TME-A, LightPath Technologies, Orlando, FL) 

was mounting within a lens tube (SM1L10, Thorlabs Inc, Newton, NJ) which used SM1 

threading. This was connected to the CCD which used an c-mount threading using a 

simple adapter (SM1A9, Thorlabs Inc, Newton, NJ). The lens has an anti-reflective 

coating and transmits 350-700 nm. The lens was first mounted in an optics adapter 

(S1TM12, Thorlabs Inc, Newton, NJ) disk which was subsequently threaded into the 

lens tube mentioned previously and held in place using a retaining ring. 

Figure 8-6 shows the lens inside the optics adapter which is threaded inside the 

lens tube. The position of the lens disk within the tube was manipulated using a custom 

spanner wrench (SPW909, Thorlabs Inc, Newton, NJ). For this investigation, using one 

lens made this design feasible. Using the aspheric lens further decreased the FWHM by 

around 15% in comparison with the plano-convex lens. 

Signal improvement techniques 

The signal was improved using two categories of techniques: improving the 

scintillation efficiency and improving the detection efficiency. The transmission efficiency 

was increased with a substitute waveguide while implantation of a novel lens system 

was undertaken in order to improve detection efficiency by calibrating and focusing the 
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light through manipulation of a lens system. At the time of publication, this lens system 

has not been fully characterized, therefore it will not be discussed, but will be discussed 

extensively in Chapter 10 in the future work section. 

Waveguide replacement 

In order to increase the signal, a different silica waveguide optical fiber (400-UV, 

Ocean Optics Inc, Dunedin, FL) was used. This was the original waveguide used by 

Hyer et al., while the current waveguide as described in Chapter 3 is plastic.17 

Compared with the plastic waveguide previously used, this waveguide is more 

expensive and does not optimize the geometrical coupling efficiency because the silica 

waveguide is slightly smaller in diameter (400 microns) than the PSD diameter (500 

microns). However, the improved transmission at the blue 400 nm wavelength was 

expected to outweigh this.125 The brown silica waveguide is shown in Figure 8-7 on the 

left while the clear plastic waveguide is shown in Figure 8-7 on the right. The 

transmission spectrum of the silica waveguide is shown in Figure 8-8. 

Calibration 

In order to position the waveguide accurately within the field-of-view (FOV) of the 

CCD, a waveguide was illuminated using a strong light source. This was done for 

alignment in the x-y plane (parallel with CCD face) as well as for proper focusing within 

the z-plane (normal to CCD face). Figure 8-9 shows a series of images of fiber-to-lens 

distances of 0.5, 1.5, 2.5, and 3 mm (left to right) from the lens. Note that the light 

source was actually so intense that it saturated the illuminated area as the waveguide 

comes into focus. 
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Baseline Performance Testing Using Portable X-ray Unit 

The portable SR-115 x-ray unit described previously in Chapter 3 was used in 

order to provide diagnostic energy photons.81 A PSD was placed in the field, at 100 kVp, 

1.50 mAs. Since the exposure time was purposely set to 1.0 seconds, remote triggering 

was not necessary. The fully-assembled CCD unit is shown with the portable x-ray unit 

in Figure 8-10.  

A background image was taken for five minutes prior to each set of exposures. 

The first set of exposures consisted of response for different gains. The background 

was then subtracted from the response in order to form a signal curve. 

Results 

As mentioned in the introduction, PSD systems based upon CCDs have enjoyed 

extensive success in radiotherapy applications by many groups, notably with its 

introduction by Beddar et al..12, 68 However these systems have two advantages in 

producing signal with respect to diagnostic systems: higher exposures and longer 

exposure times. Typically, therapy applications use current on the order of amps, with 

treatment times on the order of minutes.45 On the other hand, diagnostic scanners use 

current on the order of milliamps, with treatment times on the order of 500 milliseconds. 

The most important aspect of this investigation was attaining an acceptable SNR. 

The SNR was derived theoretically in Equations 8-1 through 8-10 to be high enough to 

be detectable. While this CCD methodology has been used successfully in radiotherapy 

applications, acceptable images have not been attained by any other group operating in 

the diagnostic-energy regime. This CCD’s high gain which raise the signal by two orders 

of magnitude and the custom housing which lower the ambient signal by an order of 

magnitude are expected to bring the SNR high enough for appropriate discrimination. 



 

230 

Waveguide Replacement 

The original plastic fiber had a transmission loss of 0.22 dB per meter at 400 nm 

while the new silica fiber had an attenuation of 0.09 dB per meter at 400 nm.78, 125 Over 

the 2 m fiber, this resulted in an attenuation of 0.44 dB in the plastic fiber while there 

was an attenuation of 0.18 dB in the silica fiber. Because of the logarithmic scale on 

which decibels are defined, this was significant. 

More importantly, the silica waveguide was much easier than the plastic 

waveguide to work with because of the higher melting point. The silica and plastic 

waveguides had operating temperatures – the temperatures with no degradation in 

optical properties – of  300 and 70 degrees Celsius.78, 125 Note that the operating 

temperature is slightly lower than the temperature at which physical melting occurs, at 

which point the optical properties are almost completely destroyed.78, 125  

As detailed in Appendix A, the fabrication process is heavily reliant upon using 

heat to conform the outside tubing in order to create the primary coupling between the 

waveguide and PSD. Additionally, heat-shrink tubing was used to couple the fiber to the 

SMA connectors and for the bifurcation. And, lastly, heat-shrink tubing was used to 

create a smaller, more point-like detector which did not displace the measurement 

medium.  

Housing Performance 

A 250 x 250 pixel ROI was obtained using a blank capture using the housing with 

the lights off and yielded a mean of 502 +/- 8.9 (1.8%) counts. This was repeated with 

the lights on and yielded an identical mean of 502 +/- 8.9 (1.8%) counts. This 

independence to ambient lighting shows excellent shielding by the box. Using no 

housing, with the lights off, yielded a 808+/- 40 (5.0%) counts. If the lights were turned 
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on, the CCD would be saturated. This further shows the shielding by the box in still 

lowering the counts to the CCD. This is summarized in Table 8-1.  

Gain Performance 

The linearity of maximum pixel value was measured as a function of the EM gain. 

This was previously shown in Figure 8-1. Before saturation, the CCD showed a 

multiplication of a factor of 97.3 with a linear correlation coefficient of 0.976. During 

saturation, the maximum pixel value was 16383. The PSD produced a signal level such 

that a gain of 225 out of 255 was the highest EM gain which remained in the linear 

region and did not saturate the detector. 

Lens Effect 

Figure 8-11 shows the output of the CCD both with and without the lens. The 

maximum number of counts measured was 7466 with the lens and 1511 without the 

lens. Centering a 250 x 250 pixel region-of-interest (ROI) around the center cylinder 

yields 3.43 x 108 and 7.35 x 107 counts for lens and no lens, respectively. It was difficult 

to align the fiber within the x-y plane and this fine-tuning will be discussed in future work 

of Chapter 10. The mean value is 5489 +/- 868 (15.8%) and 1176 +/- 141 (12.0%) 

counts for lens and no lens. The image with the lens had 494% more max counts than 

the image with no focusing lens with only minimal loss (3.8%) of precision. The SNR is 

improved by a factor of 3.5. 

Initial Testing  

Images were obtained from the portable x-ray unit at 100 kVp and 15 mAs. 

Furthermore, the SNR is not very good. The mean value of the signal fiber was 1434 +/- 

792 counts while the surrounding background value was 504 +/- 855 counts. Note that 

ROIs are 50 x 50 pixels. In an attempt to obtain acceptable SNR, special techniques 
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such as pixel binning and longer shutter times were attempted. Using electronic binning 

into 2x2 pixels rather than 1 pixel, the mean value of the signal fiber was 1935 +/- 1069 

counts while the surrounding background value was 685 +/- 830 counts. Using longer 

CCD shutter timing, the mean value of the signal fiber is 1026 +/- 884 counts while the 

surrounding background value is 639 +/- 1092 counts. These results are summarized in 

Table 8-2 along with the measured exposures which ranged from 1.8 to 3.1 R. This 

range of exposures was not sufficient to produce an adequate SNR to visually 

distinguish the fiber.   

