
Performance evaluation of gamma ray imaging devices
for tumor detection: Choosing the optimal design.

Item Type text; Dissertation-Reproduction (electronic)

Authors Hartsough, Neal Eugene.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:28:22

Link to Item http://hdl.handle.net/10150/186954

http://hdl.handle.net/10150/186954


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 
thesis and dissertation copies are in typewriter face, while others may 

be from any type of computer printer. 

The qnality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor qUality 
illustrations and photographs, print bleedtbrougb, substandard margins, 
and improper alignment can adversely affect reproduction. 

In the unlikely. event that the author did not send UMI a complete 
manuscript and there are missing pages, these will be noted. Also, if 
unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 
continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in 

reduced form at the back of the book. 

Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 
appearing in this copy for an additional charge. Contact UIviI directly 

to order. 

A Bell & Howeiliniormation Company 
300 North Zeeb Road. Ann Arbor. M148106-1346 USA 

313!761-4700 800:521-0600 





Order Number 951'1566 

Performance evaluation of gamma ray imaging devices for tumor 
detection: Choosing the optimal design 

Hartsough, Neal Eugene, Ph.D. 

The University of Arizona, 1994 

V·M·I 
300 N. Zeeb Rd. 
Ann Arbor. MI 48106 





PERFORMANCE EV ALUA TION OF GAMMA-RAY IMAGING DEVICES 

FOR TUMOR DETECTION: CHOOSING THE OPTIMAL DESIGN 

by 

Neal Eugene Hartsough 

A Dissertation Submitted to the Faculty of the 

COMMITTEE ON OPTICAL SCIENCES (GRADUATE) 

In Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1994 

.~~~~-.. -. -----------------_._. -.--.. -----.-~ .. -------



THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by ___ N_e_a_l __ E_~_._I_'I_a_r_t_s_o_u~g~h __________________ ___ 

entitled Performance Evaluation of Ganuna-Ray Imaging Devices for 

Tumor Detection: Choosing the Optimal Design 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy. 

Harrison H. Barrett ;2-/- f'l 
Date 

Herbert B. Barber /I - S'u -1 (f 

Date 
-I, /1 ./) ') 

James M. Woolfcndcn-~':f.':1J t/.J ""-U{ 'Cj!}L()(/.1::it(,LLtL. 
Date 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 
the candidate's submission of the final copy of the dissertation to the 
Graduate College. 

I hereby certify that I have read this dissertation prepared under my 
direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 

Harrison II. Barrett /Z-/-9-=-/ 
Dissertation Director Date 

,--~~~~.---.-.~..........--. ~,-~"""'~----~,-------"------.--.-~--------~----------- ----



3 

STATEMENT BY AUTHOR 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 

Brief quotations from this dissertation are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for permission for 
extended quotation from or reproduction of this manuscript in whole or in part may be 
granted by the head of the major department or the Dean of the Graduate College when 
in his or her judgment the proposed use of the material is in the interests of scholarship. 
In all other instances, however, permission must be obtained from the author. 



4 

ACKNOWLEDGMENTS 

I am pleased to acknowledge the help of many individuals who helped me become a 
better scientist and person during my years at the University of Arizona: 

My advisor, Harrison H. Barrett, for being the most careful, critical, and thoughtful 
scientist and reader I have ever had the pleasure to work with. He has always treated 
me as a coworker and valued my opinion, and I have benefitted from the active learning 
environment Harry has fostered in his research group. 

My committee members, H. Bradford Barber and James M. Woolfenden. I have learned 
much about nuclear science and laboratory techniques from Brad, and Jim has helped 
me become a better writer (I hope) and patiently explained the medical aspects of this 
research. 

Fellow student John Aarsvold, because he was interested in my problems and willing 
to listen and offer his help when I was floundering. He spent untold hours on other 
people's problems when he should have been working on his own. Thanks, John. 

Fellow student and shade-tree mechanic Tim White, for sharing his knowledge about 
nuclear medicine research and car repair. 

Fellow students who have helped me solve research problems and who hQve helped me 
keep up my spirits through this long process: Tom Hickernell, Deb Kwo, Kelly Rehm, 
Michel Rogulski, Josh Eskin, Andy Alexander, Heidi Schlitt, Janet Saffer, Jie Yao, Ed 
Soares, and everyone else in our research group. 