CCD Radiation Shielding 

Initial images possessed a streaking artifact across the image, which was 

noticeable only after applying a chromatic filter across the entire image. A chromatic 

viewing filter (CVF) uses the entire color spectrum rather than a grayscale and makes it 

easier to visually distinguish patterns. These streaks were completely parallel and 

horizontal across the image. An example is shown in Figure 8-12. They were non-

uniform in intra-streak spacing. Exposures taken under the same conditions possess 

streaking in different locations and different spacings. 

 This was attributed to a register error or electronics issue. However, this was 

disproven when blank background images with no irradiation did not possess this 

feature. It was then theorized that this artifact was due to possible saturation. However, 

this artifact was not seen in images taken with fibers using the calibration fibers which 

were much brighter – saturating the CCD without any gain. After adding steel blocks 

between the CCD housing and the x-ray tube, these artifacts were no longer present in 

the image Therefore, this artifact was attributed to stray radiation.  
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Groundbreaking Resultant Images  

The CCD and fibers were placed within the light protection box and the large PSD 

fiber was used. Measurements were taken with steel blocks placed between the x-ray 

tube and the CCD to prevent the horizontal streaking artifact seen earlier. The gain was 

empirically determined to be optimally placed at 225 by measuring the signal and 

maximizing the gain without saturation and while still within a reasonably linear region. 

The resultant image is shown in Figure 8-13 and represents the first successful 

implementation of diagnostic application of a CCD PSD system.  

The CCD performance was next tested by measuring a 25x25 pixel2 area within 

the center of the image. The average value was referred to as the pixel intensity. This 

was first measured as a function of current which was varied from 3.0 to 6.75 mAs. The 

results are extremely linear, with a correlation coefficient (R2) of 0.9980. This is shown 

in Figure 8-14 and the results are shown in Table 8-3. Next, the stability of pixel 

intensity was tested at a current of 4.5 mAs and 100 kVp. The standard deviation 

between measurements was 0.5% and the results are plotted in Figure 8-15. 

The pixel intensity was next measured as function of mAs for 80, 90, and 100 kVp. 

The results are shown in Figure 8-16. The results had R2 linearity of 0.9996, 0.9995, 

and 0.9997 for 80, 90, and 100 kVp, respectively. The calibration factor between mAs 

and pixel intensity is further plotted as a function of current between 3.0 and 7.5 mAs in 

Figure 8-17. 

MATLAB® Automated ROI Analysis 

An important aspect of this investigation was to demonstrate proper sampling 

within the ROI. Essentially, for each ROI, it was desirable to maximize the SNR, 

typically by maximizing signal. This was accomplished by proper selection of the pixel 
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sampling area. A versatile definition of this area was demonstrated as a value 

dependent upon only the measured FWHM. The source code for this program is 

included in this work as Appendix D. The first part of this MATLAB® program developed 

an initial estimate of the ROI average value using a user-defined center located at 

coordinates (c1,c2) within the image.  

The program applied a smoothing filter and line fit using local regression based 

upon weighted linear least squares and a 1st degree polynomial model. This aspect of 

the linear least squares function assigns a zero weight to any data which are greater 

than 6-sigma away in the moving average. After this, the function goes through and 

measures the FWHM using linear interpolation. This process is done for the 10 rows 

above and 10 rows below the user-defined center. If the variation between these 

FWHMs is too large, then the program recognizes this, exits, and suggests a different 

definition for the user-defined center (c1,c2). 

Figure 8-18 shows the results with the mean pixel intensity as a function of ROI 

sampling area. The values in this particular figure vary from 5 to 150% of the constraint. 

This figure shows an expected maximum value as the ROI expands beyond the 

illuminated area. Furthermore, this figure shows that the value converges to the 

background value which is around 700 counts. 

Again, the constraint was defined as the average FWHM value minus a buffer of 

10 pixels and then divided by the square root of 2. This correction factor is used 

because the radius of the circle is larger than the ROI rectangle by a factor of square 

root of 2. This constraint value is 712 or 5041 pixels sampled, where the mean pixel 

intensity value is 1140 counts. The maximum pixel intensity value is seen with 900-1000 
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pixels, where the mean pixel intensity is 1740 counts. Therefore, a 30x30 array would 

be an excellent choice for this particular setting. 

The robustness of this program was tested by changing the focal length of the 

CCD by varying the lens to detector distance. The importance of appropriate ROI 

selection has been demonstrated using only the mean pixel intensity. The standard 

deviation can also be used as a metric, and has been included in the coding as another 

method of data analysis. In the future, this entire ROI tool must be one of the first tests 

run on an acquired image. This investigation demonstrates the ability of this code to 

provide a mathematically sound way to define a proper ROI for each image or portion of 

an image. 

Analysis 

After adding shielding, changing the PSD measurement fiber, and creating a 

custom housing, this prototype CCD has produced excellent results. Testing has 

already been undertaken on its next generation which utilizes a lens system and 

promises even better results.  

This prototype came after much development: the very first physical results were 

not encouraging, with large uncertainties seen in the measurements. Continued work 

was justified because this prototype CCD PSD system used the same Andor CCD as 

other successful groups such as Beddar et al. and his group (Archambualt et al., and 

Lacroix et al.). 12, 13, 65-68, 70, 86, 92, 117-120, 126 While this application used a much lower 

current and much smaller exposure time, it was shown to be theoretically possible. It 

was difficult to discriminate the signal from the background in many cases and a CVF 

was used for easier visual distinction of patterns. After applying these CVFs, there was 

extremely noticeable horizontal streaking across the entire face of the images which 
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was eliminated using steel blocks in order to shield the CCD acquisition system from 

stray radiation. 

The average CCD pixel intensity was found extremely linear as a function of 

current, with an R2 of 0.9980 from 3.0 to 6.75 mAs. Next, the variation between 

measurements of pixel intensity was found to be excellent, at 0.5%. The pixel intensity 

as a function of mAs was extremely linear for a variety of energies with an R2 value of 

0.9996, 0.9995, and 0.9997 for 80, 90, and 100 kVp, respectively.  

To the author’s knowledge, this prototype has produced the very first PSD CCD 

system which was used at the diagnostic energy level. Using this PSD at diagnostic 

energies instead of radiotherapy applications does provide some advantages. Notably, 

there is no stem effect for Cerenkov because energies are below the 178 keV threshold 

for PMMA.13 A “reference” fiber was used for simple background subtraction. 

Background subtraction for removing stem effect is not as precise as chromatic 

filtering.92 However, chromatic filtering was not used because requires an extremely 

high SNR.92 Note that the chromatic filtering technique described by Archambault et al. 

is not the same as a chromatic viewing filter (CVF).92 Chromatic filtering is used to 

remove Cerenkov radiation and other wavelength-dependent artifacts from images 

while CVFs are used to simply display images in color rather than in grayscale.  

The limiting resolution factor comes in either longest dimension or – in this case – 

normal to length of fiber due to requiring measurement signal from both fibers. The use 

of a blank fiber does lower spatial resolution.  However, this is as not as important as in 

therapy applications for two reasons: (1) orientation is not as hard to change in 

diagnostic procedures due to the “isotropic” nature of CT and the option to take standing 
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acquisitions and (2) penumbras are nowhere near as sharp – percentage-wise – as in 

brachytherapy applications which demand high spatial resolution. 

Prototype Development 

Computational optimization of SNR 

The next stage of development should also include improvements in SNR. This 

would be accomplished by proper sampling within the ROI. A versatile definition of ROI 

was demonstrated as a value heavily dependent upon FWHM. A MATLAB® code has 

been developed to automate this process. There is an important geometric correction 

factor based upon using a rectangular ROI instead of a circular ROI. Using a rectangle 

instead of a circle has two advantages: first, computationally it is much easier and faster 

to incorporate. Secondly, any statistical anomalies across the circular area will tend to 

be averaged out. For example, if an artifact were present only at the 70% isodose line 

this would not be detected by a circular ROI. But a rectangular ROI with the same area 

has a factor of π of length larger. In other words, a 314 pixel2 area would mean a circle 

with radius of 10 pixels or a rectangle with length of 17.7 pixels. 

CCD lens system 

An ideal fiber for focusing would have no divergence. However, because this fiber 

is not an idealized case, there is some degree of divergence to it. However, this can 

easily be accounted for by using negative lens. Negative lenses were mentioned 

previously, but were described as those which spread out a beam of light. If focused on 

an already diverging source, a negative lens can be used for collimation. This creates a 

beam with a focal spot of infinity and makes the light directly incident perpendicularly 

upon the next object.123  
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The concept of collimation is easy to visualize as a backwards version of the 

typical positive lens focusing. In the positive scenario, a beam of light is incident upon 

the curved portion of the lens and focused into a point. Conversely, in a negative 

scenario, a point source is incident upon the planar portion of the lens and spread into a 

beam. 

The effectiveness of this diverging lens was tested by moving the lens closer and 

further away from the CCD while maintaining the fiber at a focal length away. If the 

collimation is occurring correctly, the image width should not change regardless of 

distance of the lens from the CCD. This was initially conducted by flipping the aspheric 

lens such that the light from the fiber was incident upon the planar side rather than the 

convex side.  

From general optics, the numerical aperture for a single-mode fiber is123 

  (8-11) 

 

It is given that refractive index, n, is equal to 1 in air.123 Furthermore, the NA of the fiber 

is specified as 0.22.125 Therefore the half-angle of the emission (or acceptance) cone, θ, 

is 12.7 degrees. At a distance of one focal length away from the collimating condenser 

lens, FC, then the collimated beam then possesses a width of  

  (8-12) 

 

Note that the factor of two comes in because the emission cone is specified as a 

half-angle. Therefore, with the specified focal length of 8 mm for the collimating 

condenser lens, the collimated beam width is 3.6 mm.127 Finally, with the 400 nm 
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wavelength of light being transmitted and the 20 mm focal length for the focusing 

condenser lens, FF, the spot size, d, can be determined by123 

 
 

(8-13) 

 

This leads to a spot size of approximately 2.8 x 10-6 m. In other words, the 

theoretical spot size is on the order of single-digit microns. The pixels themselves are 

10 microns.  

After this quick proof of concept, a condenser lens was ordered. The set-up is 

shown in Figure 8-19. Aspheric condenser lenses have a non-spherical curved face but, 

by definition, have a short focal length which is ideal for both positive and negative 

focusing, such as beam collimation.123 For optimal coupling, the condenser collimation 

lens should have a higher or equal NA in comparison with the focusing lens.123 The 

aspheric condenser lens chosen (ACL 108, Thorlabs Inc, Newton, NJ) had an NA of 

.547 while the focusing aspheric lens described previously had an NA of 0.500.127 This 

specific series (ACL, Thorlabs Inc, Newton, NJ) of lenses was designed for high-

efficiency collimation. This particular lens was also coated with an anti-reflective coating 

which allowed transmission of light in the 350 to 700 nm range.127 

Novel target adjustment device 

Figure 8-20 shows a schematic of an innovative proposed target adjustment 

device (TAD). This device would be used to quickly and precisely tune the position of 

the output of the lens system. It is envisioned that this device would be attached to the 

end of the collimated light housing. There would be four holes in each of the corners of 
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the TAD. The exact amount of adjustment would be dependent upon the threading of 

the screws used.  

It is recommended that a large thread pitch (with respect to Unified standards) is 

chosen.  This corresponds to a small thread pitch with respect to metric threads. In 

either case, this corresponds to a large number of threads per inch. Additionally, set 

screws are also recommended because they are fully threaded, thus providing 

maximum utility in what will most likely be a very short screw. Figure 8-20 shows a 

socket screw simply because it was easier to illustrate. 

The space between the end of the collimated light housing and the TAD should be 

light-tight and it is suggested that some sort of o-ring be used in order to maintain 

spacing. This is shown in Figure 8-20. Either a cloth or rubber o-ring should be 

sufficient. 

Discussion 

A prototype PSD CCD system was created. To the best of the author’s knowledge, 

this is the first system to accomplish these measurements at diagnostic-level energies. 

The SNR levels of the PSD CCD was shown to theoretically to satisfy the discrimination 

of an image. Next, the system was made suitable for measurements by constructing a 

custom housing, a higher signal PSD fiber, and scatter shielding. This prototype is the 

first generation in an expected series of systems.  

The average CCD pixel intensity was extremely precise, with less than 1% change 

between measurements. Furthermore, the pixel intensity was found to be linear as a 

function of exposure for a variety of energies  

This investigation has shown the feasibility of a CCD-based PSD system. Future 

work on this system will include the incorporation of a lens system for improved optical 
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coupling between the fiber and the CCD. The incorporation of a condenser lens has 

been started and is considered to be the second generation. This investigation has also 

demonstrated the ability of an ROI analysis code to provide an optimized selection of a 

proper ROI for each image or portion of an image. An improved ROI algorithm is under 

development to process the images in a more automated and faster method. The next 

generation will also include the capability for multiple parallel fiber measurements, most 

likely by utilizing the novel target adjustment system. 

This research was funded by Oraya Therapeutics.  
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Table 8-1. Counts as a function of housing and lighting 

 
 

Table 8-2. Effects of special techniques upon counts 

 
 

Table 8-3. Linearity of pixel intensity as a function of current 

 

Housing Lights Counts

No On Saturated

No Off 808

Yes On 502

Yes Off 502

Trial mAs Exposure [R] Special techniques Mean signal Mean background

1 15 2.220 None 1434 +/- 792 504 +/- 855

2 12 1.786 2x2 pixel binning 1935 +/- 1069 685 +/- 830

3 21 3.100 Longer shutter time 1026 +/- 884 639 +/- 1092

mAs Signal Noise

Coefficient                     

of Variation

3 1553.3 112.6 0.07

3.75 1814.7 125.8 0.07

4.5 2060.3 135.6 0.07

5.25 2260.7 135.6 0.06

6 2470.0 154.7 0.06

6.75 2726.3 151.6 0.06
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Figure 8-1.  Gain linearity 

 

 
Figure 8-2.  Size of fiber entry hole, coin used for reference 
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Figure 8-3.  Completed CCD system housing (top) and a schematic (bottom) showing 1) 

power supply, 2) optical post, 3) focusing lens, 4) CCD camera, 5) power 
entry mount, and 6) USB panel mount 
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Figure 8-4.  Different types of lenses (from left): simple plano-convex, biconvex, plano-

concave, biconcave, meniscus, and plano-convex 

 

 
Figure 8-5.  Effect on edges by aspheric lens (Photo courtesy of Thorlabs, “Thorlabs 

V20 Catalog,” Unpublished (2010), p. 639) 

 

 
Figure 8-6.  Lens mounted in optical adapter threaded into lens tube 
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Figure 8-7.  Brown silica waveguide (left) and clear plastic waveguide (right) mounted 

on v-clamp inside focal region of lens  

 

 
Figure 8-8.  Silica waveguide transmission vs wavelength (Photo courtesy of Polymicro, 

“Order material testing,” Unpublished (2011), p. 1) 
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Figure 8-9.  Resultant images with fiber-to-lens distances of 0.5, 1.5, 2.5, and 3 mm (left 

to right)  

 

 
Figure 8-10.  Completed CCD housing ready for x-ray source benchmarking 
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Figure 8-11.  Lens effect showing focused image (left) and unfocused image (right) 

 

 
Figure 8-12.  Streaking artifact 
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Figure 8-13.  Final image produced with proper housing, fiber selection, and shielding 

shown without (left) and with (right) CVF  

 

 
Figure 8-14.  Pixel intensity linearity as a function of mAs 
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Figure 8-15.  Stability of pixel intensity from multiple trials  

 

 
Figure 8-16.  Pixel intensity as a function of mAs for different peak voltages 
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Figure 8-17.  Calibration factor between mAs and pixel intensity for different peak 

voltages  

 

 
Figure 8-18.  Mean pixel intensity vs ROI sampling area 
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Figure 8-19.  CCD double lens set up (top) and a schematic (bottom) showing 1) optical 

post, 2) condenser lens, 3) focusing lens within lens tube, 4) CCD camera 
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Figure 8-20.  Novel target adjustment device  
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CHAPTER 9 
MULTIPIXEL PHOTON COUNTERS 

Background  

Chapter 8 investigated the next generation of prototype PSD detectors using a 

CCD-based design. The next investigation is devoted to evaluation of another different 

prototype system using a multipixel photon counters (MPPCs)-based design. MPPCs 

were recently innovated and were not available in wide-spread commercial modules 

until very recently. Preliminary results are examined and performance is compared with 

the current PMT-based design. 