Many thanks to the helpful staff: Rick Vercillo, Rich Lamoreaux, Bill Klein, Kevin 
McNeil, Kris Maloney; in the clinic, technical support from George McNeil and 
radiochemist Jack Hall. Debbie Spargur and Jane Lockwood have always helped in 
every way and maintained a good sense of humor while doing so. 

This work was supported by NIH grants CA 23417 and CA 52662. 



5 

DEDICATION 

I dedicate this dissertation to my parents, Don and Dalyte Hartsough, for placing 

a high value on learning and for encouraging me to always do my best. I also dedicate 

this work to my wife, Gerri McNenny. She has been loving, supportive and 

understanding even while working on and finishing her own dissertation. This has not 

been an easy task. One person I would especially like to dedicate this dissertation to 

cannot yet read it - Erica Hartsough. She has spent the first few years of her life 

surrounded by parents who were quite busy and stressed by their work. Erica, I hope 

that when you can read, you will understand that Mom and Dad loved you even when 

it was difficult to juggle infant care and graduate work. Lastly, I dedicate this work to 

all current and future graduate students who will undertake a PhD and children 

simultaneously. The work is hard but the rewards are great in both undertakings. 

-----.-.---------~~-.-. --~~-



6 

TABLE OF CONTENTS 

I. LIST OF FIGURES ......................................... 8 

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

3. ABSTRACT .............................................. II 

4. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 13 
4.1 Cancer.............................................. 13 
4.2 Intraoperative Probes for Cancer Treatment .................... 15 
4.3 Basic Probe Types ..................................... 20 
4.4 Radiolabeled Tracers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 30 
4.5 Review of Probe Applications ............................. 32 

4.5.1 Early Applications ................................. 33 
4.5.2 Eye........................... . . . . . . . . . . . . . . . .. 34 
4.5.3 Thyroid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 36 
4.5.4 Brain .......................................... 37 
4.5.5 Lymph Nodes .................................... 37 
4.5.6 Lung . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 38 
4.5.7 Local Parameters of Organ Function. . . . . . . . . . . . . . . . . . . .. 38 
4.5.8 Cervix, Ovary, and Breast . . . . . . . . . . . . . . . . . . . . . . . . . . .. 39 
4.5.9 Heart .......................................... 40 
4.5.10 Bone.......................................... 43 
4.5.11 Colon and Rectum ................................ 47 
4.5.12 Review Articles .................................. 58 
4.5.13 Miscellaneous Applications .......................... 60 
4.5.14 Radiation Dose to Surgical Personnel ................... 61 
4.5.15 Coincidence techniques .. . . . . . . . . . . . . . . . . . . . . . . . . . .. 61 
4.5.16 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 62 

4.6 Background-Suppression Techniques . . . . . . . . . . . . . . . . . . . . . . . .. 64 
4.7 Review of Probe Evaluation and Comparison . . . . . . . . . . . . . . . . . .. 72 

5. PROBE EVALUATION ..................................... 83 
5.1 Point-Response Function ................................. 84 

5.1.1 Measured Point-Response Function. . . . . . . . . . . . . . . . . . . .. 107 
5.2 Numerical Torso Phantom ............................... 107 
5.3 Organ Activities ...................................... 113 

5.3.1 Comparison to Other Organ Uptake Data ................ 124 
5.4 Count Rates ......................................... 126 
5.5 Performance Metric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 130 
5.6 Computation Times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 145 



7 

TABLE OF CONTENTS -- Contillued 

6. PERFORMANCE RESULTS ....... . . . . . . . . . . . . . . . . . . . . . . . . .. 146 
6.1 Probe Ranking - Effect of Tumor Size and Type of Background. . . .. 159 
6.2 Probe Ranking - Effect of Bore Length ...................... 164 
6.3 Probe Ranking - Effect of Distant Tissue . . . . . . . . . . . . . . . . . . . .. 168 
6.4 Probe Ranking - Effect of Reduced Variation in Biodistribution . . . .. 174 
6.5 Coincidence Probe .................................... 174 

6.5.1 Effect of Multiple Energy Windows ... . . . . . . . . . . . . . . . .. 174 
6.5.2 Effect of Accidental Coincidences ..................... 177 

6.6 Probe Ranking - Effect of Random Biodistribution .............. 177 
6.7 Dual Probe Performance - Sensitivity to Precise Positioning. . . . . . .. 181 
6.8 Probe Rankings - Effect of Normal Site . . . . . . . . . . . . . . . . . . . . .. 182 