The idea for using MPPCs was borrowed from current detectors which are 

installed in the prominent Large Hadron Collider experiment. MPPCs are based upon 

avalanche photodiodes (APDs). These detectors were invented in Russia in the 1980’s. 

They have an internal gain of 105 to 106, are extremely robust, and have detection 

efficiencies as high as 60%.128-131 On the other hand, they do have a high crosstalk and 

high dark count rate.129-131 Their size can be characterized as either an advantageous 

(compact, high resolution) or a disadvantage (small cross-section). In the case of PSDs, 

the small size is not an issue because the waveguide is still smaller in diameter (500 

microns) than the active area (1000x1000 microns2) 

MPPCs operate as an array of avalanche photodiodes (APDs). APDs operate with 

their voltage bias above breakdown voltage, in Geiger mode.131 Therefore, the APD is a 

binary device – either a photon creates a charge or it does not. In turn, APDs are not 

dependent upon the number of photons which impinge upon the sensitive area; they are 

therefore count rate limited. On the other hand, common detectors are amplifiers and 
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apply a gain to photons, such that the amount of charge created is proportional to the 

number of photons which enter.45 

APDs have extremely high sensitivity for single photons and some modules even 

have an adjustable trigger level such as 0.5 photoelectrons (pe), 1.5 pe, and 2.5 pe.128 

The increments begin at half of particle in order to provide a proper threshold for each 

event with a reasonable uncertainty range. For example, if a 0.5 pe threshold should be 

sufficient to discriminate against noise while allowing some leeway in the charge 

created by one photoelectron. Note that the output of each APD pixel is considered. If 

the number of photons is low and they arrive at a time interval shorter than the recovery 

time of the pixel, the APD can output pulses that are equal to a single photoelectron. 

However, if the photon flux is high or the photons arrive with a frequency which is higher 

than the recovery time, the pixel outputs will begin to pile up. This is when the threshold 

of 1.5 pe, 2.5 pe, or 3.5 pe is used. The recovery time has been shown to be less than 

100 ns for most APDs arrays.129-131 

APDs have extremely fast timing properties with resolution available down to 100 

ns range. Most commercial modules offer resolution down to 1 ms, which is an order 

better than the 10 ms maximum resolution available with commercial PMTs.  

Remember that APDs are operated in Geiger mode which is about 10-20% above 

breakdown voltage, which makes essentially immune to small bias voltage drifts.131 In 

general, the low voltage requirements for APDs is also an advantage and most modules 

can be powered through USB or IEEE1394 “firewire” connections.128 Thus they require 

neither an extra power supplies nor other cables except the necessary readout cable.  
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While there is quite complicated circuitry, overheating has not been a concern in 

the module and can be operated for long periods without overheating concerns. 

However, while APDs do not overheat, their temperature can fluctuate. One 

disadvantage is the APD’s potential sensitivity to temperature changes. Using Geiger 

mode does mitigate this effect, but temperature stabilization or compensation should 

still be considered. One method of reducing dark current in any detector is to lower the 

dark current noise and a common way of doing this is to use cooling.45 

APDs possess a large advantage by using Geiger mode which offers high intrinsic 

gain. This makes another PMTs (or any other type of high performance amplifiers) 

unnecessary. On the other hand, the principle disadvantage of APDs is that Geiger 

mode is a binary operation. All that can be determined from an avalanche is that one 

electron/hole pair initiated the breakdown, but not the number of electron/hole pairs. 

The concept behind MPPCs is to use 500-1000 independent APDs within a small (1 to 9 

mm2) area.128-131 Each of the APDs are connected in parallel and, to first order, the sum 

signal of all the cells added is, to first order, directly proportional to the number of 

photons impinging upon the whole sensor surface.128-131 However, this is only true if the 

number of photons is small compared to the number of pixels.128-131 

Preliminary Results 

The detection unit (C10507-11-025U, Hamamatsu, Bridgewater, NJ) chosen was a 

commercially-available photon-counting module. This module comes preinstalled with 

the hardware required to control the MPPC (S10362-11-025U, Hamamatsu, 

Bridgewater, NJ). This MPPC is a square 1 mm2 with 1600 pixels which are 25 microns 

x 25 microns each, with a nominal gain of 2.75 x 105.128 Because the pixels are so 

small, the fill factor is relatively low (0.38).128 However, remember that the linear output 
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relies upon the number of pixels being much larger than the number of photons. The 

time resolution, which is defined as the minimum time difference that can be detected 

the APD is 200 ps.128 This is essentially the reset time of the APD. This is not the same 

as the electrical readout binning resolution, which is 1 ms. The peak sensitivity is at 440 

nm.128 Within 20 to 30 degrees Celsius, there have been no discernable changes in 

stable analog output.128 This module has an adjustable trigger level between 0.5 pe, 1.5 

pe, and 2.5 pe, or it can be disabled. The module is shown with an SMA adapter 

installed in Figure 9-1. 

The typical MPPC response to a computed radiography machine is shown in 

Figure 9-2. The source was the same portable x-ray tube used previously (filtration of 

2.7 mm Al). The background noise in the MPPC was substantially higher than that of 

the PMT system. Typically, the PSD fibers had around 5-10 background counts, which 

was enough to trigger an event in the MPPC due to its low threshold as described 

previously.  

As shown in Figure 9-2, background measurements remained very consistent. 

Over 16 different mAs values, each with three trials, the background was 2601 ± 0.4% 

counts. However, these background counts were relatively high in comparison with the 

signal. It was observed that the number of counts changed with the amount of ambient 

light. Specifically, the number of counts was higher in the presence of ambient light. 

Therefore, it is assumed that there is light leakage somewhere in the fiber. However, 

this was mitigated somewhat by taking all measurements with overhead lights turned 

off. This effect can be further suppressed by constructing an enclosure similar to the 

ones detailed in Chapter 3 for the PMT and Chapter 8 for the CCD. Another test which 
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was tried was by simply putting a sealed SMA connector onto the MPPC. The resultant 

counts were still very high, suggesting some light leakage in the threading or connection 

between the MPPC and the SMA. 

Next, the portable x-ray generator was used to generate a signal in the PSD to be 

recorded by the MPPC. The mAs was varied from 2 to 9.75 mAs. The number of signal 

counts as a function of mAs was determined to be roughly linear, with an correlation 

coefficient (R2) of 0.9557. This is shown in Figure 9-3.  

Analysis and Discussion 

The MPPC must have better performance than the PMT system in order to justify 

a switch. Requirements to be fulfilled include: robust and stable, easy calibration, blue 

sensitive, low cost (optimally including initial investments), compact, low power 

consumption, no extra cooling necessary, linear photon detection efficiency. Other 

useful properties include insensitivity to magnetic fields and self-powered.  

While the PMT offers much better SNR by a factor of almost 100, each channel 

costs $4000. MPPCs offer an intriguing option due to its price. The MPPC array which 

seems to fit the criteria bets is a 16 channel (4x4) package (S11827-3344MG, 

Hamamatsu, Bridgewater, NJ).132 Each channel in this module has a large 3x3 mm2 

sensitive area comprised of 3600 pixels with 50 micron pitch.132 In addition this is chip is 

fabricated in a monolithic fashion which means that the gaps are small – in fact the fill 

factor (.615) is 150% higher than the single-channel module used in this proof of 

concept (.38).128, 132 Each channel has two output pins which can be fitted into a module 

and this array costs $1300.132 In order to control the MPPC, it is recommended that the 

module version (C11206-0404FB[X], Hamamatsu, Bridgewater, NJ) is purchased which 
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raises the cost to $4000. The module version contains the control electronics, preamp, 

and DAC array.  

The MPPC response is shown with the PMT response overlaid in order to make a 

direct comparison between their performance in Figure 9-4. As mentioned previously, 

the MPPC suffers from much more significant background noise than the PMT. 

However, it offers still offers a linear response to current and has other advantages, 

most notably cost and robustness. It is another viable option which should be 

considered especially if the background noise can be reduced in a manner similar to the 

CCD-based design or by using cooling. 
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Figure 9-1.  MPPC with fiber connected through SMA connector (top, black with tape) 

and firewire (bottom, blue) 
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Figure 9-2.  Typical MPPC response 

 

 
Figure 9-3.  MPPC counts vs mAs 
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Figure 9-4.  PMT and MPPC response normalized to max counts 
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CHAPTER 10 
CONCLUSIONS 

Results of This Work  

The overall goal of this work was to develop the tools and methods necessary to 

measure radiation delivered during helical computed tomography (CT) exams using 

plastic scintillation dosimeters (PSDs). These PSDs were used to characterize the 

performance and behavior of novel methods of dose reduction, specifically organ dose 

modulation (ODM) and tube current modulation (TCM) in helical CT.  

This research was broken down into development of a measurement medium in 

Chapter 2 and the fabrication of the dosimetry system in Chapter 3. Next, utility of the 

PSD system was shown in applications of x-ray radiosurgery, CT overranging, CT 

starting angle studies, and CT organ dose modulation in Chapters 3 through 6, 

respectively. Specifically, Chapter 3 of this work showed an example of application of 

PSDs to age-related macular degeneration, which is currently the leading cause of 

severe vision loss and blindness in those over age 65.60 This unique application uses 

the PSD system to measure the delivered x-ray radiosurgery dose to ensure precision 

and safety. 

A novel, independent method for measuring overranging was described in Chapter 

4. The importance of overranging in accurately predicting CT dose has recently been 

acknowledged, most notably in the recently released reports of American Association of 

Physicists in Medicine (AAPM) Task Group (TG) 111 and AAPM TG 23.6, 9 Additionally, 

AAPM has advocated a move away from CT dose index (CTDI), towards a new metric 

known as equilibrium dose.6 The methodology for determining this metric is similar to 

the cylindrical derivation which was introduced in the starting angle dose biasing 
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(SADB) methodology described in Chapter 5. The SADB needs to be incorporated into 

reports of CT dose in order to account for uncertainties in x-ray tube starting angle. 

Chapter 6 describes a different application of the random x-ray tube starting angle in 

which dose savings are shown to be possible and, in some cases, quite significant. 

These studies should be presented to vendors in order to show the dose-savings 

possible with specification of x-ray tube starting angle.  

The data necessary to develop a predictive tube current modulation (TCM) 

algorithm were collected for different scan protocols and recorded in Chapter 7. These 

measurements will be used for a predictive computational TCM algorithm, a novel idea 

which has not been successfully modeled by any other research group.  

Lastly, a working prototype PSD system based upon CCDs was shown to be both 

theoretically and physically possible in Chapter 8. PSDs have traditionally been used 

almost exclusively only in radiotherapy applications. At these higher megavoltage 

energies, higher dose delivery rates, and longer exposure times make a CCD-based 

system much easier to incorporate than with diagnostic applications. Using a 

combination of SNR improvement techniques, this work has provided the first 

successful CCD imaging for PSD applications at diagnostic-level energies. 

In addition to these contributions to the current state of knowledge, there are many 

promising opportunities for research featuring PSDs including system development, 

different applications, and new methods which will be briefly discussed below.  

Opportunities for Future Work and Development 

Anthropomorphic Phantom Developments 

The dimensions for the male anthropomorphic phantom represented a 50th 

percentile adult male as defined by ICRP publication 89.28 Chapter 2 details the 



 

265 

fabrication process which can be used to produce a physical phantom from any set of 

segmented CT data. These data would be drawn from the 50 adult computational 

phantoms which are part of the UF Advanced Laboratory for Radiation Dosimetry 

Studies (ALRADS) library.41 In addition to creating an entire family of physical phantoms 

which represent patients of all sizes and shapes, this introduces many other exciting 

possibilities. For example, a project which is currently underway is the development of a 

series of physical add-ons to the 50th percentile female anthropomorphic physical 

phantom which would represent a pregnant female at different stages of gestational 

development. These phantoms could be used to accurately measure fetal dose.  

The physical phantom currently uses three different tissue equivalent substitutes. 

It has been made more realistic using a new material which simulates the composition 

of the fat layers, adipose tissue equivalent substitute (ATES).46 Another investigation 

has been recently completed which involves proper representation of breast tissue 

using a breast tissue-equivalent substitute (BrTES). Currently, the new BrTES and the 

fetal substitute are under development and are expected to be in the next generation of 

phantoms produced. 

Commercial PSD Usage for Radiation Monitoring 

The PSD system described in Chapter 3 was implemented in the IRayTM designed 

by Oraya Therapeutics Inc. It would be interesting to check for yellowing in the PSD – 

which is characteristic of radiation damage – whenever a machine is brought in for its 

yearly calibrations. Another proposed application of the PSD system would be as a 

voltage monitor. This would involve a simple setup: one measurement in air (PSDair) 

while the other measurement would be after collimation material (PSDcoll). It is expected 

that the ratio between PSDair to PSDcoll, should remain constant because the only 
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difference between the two measurement points is the filtration and the beam quality at 

both of these points should remain constant if the voltage is not changed. Therefore, if 

the ratio changed, this could be used to detect a voltage ripple and be connected to a 

gating event which would provide yet another safety feature. There have been plans to 

incorporate these measurement points by simply creating channels in the current 

collimator used for the x-ray tube. 

Continuing in the idea of a voltage monitor, the ratio between the two 

measurements can be used as an indicator of machine degradation. Specifically, if the 

ratio between PSDair to PSDcoll response became higher, this would suggest that the 

spectrum became softer. One possible reason would be the tungsten material of the 

anode melting. On the other hand, if the ratio between the PSDair to PSDcoll  became 

lower, it would suggest that the spectrum became harder, a possible reason would be 

the attachment of the electron cloud or plasma to the window filtering the beam. 

Regardless, a change in the ratio indicates a change in filtration or beam quality and 

should be investigated immediately. 

The SNR was excellent in measurements (1000-4000). It may be more practical to 

utilize two separate channels using only two PMTs. Typically two PMTs are required per 

channel – one for signal and one for background subtraction. If this is done, the voltage 

monitor would not require any additional modifications or material acquisition other than 

another signal fiber. The voltage monitor was not tested during the last visit due to the 

lack of an extra signal fiber. 

Overranging 

Real-time, point measurements of PSDs were used to quantify the overranging in 

a Siemens Somatom Sensation 16. In the methodology described in Chapter 4, two 
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table dosimeters provided a measurement of average velocity over a small region 

whereas the console determines table velocity based on overall scan length and overall 

scan time. If implemented clinically, this method could potentially be adapted to operate 

in conjunction with the console measurements of speed, thus eliminating the need for 

the two dosimeters. This would also reduce the number of measurements required, but 

introduce a strong codependence upon console accuracy. 

The purpose of overranging is to collect sufficient projection data on each side of 

ROI. However, a recent technology known as “dynamic collimation” has been 

introduced in which x-ray beam can be changed over the course of the scan, thus 

producing a trapezoidal beam profile at the beginning and end of the scan.133 It could be 

feasible to use a PSD methodology to measure or verify the dose reduction, as well as 

quantify overranging. A PSD-based approach would need to account for the partially 

open or closed collimators in real-time. Also, while overranging length results have been 

measured for a Siemens Somatom Sensation 16, future research should include 

different vendors, scanner models, and post-processing methods – which have already 

been shown to change overranging values by as much as 125%.96  

Starting Angle and Organ Dose Modulation 

Starting angle dose bias (SADB) is a new metric which was introduced in Chapter 

5 to represent a source of uncertainty in x-ray tube starting angle which has been 

ignored. Current measurements of dose do not account for the accompanying loss of 

precision due to SADB. In other words, physical measurements will always have some 

baseline precision which cannot be overcome without hundreds of measurements in 

order to eliminate SADB through measurement of the entire range of possible doses. It 

would be interesting to repeat this investigation for different vendors and scanner 
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models in the same manner described in Chapter 5 (head, neck, chest, abdomen, and 

pelvic protocols for all organs used in effective dose calculation). Furthermore, this 

would be extremely interesting to study across a wide library of phantoms. 