6.8.1 Effect on Performance of Single-element Probe ............ 182 
6.8.2 Effect on Performance of Coincidence Probe . . . . . . . . . . . . .. 186 
6.8.3 Effect on Performance of Dual Probe . . . . . . . . . . . . . . . . . .. 186 
6.8.4 Summary................. . . . . . . . . . . . . . . . . . . . . .. 189 

6.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 189 

7. 2 I-ELEMENT IMAGING PROBE. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 192 
7.1 Construction......................................... 192 

7.1.1 3D Position and Orientation Sensor .................... 195 
7.3 Laboratory Measurements ............................... 20 I 
7.4 Initial Clinical Applications .............................. 204 
7.5 Conclusions ......................................... 205 

8. SUMMARY AND SUGGESTIONS FOR FUTURE DIRECTIONS ...... 206 

APPENDIX A - INTERPOLATION PROGRAM ..................... 210 

APPENDIX B - MEASURED HUMAN BIODISTRIBUTION DATA ....... 215 

APPENDIX C - CONVERSION OF FIA TO ACTIVITY PER UNIT VOLUME 218 

APPENDIX D - SAMPLE BIODISTRIBUTION FILE ........ " .......... 220 

9. REFERENCES ........................................... 222 



8 

I. LIST OF FIGURES 

4.1 Three basic probe types are shown schematically. . . . . . . . . . . . . . . . . . .. 21 
4.2 Single-element bronchoscopic probe. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 22 
4.3 Single-element intraoperative probes. . . . . . . . . . . . . . . . . . . . . . . . . . . .. 23 
4.4 A dual probe for determining left ventricular ejection fraction. . . . . . . . . .. 24 
4.5 A dual probe for tumor detection ............. , . . . . . . . . . . . . . . . .. 25 
4.6 Esophageal imaging probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26 
4.7 Planar array imaging probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27 
4.8 External eye probe for detecting ocular melanoma ................. " 35 
4.9 Nuclear stethoscope to measure left ventricular performance .......... " 42 
4.10 Single-element probe for tumor detection in orthopedic surgery. . . . . . . .. 46 
4.11 Single-element probe in surgery. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 52 
4.12 Dual-element beta probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 69 

5.1 Point-response function grids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 89 
5.2 Four basic probe types are shown schematically. . . . . . . . . . . . . . . . . . . .. 92 
5.3 Single-element coincidence probe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 93 
5.4 The point-response function in two regions is shown for each probe type. .. 94 
5.5 Calculated and measured point-response functions. . . . . . . . . . . . . . . . . .. 95 
5.6 Calculated and measured point-response functions for the imaging probe. " 105 
5.7 Calculated point-response functions for the coincidence probe. . . . . . . . . .. 106 
5.8 Setup for measuring point-response function. . . . . . . . . . . . . . . . . . . . . .. 108 
5.9 Transverse slice of the numerical torso phantom. . . . . . . . . . . . . . . . . . .. 110 
5.10 Volume rendering of the numerical torso phantom. . . . . . . . . . . . . . . . .. 111 
5.11 FIA in the liver vs time after injection, for five patients. . . . . . . . . . . . .. liS 
5.12 FIA in blood vs time after injection, for five patients. . . . . . . . . . . . . . .. 116 
5.13 Single-element probe example of Hotelling Trace Value. . . . . . . . . . . . .. 135 

6.1 Dimensions of simulated single-clement probe ...................... 147 
6.2 Dimensions of simulated dual probe ............................. 148 
6.3 Dimensions of simulated imaging probe. . . . . . . . . . . . . . . . . . . . . . . . .. 149 
6.4 Dimensions of simulated coincidence probe. . . . . . . . . . . . . . . . . . . . . . . . 151 
6.5 Performance vs exposure time for six probes; three backgrounds. . . . . . . .. 160 
6.6 Performance vs exposure time for six probes; two backgrounds; 

two tumor sizes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 163 
6.7 Performance vs exposure time for the single-element probe 

with various bore lengths .................................. 165 
6.8 Performance vs exposure time for the imaging probe 

with various bore lengths. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 
6.9 Performance vs exposure time for four probes; no tisslle at R > 10 cm ..... 169 
6.10 Performance vs exposure time for four probes; no tissue at R > 3 cm. . . . . 171 



9 

LIST OF FIGURES -- Continued 

6.11 Performance vs fraction of variation (F) for six probes. . . . . . . . . . . . . .. 173 
6.12 Performance vs exposure time for the coincidence probe 

with and without two extra singles energy windows. . . . . . . . . . . . . .. 175 
6.13 Performance vs exposure time for the coincidence probe 

with and without accidental coincidences added. . . . . . . . . . . . . . . . .. 176 
6.14 Performance for four probes in random backgrounds ................. 179 
6.15 Performance vs exposure time for a single-element probe 

with and without normal sites ............................... 183 
6.16 Performance vs exposure time for the single-element probe 

with various bore lengths and with normal sites. . . . . . . . . . . . . . . . .. 184 
6.17 Performance vs exposure time for the coincidence probe 

with and without normal sites ............................... 185 
6.18 Performance vs exposure time for the dual probe 

with and without normal sites ............................... 187 
6.19 Performance vs exposure time for six probes 

all with normal sites except imaging probe ...................... 188 

7.1 Imaging probe system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194 
7.2 Source and sensor units of the position-sensing system ................ 197 
7.3 Thyroid phantom and image of activity placed into thyroid phantom ....... 203 



10 

2. LIST OF TABLES 

TABLE I - COMPARISON TO OTHER ORGAN UPTAKE DATA. . . . . . .. 125 
TABLE 2 - PROBE TYPES .................................... 154 
TABLE 3 - PERFORMANCE CALCULATION PROCEDURE VARIATIONS 155 
TABLE 4 - CONTENTS OF CHAPTER 6 FIGURES .................. 157 



11 

3. ABSTRACT 

This dissertation is about performance analysis of gamma-sensitive intraoperative 

probes used for tumor detection in nuclear medicine. Small «1 cm diameter) tumors, 

often undetected by external imaging and by the standard surgical inspection with sight 

and touch, can be found with probes. 

Simple calculations and measurements with radioactive tumor models show that 

small tumors should be detected by single-element probes, but often such probes fail to 

detect these small tumors in practice. This discrepancy is often caused by the use of a 

uniform background to predict probe performance. Real backgrounds are nonuniform 

and can decrease probe performance dramatically. Dual-element, coincidence, or imaging 

probes may solve the background problem, but they must be evaluated to determine their 

efficacy. 

We describe a method to predict probe performance in a realistic background which 

includes variations in normal organ uptakes. The procedure includes a calculated point

response function, a numerical torso phantom, and measured human biodistributions of 

a monoclonal antibody. The Hotelling Trace Value, a quantitative measure of tumor

detection performance, is computed from the probe responses in simulated studies. We 

calculated probe performance for various collimator configurations, backgrounds, and 

tumor sizes. We also measured the effect of comparing probe data from a tumor

detection site with data from a corresponding known normal site. 

We conclude that those probes with inherent background suppression, the dual probe 



12 

and coincidence probe, have better tumor-detection performance than the single-element 

probe, even when data from normal sites are available. The imaging probe, although also 

designed with inherent background suppression, is inefficient and thus has poor 

performance at clinically feasible exposure times. 



13 

4. INTRODUCTION 

This dissertation is about the performance of intraoperative probes used to aid in 

the surgical resection of cancer. In this chapter we briefly describe the disease called 

cancer, how it progresses, and curative treatments. One of the treatments is surgical 

removal of cancerous tissue. We compare the intraoperative probe technique to the 

standard procedure for tumor detection in the nuclear medicine clinic. We give a 

brief description of radiotracers, with emphasis on monoclonal antibodies. Then we 

describe the basic types of probes and review the existing literature about probes, 

including probe applications unrelated to surgery or to cancer. After describing 

background suppression techniques for probes we review the literature about probe 

performance evaluation. In Chapter 5 we describe our own probe-evaluation 

technique and present the results of the individual elements of the technique. The 

performance results are presented and discussed in Chapter 6. An imaging probe we 

constructed and tested is described in Chapter 7, including the initial clinical results 

from the probe. Our conclusions and thoughts about future directions for probe 

development are in Chapter 8. 

4.1 Cancer 

Cancer is a disorder of cells in which the cells show abnormal growth. Normal 

cells respond to growth-controlling mechanisms that limit their rate of division. 

Cancerous tissue is made up of cells that divide and grow at rates that are not 
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sensitive to the growth-controlling mechanisms. The tissue has the capacity to invade 

and destroy the supporting tissue of the site of origin as well as spread to other sites 

and grow there. A site could be in an organ or a region of soft tissue or bone. 