The concept of ODM was described in Chapter 6. In this study, dose savings was 

calculated for two organs: lens of the eye and thyroid. These organs represent ideal 

candidates due to their peripheral location, small size, and radiobiological sensitivity. 

Subsequent studies should be designed to evaluate ODM in more organs, and if 

possible, for different vendors and scanner protocols. Also, another area of investigation 

would involve the impact of off-isocenter positioning because these calculations assume 

isocentric positioning. This would also be extremely interesting to study across a wide 

library of phantoms. 

Predictive Algorithm for Tube Current Modulation  

Chapter 7 measured the tube current as a function of longitudinal positions for  

common scan protocols, as defined in Chapter 5 (head, neck, chest, abdomen, pelvis). 

These in-scan data will provide the basis of a predictive algorithm of tube current. It is 

absolutely feasible and accurate to obtain organ and effective doses for CT procedures 

using Monte Carlo computational simulations. However, incorporating TCM into the 

source modeling of Monte Carlo simulations has been challenging due to the lack of 

availability of data matching tube current to scan position. 

This experiment was designed to gather data for an algorithm which characterized 

longitudinal TCM. In reality, there are actually two different types of TCM in Siemens CT 

systems. However, it is anticipated that the other type, angular TCM, will be the more 

challenging aspect to model. Therefore, the first generation of this code would involve 

only longitudinal TCM. Angular TCM is based upon the detector fluence in the past 180 
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degrees of rotation. One method to determine this would be creating an x-ray source 

and using a ray-trace to determine the transmission for each projection. 

After incorporating both types of TCM for Siemens machines, other work should 

be done with other vendors such as Toshiba. In fact, Toshiba uses a completely 

different method for TCM which is based upon data from two orthogonal projections (AP 

and lateral) of the patient. 

Elliptical add-ons were used to transform a cylindrical phantom into phantoms 

which challenged both z-axis and angular TCM. The phantom was made with relatively 

simple geometry, notably in its purposeful lack of high or low attenuation regions. As the 

algorithm becomes increasingly accurate for simple shapes, more and more 

complicated add-ons can be created, culminating in a realistic anthropomorphic 

phantom, such as the ones described in Chapter 2. 

PSD CCD Prototype Dosimetry System 

Chapter 8 was an investigation into the feasibility of a CCD-based PSD system. 

This was shown to be both theoretically and physically possible. This chapter also 

described the rationale and fabrication process for a prototype CCD PSD system to 

supplement the PMT PSD system. Essentially this would provide an economical 

massively parallel read-out. The second-generation prototype is currently under 

development will include the incorporation of a lens system using a condenser lens for 

improved optical coupling between the fiber and the CCD. This investigation has also 

demonstrated the ability of an ROI analysis code to provide an optimized selection of a 

proper ROI for each image or portion of an image. An improved ROI algorithm is under 

development to process the images in a more automated and faster method. The next 
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generation will also include the capability for multiple parallel fiber measurements, most 

likely by utilizing the novel target adjustment system. 

Multi-Pixel Photon Counters 

MPPCs operate as an array of avalanche photodiodes (APDs), which have 

extremely high sensitivity for single photons.128 The recovery time has been shown to 

be less than 100 ns for most APDs arrays.129-131 In turn, most modules offer resolution 

down to 1 ms, which is an order better than the 10 ms maximum resolution available 

with commercial PMTs.  

The background noise in the MPPC was substantially higher than that of the PMT 

system. The SNR of the MPPC-based system was only around 2.5, while the SNR of 

the PMT was around 500. The PSD fibers give around 5-10 background counts even in 

the PMT-based system. However, 5-10 background counts was enough to trigger an 

event in the MPPC due to its low threshold.  

The MPPC must have better performance than the PMT system in order to justify 

a switch. As mentioned previously, the MPPC suffers from much more significant 

background noise than the PMT. However, it offers still offers a linear response and has 

other advantages such as cost, low power consumption, and robustness. It is another 

viable option which should be considered especially if the background noise can be 

reduced using cooling and a housing similar to that constructed for the CCD-based 

system. 

In comparison with the PMT-based system, the largest advantage of MPPCs is 

their low price. While the PMT offers much better SNR by a factor of more than 100, 

each PMT channel costs $4000. On the other hand, a $4000 MPPC module (C11206-

0404FB[X], Hamamatsu, Bridgewater, NJ) has 16 channels.132 Each channel in this 4x4 
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array has a 3x3 mm2 sensitive area comprised of 3600 pixels.132 This module controls 

the MPPC (and S11827-3344MG, Hamamatsu, Bridgewater, NJ) and contains the 

control electronics, preamp, and DAC array.  

Final Thoughts 

The research presented in this dissertation highlights the development of the tools 

and methods in order to measure radiation delivered during CT exams using novel 

designs based upon PSDs.  The average dose per scan has fallen in each of the past 

decades since the inception of CT technology. In order to remain viable, the benefits of 

an appropriately ordered CT exam should outweigh those risks. Quantification of 

radiation exposure from CT scans should be accurate in order to accurately assess the 

collective risk and to provide patient-specific organ doses for use in either retrospective 

epidemiologic or prospective risk estimation studies. It is hoped that the tools and 

methods described in this study can be used to innovate other new methods and 

continue to contribute to the field of medical physics. 
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APPENDIX A 
FIBER CONSTRUCTION METHODOLOGY 

This section of the dissertation details the fabrication process for fiber-optic 

coupled (FOC) plastic scintillator dosimeters (PSD) to plastic waveguide. This 

waveguide is next attached to an SMA connector. If a different connector is used, 

simply stop before the step which involves SMA epoxy. This methodology is currently 

the most efficient coupling available, however it is anticipated that it will be further 

refined. The surface preparation and coupling techniques are similar to those described 

by Ayotte et al..86 Note that another version of this methodology is available with 

pictures as an internal laboratory document. 

 Gather construction materials. In terms of fiber materials needed mail-order:: 
approximately 430 cm of plastic fiber transmission material (Fiber Optics Center, 
Eska CK-20), 3-5 cm of “small” PVC heat-shrink tubing (Fisher Scientific, 3/64”), 3 
cm of plastic scintillator (Saint-Gobain Crystals BCF-12, 200 cm of “medium” PVC 
heat-shrink tubing (Fisher Scientific, 1/16”), 5 cm of PVC “large” heat-shrink tubing 
(Fisher Scientific, 1/8”), 2 SMA 905 connectors (Fiber Optics Center, 500 μm), 
reflective coating (Eljen Technology, EJ-510), 5 mL of SMA epoxy (FiberFin, 1656 
resin, #80 hardener), an Amphenol hand-puck (Ocean Optics), a glass lapping 
surface (Ocean Optics) and 3 grits of lapping paper (Angstrom Lap, 12, 3, and 1 
μm). In terms of fiber materials available at a local store: transparent crazy glue, 
scissors, masking tape, electrical tape, marker, and ruler. Also required is a 
microscope (Carl Zeiss, Standard 20) with at least 3,2/0,07 magnification and a 
heat-gun (Wagner).  

 Cut 2 fibers of slightly more than 210 cm of plastic fiber. Use the floor tiles as a 
rough reference, each of which is 30 cm.  

 Cut a 3 cm of scintillator Note: when making an initial cut of the fiber, use the 
sharp side (not the beveled side) of the knife and move in a smooth, downward 
motion.  