Cancers spread by local growth, forming a mass called a tumor, and by cancerous 

cells invading lymph and blood vessels and being carried to other organs, where a 

new growth starts (called a metastasis, but we will also refer to it as a tumor). The 

spread of the cancer to vital organs, disrupting the organs' functions, is the cause of 

most deaths attributed to cancer. The optimal treatment of cancer would be the 

destruction or removal of all cancer cells from the site of origin before the cancer 

spreads to other organs. After the spread, more cancer cells need to be killed and 

they are located at many sites, some of which may be impossible to remove, such as 

the liver or lungs. Cancer cure can still be accomplished after metastases have 

formed, but the likelihood is much smaller than for primary tumors that have not 

spread. A general overview of cancer causes and treatments is given in (1). 

For these reasons, assessing the spread of cancer, called "staging" the disease, is 

important for accurate diagnosis and choice of treatment. An accurate diagnosis is 

important for the obvious reason that people want to know what is likely to happen 

to them; it also helps them and their doctor decide what risks to take in treatment. 

All treatments carry some risk of harm; this risk is weighed against the benefit of 

disease control or other medical goal such as pain reduction or improvement of an 

organ's function. 

There are several possible treatments of cancer: irradiation of the cancer cells to 
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kill them (radiotherapy), the use of toxins to kill the cancer cells (chemotherapy), use 

of the body's immune system to either kill the cells themselves or to deliver an agent 

that kills the cells (immunotherapy), and surgery to remove the cells. These 

treatments are often used together since each is effective in different situations. We 

will consider the surgical treatment of cancer in this dissertation. The goals of 

surgery are two-fold: to completely remove all cancerous tissue, if possible, and to 

stage the disease. Often the staging will determine whether the first goal is possible 

and to what extent treatment should be attempted. The risk of death or loss of 

function from radical surgery is often high, and if a cancer has spread widely there 

may be no benefit to the patient from the surgery. However, a cancer that is located 

in one organ or area may be successfully treated by removing the affected tissue as 

well as nearby tissues that are suspected of being involved. The surgical team must 

stage the disease, decide on the treatment that will most benefit the patient without 

undue risk, and then carry out the operation. 

4.2 Intraoperative Probes for Cancer Treatment 

Intraoperative probes can help the surgical team to stage the cancer and to 

determine the proper boundaries for resection of tissue. 

Preoperative imaging, such as x-ray computed tomography (CT) and magnetic 

resonance imaging (MRI), often provides some information to the surgical team 

about the approximate location and size of tumors. The standard method of locating 
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tumors intraoperatively is use of sight and touch in the area suggested by the 

preoperative imaging. The surgeon looks at the tissues visible through the incision 

and also palpates the tissue accessible from the opening. Tumors are often visible as 

abnormal growths or enlarged organs, and they are sometimes felt as an unusual 

texture inside or on the surface of an otherwise normal organ. The experience of the 

surgeon is used to determine the status of each organ touched or viewed. 

This procedure does not always work since some tumors are not visible or 

palpable. Intraoperative radiation-sensitive probes can be used to locate tumors 

otherwise not found. A substance that is preferentially taken up by tumors is tagged 

with a radioisotope. The radiolabeled substance, or radiotracer, is injected into the 

patient sometime before the operation. Often this substance is a radiolabeled 

monoclonal antibody targeted against some antigen that is associated with cancer 

cells (see Section 4.4). During the operation the surgeon uses a probe to sense the 

presence of tumors; the tumors have larger amounts of the radiotracer than normal 

tissue and so produce a higher count rate in the probe when the probe is viewing 

them. 

This method has some features in common with the standard method of tumor 

imaging in the nuclear medicine clinic, but tumor detection is performed during an 

operation with a hand-held device. To identify cancerous tissue in the clinic the 

standard technique is as follows. The person is given an injection of a tumor-seeking 

radiotracer. The radiotracer emits radiation in the form of high-energy photons, also 

called gamma rays. After waiting a prescribed time for the radiotracer to be captured 

.---~-~. -----~-------.~~ 
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by the cancerous tissue, the person is placed in the view of a gamma camera (2). The 

gamma camera is sensitive to the gamma rays emitted by the radiotracer. Since the 

photons have high energy, some that are emitted inside the person pass through the 

tissue between the emission site and the gamma camera. The gamma camera can 

form an image because its collimator, a sheet of gamma-ray-absorbing material with 

many holes in it, restricts the field of view of the detector crystal behind each hole. 