 Take one end of each fiber and prepare for optical coupling with the lapping paper. 
Insert the end through a 500 μm SMA connector and screw it into the hand-puck. 
Begin the lapping process with the highest grit and ending with lowest grit: 12, 3, 1 
μm. The lapping should be done by holding the fiber firmly outside the SMA 
connector and moving the hand-puck in a figure-8 movement. This will 
symmetrically smooth out any jagged edges in the end of the fiber. Repeat this 
step with one side of the scintillator. This polishing aspect is one of the most 
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important parts of the fabrication process. An example of the progress made is 
shown in Figure A-1. The surface should be at least to this degree of smoothness. 

 Next, cut off about 3 cm of the small (1/16”) PVC heat-shrink tubing which you will 
use as a coupler. Tape this down on the table and begin to heat in order to create 
a tighter coupling. To make the next few steps easier (notably the meeting of the 
fiber and scintillator), cut the coupler at a 450 angle. See Figures A-5 and A-6. 

 Test to make sure that the 500 μm fiber can fully make it through the coupler.  

 Tape the coupler down and mark the center of coupler with a marker.  

 Place the edges of the scintillator and the fiber (the “scintillating fiber”) onto the 
black mark, and mark on the fibers where the edges of the coupler are.  

 Super-glue the scintillator and the fiber up to the edge marks and place them into 
the coupler. Note that the glue will set within 2 seconds, so make sure to get the 
components located at the center of the coupler quickly.  

 Measure 2 mm of scintillator as measured from the black mark and make a cut.  

 Polish the end of the scintillator with the lapping paper, starting from 12 μm and 
ending with 5 μm. Again, move in figure-8 motions and check the smoothness with 
the microscope. 

 Dip the end of the scintillator into the reflective coating. Only a small amount is 
necessary, enough to cover the end of the scintillator. After waiting about 10 
minutes, scrape the edges of the coating off so only the top of the scintillator is 
covered.  

 Take the other fiber (the “reference fiber”) and glue it next to the measurement 
fiber. Insert both the scintillating and reference fibers into the 200 cm medium 
(1/8”) PVC heat-shrink tubing until both fibers pass through the other end of the 
tubing.  

 Push both fibers through the heat-shrink tubing until the scintillating side is at the 
edge of the tubing. Both fibers should have passed through the other side of the 
200 cm tubing. Continue carefully pushing the scintillator through until it is flush 
with the end of the tubing. 

 Tape the end of the fiber which overlaps the edge of the fiber by 6-8 mm. Roll the 
electrical tape and crimp the end with your finger. The end can be sealed with 
crazy glue more stability is desired.  

 Now moving to the other side of the fiber, insert each fiber (both scintillating and 
reference) into the small (1/16”) PVC heat-shrink tubing. 
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 Tape the fibers together at the divider of the PVC heat-shrink tubing.  

 Cut 2 cm of large (1/8”) PVC heat-shrink tubing and place it onto each of the 
fibers.  

 Dispense equal amounts of the SMA epoxy (1:1 of resin and hardener) and mix 
thoroughly. 

 Put SMA epoxy into the SMA connector and push the fibers through. 

 Secure the fibers and allow the epoxy to set for at least one night – 24 hours is 
best. 

 Cut the protruding fibers to about 2 mm. 

 Remove the previous SMA connector on the hand-puck and use the new SMA 
connectors which have just been glued to the reference and scintillating fibers to 
secure the edge of the fibers to the hand-puck and polish the ends of the fiber.  

 Move the large (1/8”) PVC heat-shrink tubing onto the ends of the SMA 
connectors. Begin to heat the heat-shrink tubing in order to complete the light-tight 
connection. 

 In order to protect the ends of the fibers, I usually cover the ends with the rubber 
cap originally included with most SMA connectors.  

 The safest way to store the fibers is to wrap them into a circle. 
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Figure A-1.  Stages of elimination of jagged edges of fiber 



 

276 

APPENDIX B 
TUBE CURRENT MODULATION DICOM SORTER CODE (SORTERV1_2.M) 

 
clear all 
target='Aug 17 abdcylinder HH'; 
% k='slow'; 
k='fast'; 
numseries=10; 
 
% ============================================================ 
 
fnames=dir(strcat(target,'\*.ima')); 
[sizeL sizeW]= size(fnames); 
% scanparameters=zeros(numseries,10); 
 
disp('------------------------------------------------------------------------ '); 
disp('                File sorter program v 1.1 '); disp('  '); 
disp('Creating folders..'); disp('  '); 
 
if k=='slow' 
    for i=101:101+numseries-1 
        mkdir(strcat(target,'\atcm',num2str(i))) 
        disp(i); 
    end 
    disp('Folders created successfully.'); disp('  '); 
elseif k=='fast' 
    for i=1:numseries 
        mkdir(strcat(target,'\atcm',num2str(i))) 
        disp(i); 
    end 
    disp('Folders created successfully.'); disp('  '); 
else 
    disp('Error: specify reconstruction mode (slow or fast)'); 
    break; 
end 
 
disp('Moving files..'); disp('  '); 
for i=1:sizeL 
    a=strcat(target,'\',fnames(i,1).name); 
    temp=dicominfo(a); 
    seriesnum=temp.SeriesNumber; 
    movefile(a, strcat(target,'\atcm',num2str(seriesnum))); 
end 
 
disp('Files sorted successfully'); disp('  ');
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APPENDIX C 
TUBE CURRENT MODULATION DICOM READER CODE (READOUTV1_7.M) 

clear all 
 
target='Aug 17 abdcylinder HH'; 
numseries=10; 
reconstructionmode='fast'; 
 
disp('------------------------------------------------------------------------ '); 
disp('                DICOM readout program v 1.7 '); disp('  '); 
disp('Creating xls output..'); disp('  '); 
 
% MSGID=MATLAB:xlswrite:AddSheet; 
% warning('off', MSGID); 
warning off all; 
file_name = char(['ATCM output_',target,'.xls']); 
heading = cellstr(char('Series #','kVp', 'slice t', 'coll','tscan', 'Pitch', 'Ref mAs', 'Eff 

mAs', 'CTDIvol')); 
xlswrite(file_name,reshape(heading,1,9),'beam parameters',['a','1']); 
 
for i=1:numseries 
    heading3 = cellstr(char('Series #','kVp','slice t')); 
    xlswrite(file_name,reshape(heading3,3,1),strcat('Sheet',num2str(i)),['a','1']); 
     
    heading2 = cellstr(char('Z-pos','mA','Exposure')); 
    xlswrite(file_name,reshape(heading2,1,3),strcat('Sheet',num2str(i)),['a','9']); 
end 
disp('Output xls file created successfully'); disp('  '); 
 
beamparameters=zeros(numseries,6); 
disp('Processing series number..'); disp('  '); 
 
for i=1:numseries 
    disp(i); 
    if reconstructionmode== 'slow' 
        a=strcat(target,'\atcm',num2str(i+100),'\*.ima'); 
    elseif reconstructionmode== 'fast' 
        a=strcat(target,'\atcm',num2str(i),'\*.ima'); 
    else 
        disp('Error: please specify reconstruction mode (slow or fast)') 
        break 
    end 
     
    fnames=dir(a); 
 
    [sizeL sizeW]= size(fnames); 
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    if sizeL==0 
        disp('Target directory not correctly specified'); 
        break 
    end 
         
    info=zeros(sizeL,3); 
 
    for j=1:sizeL 
        if reconstructionmode== 'slow' 
            b=strcat(target,'\atcm',num2str(i+100),'\',fnames(j,1).name); 
        elseif reconstructionmode== 'fast' 
            b=strcat(target,'\atcm',num2str(i),'\',fnames(j,1).name); 
        else 
            disp('Error: please specify reconstruction mode (slow or fast)') 
            break 
        end 
         
        temp=dicominfo(b); 
 
        info(j,1)=temp.SliceLocation; 
        info(j,2)=temp.XrayTubeCurrent; 
        info(j,3)=temp.Exposure; 
    end 
 