The gamma camera detects some of the photons that are emitted from the patient, 

and a two-dimensional image of the three-dimensional radiotracer distribution in the 

patient is formed. (Three-dimensional images are also possible when single-photon 

emission computed tomography, or SPECT, is the method of image capture and 

reconstruction.) Cancerous tissue usually appears as tissue that has more radiotracer 

per unit volume than normal tissue. For some combinations of radiotracer and 

disease, such as 99lllTc-labeled colloid and liver cancer, regions with smaller than 

normal uptake may represent tumor. 

A small region of cancerous tissue that is located deep inside the person may be 

difficult or impossible to detect from the gamma-camera image. Tumor uptake 

(amount of radiotracer per unit volume) of most radiotracers is seldom more than 

about two to ten times the uptake in normal tissues, and the absolute amount of 

activity in a small tumor can be quite small. For example, with a tumor uptake of 

1 x 10 .. 1 of the injected dose per gram, an injection of 740 MBq (20 mCi) of 9911lTc, 

and 24 hours between injection and imaging, a I.O-cm diameter tumor contains just 

2.4 kBq (65 nCi) of 9911lTc. This corresponds to a gamma-photon emission rate from 



18 

the tumor of about 2 I 00 photons per second, where the photons emitted have no 

preferred direction. An amount of radioactivity is specified in becquerels (Bq) or 

Curies (Ci), where I Bq is equal to I disintegration pCI' second. A disintegration is a 

nuclear decay that produces a gamma ray or some other high-energy ray. One Curie 

(Ci) is defined as 3.70 x 1010 Bq. 

We will caIl the photons emanating from the tumor the signal. This signal is 

reduced by attenuation in the tissue between the tumor and the gamma camera. The 

signal is further reduced because some of the photons emanating from the tumor will 

scatter (change direction and lose energy) in the patient and will not be accepted by 

the gamma camera even if they are detected. Since scattered photons have changed 

direction, they can cause poor spatial resolution if accepted, so most gamma cameras 

employ an energy window to reject those detected photons which scattered in the 

patient. 

The efficiency for detecting the photons emitted from a tumor (or other tissues 

in the patient) is greatly reduced by the need for a collimator on the gamma camera. 

The collimator can be thought of as the image-forming part of the camera since it 

defines a restricted view for the detector behind each bore. Longer bore lengths 

define a narrower angle of view and thus give images with better spatial resolution, 

but at the cost of reduced efficiency for photon detection. A rough estimate of 

collimator efficiency for collimators in routine clinical usc is 10--1, which means that 

only one out of every 10,000 photons emitted from a 9911lTc source in the camera's 

view will make it through the collimator and be available for detection by the 



detector. For an analysis of collimator resolution and efficiency, see Barrett and 

Swindell (3). 

19 

The small signal and small collimator efficiency cause the gamma camera to be 

a poor detector for small tumors that are located deep inside the body because of two 

factors. 

The first is the effect of Poisson noise. The small amount of radioactivity we 

place into the person and the amount of time we have to create an image of the 

person are both limited. Limits on radioactive dose to the patient cause most 

injections to be less than 1110 MBq (30 mCi). Because the gamma camera must be 

used many times a day and also because patients cannot hold still for long periods, 

most gamma camera images are obtained in a range of times from a few minutes to 

about twenty minutes. The images are thus affected by Poisson noise, which is also 

called counting statistics. If the radiotracer in normal tissue exhibited a uniform 

spatial distribution, the image would still have spatial variations due to Poisson noise. 

Those variations can make tumors hard to detect, although in most cases Poisson 

noise is not the major noise. 

The second factor is that the radiotracer is in fact spread throughout normal 

tissue in a nonuniform manner, albeit at a lower amount per unit volume than in 

cancerous tissue. The spatial variations make detection harder because a small 

variation from the average may be due to the variation in uptake in normal tissue 

instead of being due to a tumor. Since the two-dimensional images produced by this 

technique show local increases in count rate as small bumps, or lumps, in the image, 
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we say that there is a lumpy background against which a small lump due to a tumor 

must be detected. For those diseases where a reduction in the uptake signifies 

disease, we are looking for a small dip in radiotracer uptake in a background of dips 

due to uptake variations. 