    % heading3 = cellstr(char('Series #','kVp','slice t')); 
    xlswrite(file_name,info(:,1),strcat('Sheet',num2str(i)),['a','10']); 
    xlswrite(file_name,info(:,2),strcat('Sheet',num2str(i)),['b','10']); 
    xlswrite(file_name,info(:,3),strcat('Sheet',num2str(i)),['c','10']); 
     
    beamparameters(i,1)=i; 
    beamparameters(i,2)=temp.KVP; 
    beamparameters(i,3)=temp.SliceThickness; 
end 
disp('Scan series written '); disp('  '); 
 
disp('Writing series parameters to file..'); disp('  '); 
%         heading = cellstr(char('Series #','kVp','slice t', 'Pitch', 'Ref 
%         mAs', 'Eff mAs', 'CTDIvol', 'coll')); 
 
for i=1:numseries 
    disp(i); 
    xlswrite(file_name,beamparameters(i,1),strcat('Sheet',num2str(i)),['b','1']); 
    xlswrite(file_name,beamparameters(i,2),strcat('Sheet',num2str(i)),['b','2']); 
    xlswrite(file_name,beamparameters(i,3),strcat('Sheet',num2str(i)),['b','3']); 
%     xlswrite(file_name,beamparameters(i,4),strcat('Sheet',num2str(i)),['b','4']); 
%     xlswrite(file_name,beamparameters(i,5),strcat('Sheet',num2str(i)),['b','5']); 
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%     xlswrite(file_name,beamparameters(i,6),strcat('Sheet',num2str(i)),['b','6']); 
%     xlswrite(file_name,beamparameters(i,7),strcat('Sheet',num2str(i)),['b','7']); 
end 
disp('Series parameters written'); disp('  '); 
 
disp('Writing beam parameters to file..'); disp('  '); 
xlswrite(file_name,beamparameters(:,1),'beam parameters',['a','2']); 
xlswrite(file_name,beamparameters(:,2),'beam parameters',['b','2']); 
xlswrite(file_name,beamparameters(:,3),'beam parameters',['c','2']); 
% xlswrite(file_name,beamparameters(:,4),'beam parameters',['d','2']); 
% xlswrite(file_name,beamparameters(:,5),'beam parameters',['e','2']); 
% xlswrite(file_name,beamparameters(:,6),'beam parameters',['f','2']); 
% xlswrite(file_name,beamparameters(:,7),'beam parameters',['g','2']); 
disp('Beam parameters written'); disp('  '); 
 
disp('Output xls file completed successfully'); disp('  '); 
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APPENDIX D 
AUTOMATED ROI ANALYSIS FOR CCD ACQUISITIONS CODE (ROI_V6.M) 

clear all 
 
fid=fopen('datfiles20110328\image25.dat'); 
B=transpose(fread(fid,[658,496],'int16')); 
% imagesc(B); axis image off; 
 
% **** INITIAL PARAMETERS ******************************************* 
c1=242; 
c2=351; 
i1=4; i2=4;  
sigmaconstraint=0.33; 
fwhmBOUNDS=200; fwhmROWS=10; 
% ******************************************************************* 
 
sigma=16383; 
avgsample=16383; 
 
% *************INITIAL AVERAGE VALUE DETERMINATION ****************** 
while sigma > avgsample*sigmaconstraint 
    avgsample=mean2(B(c1-i1:c1+i1,c2-i2:c2+i2)); 
    sigma=std2(B(c1-i1:c1+i1,c2-i2:c2+i2)); 
    i1=i1+1; i2=i2+1; 
    if i1>10 || i2> 10 
        disp('                WARNING: initial peak sampling is becoming large'); 
        disp('please consider recentering sampling location or relaxing sigma 

constraints'); 
    elseif i1>20 || i2>20 
        disp('                ERROR: initial peak sampling is too large. <BREAK>'); 
        break 
    end 
end 
 
% % visualization of FWHM 45/55 percentile outline 
% FWHM=zeros(496,658); 
% for rows=1:496 
%     for cols=1:658 
%         if B(rows,cols) > avgsample*0.45 && B(rows,cols) < avgsample*0.55 
%             FWHM(rows,cols)=1; 
%         end 
%     end 
% end 
 
fwhmlines=zeros(fwhmROWS*2+1,fwhmBOUNDS*2+1); 
fwhmlines(:,:)=B(c1-10:c1+10,c2-fwhmBOUNDS:c2+fwhmBOUNDS); 
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for i=1:fwhmBOUNDS*2+1 
    fwhmindex(i)=i; 
end 
 
% **************** FWHM ANALYSIS ************************************ 
% smoothing filter and line fit using powerful local regression using 
% weighted linear least squares and a 1st degree polynomial model, 
% additionally it assigns a zero weight to any data which are greater than 
% 6-sigma away. After this, the function goes through and measures the FWHM 
% using linear interpolation. 
 
disp(' Analyzing 21 rows around c1-defined center to determine FWHM..'); 
 
for rows=1:fwhmROWS*2+1 
    yy2=smooth(fwhmlines(rows,:),0.1,'rloess');  
    y=yy2/max(yy2); 
    N=length(y); 
    if y(1)<0.5                  % find if below pulse center 
        [temp,centerindex]=max(y); 
        Pol=+1; 
    else 
        [temp,centerindex]=min(y); 
        Pol=-1; 
        disp('WARNING: Pulse Polarity = Negative') 
    end 
    i=2; 
    while sign(y(i)-0.5) == sign(y(i-1)-0.5) 
        i=i+1; 
    end                                   %first crossing is between v(i-1) & v(i) 
    interp=(0.5-y(i-1))/(y(i)-y(i-1)); 
    tlead=fwhmindex(i-1) + interp*(fwhmindex(i)-fwhmindex(i-1)); 
    i=centerindex+1;                    %start search for next crossing at center 
    while ((sign(y(i)-0.5) == sign(y(i-1)-0.5)) && (i <= N-1)) 
        i=i+1; 
        if i==N-2 
            disp('WARNING: No end detected'); 
            break 
            break 
        end 
    end 
    if i~=N 
        Ptype=1;   
        interp=(0.5-y(i-1))/(y(i)-y(i-1)); 
        ttrail=fwhmindex(i-1)+interp*(fwhmindex(i)-fwhmindex(i-1)); 
        fwhm(rows)=ttrail-tlead; 
    else 
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        Ptype=2;  
        disp('WARNING: Pulse only has one edge, FWHM IS undefined') 
        ttrail=0; 
        width=0; 
    end 
    disp(num2str(rows)); 
end 
 
disp('average FWHM is '); 
averagefwhm=mean(fwhm); 
disp(averagefwhm); 
if std(fwhm)/averagefwhm > .05 
    disp('WARNING: Coefficient of variation of FWHMs measured is greater than 

5%'); 
elseif std(fwhm)/averagefwhm > .1 
    disp('ERROR: Coefficient of variation is greater than 10%. Select a different 

(c1,c2). <BREAK>'); 
    break 
end 
 
% *********** ROI analysis ****************************************** 
% the mean and standard deviation are calculated for varying sizes, all 
% centered along the c1,c2 reference point. A third dimension for the ROI 
% array (:,:,1-4) can be incorporated for different centers. 
 
% ROI=zeros(10,2,4); 
ROI=zeros(10,2); 
 
L=(averagefwhm-10)/sqrt(2); 
% temp2=linspace(0.5,0.95,20); 
% for i=1:20 
%     index=floor(temp2(i)*L); 
%     ROI(i,1)=index*index; 
%     ROI(i,2)=mean2(B(c1-index:c1+index,c2-index:c2+index)); 
%     ROI(i,3)=std2(B(c1-index:c1+index,c2-index:c2+index)); 
% end 
 
temp2=linspace(0.05,1.45,60); 
for i=1:60 
    index=floor(temp2(i)*L); 
    ROI(i,1)=index*index; 
    ROI(i,2)=mean2(B(c1-index:c1+index,c2-index:c2+index)); 
    ROI(i,3)=std2(B(c1-index:c1+index,c2-index:c2+index)); 
end 
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plot(ROI(:,1),ROI(:,2),'.'); title('Mean pixel intensity vs sample area');  
xlabel('pixels sampled [pixel^2]'); ylabel('pixel intensity'); 
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