4.3 Basic Probe Types 

Intraoperative probes have been used to overcome the limitations of tumor 

detection by external gamma-camera imaging and by intraoperative searches using 

sight and touch. We divide probes into three basic categories: single-element, dual

element, and imaging probes. Fig. 4.1 shows schematics of each type of probe. 

Single-element probes consist of ,1 single detector and may also include shielding and 

a single-bore or parallel-bore collimator. They usually provide a single data value 

(number of gamma rays detected, also called the number of counts) for each 

exposure to a source of activity. Some examples of single-element probes are shown 

in Figs. 4.2 and 4.3. Dual-element probes have two detectors, each viewing the 

background region and one also viewing a foreground region. Two data values are 

produced for each exposure. One version of a dual probe, devised for evaluating 

heart function instead of tumor detection, is shown in Fig. 4.4. A dual probe that was 

constructed for tumor detection is shown in Fig. 4.5. Imaging probes are 

multidetector devices that form an image of the tracer distribution in the probes' 

view. Two versions of imaging probes are shown in Figs. 4.6 and 4.7, but there are 
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Fig. 4.1 Three basic probe types are shown schematically. The left column shows the 
front view of collimator and detector elements, the right column shows the right-side 
cutaway view. Collimator material is identified by vertical bars, scintillation detectors by 
white regions, and solid state detectors by shaded regions. The tumor and background 
object contain gamma-emitting radiotracer. Many probes are designed to detect tumors 
with diameters of about 1 cm. Real backgrounds consist of many background objects, 
the patient's OIgans; only one such background object is shown in this simplified 
drawing. Although not drawn here, many probes have shielding on the sides and back [0 

block gamma rays from those directions. 
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Fig. 4.2 (a, b) Schematics of two single-clement probes. (c) Single-element 
bronchoscopic probe. A NaJ(TI) scintillator encased in a small (1.0 cm long, 0.24 cm in 
diameter) container is at bottom, photomultiplier tube at top, connected to the scintillator 
by a fiberoptic lightguide. This detector is shown schematically in part (a). Parts (a) and 
(b) reprinted from Em'ber et al. (131) © IEEE, 1980. Part (c) reprinted from Hartsough et 
al. (97) with permission from SPIE. 
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Fig. 4.3 (a) Cutaway schematic of a NaI(TI) single-element probe with a special 
collimator for searching for a lost brachytherapy seed. (b) Three single-clement probes 
for intraoperative tumor searching. A CdTe probe is shown at left, with preamplifier 
circuitry exposed. The CdTe crystal is mountecl in the exposed Pb well. A NaI probe is at 
center. A fiberoptic light guide connects the detector to a photomultiplier tube (not in 
picture). The HgIl probe at right is in an inverted position. The detector is mounted 
behind the slanted part of the probe body; preamplifier circuitry is also located inside the 
probe body. Part (a) reprinted from Woolfenclen at al. (108) with permission from 
Medical Physics. Part (b) reprinted from Barber et al. (132) with permission Crom 
Medical Physics. 

----,---
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Fig. 4.4 A dual probe for determining left ventricular ejection fraction. A schematic of 
the circularly symmetric probe. Dark horizontal lines show the approximate field of view 
of the central detector; oblique lines show the approximate field of view of thc outcr 
detector. Reproduced with permission from the Society of Nuclear Medicine from Groch 
et aI. (45). 
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Fig. 4.5 ea) Cross-sectional schematic of a dual probe that was designed for tumor 
detection. The probe is rotationally symmetric. (b) Same probe as in part (a), shown 
with a two-part fiberoptic lightguide, two photomultiplier tubes, standard pulse-counting 
electronics, and a personal computer. The collimator face of the probe is pointed towards 
the viewer. The probe body is about 3 cm in diameter and 5 cm long. Part (a) reprinted 
from Hickernell et al. (120) with permission from the Society of Nuclem Medicine. Part 
(b) reprinted from Hartsough et al. (97) with permission from SPIE. 
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Fig. 4.6 Esophageal imaging probe. (a) Schematic of the probe. Azimuthal collimator 
fits over array of CdTe detectors and axial collimators. Each detector views a pic-shaped 
wedge of 0.45 steradian and scans in one azimuthal direction as the probe is translated 
along its axis. (b) Finished probe in the same orientation as part (a). The marks on the 
cable help when withdrawing the probe from the esophagus in increments. Part (a) 
reprinted from Woolfendcn and Barber (95) with permission from the American 
Roentgen Ray Society. Part (b) reprinted from Hartsough et al. (97) with permission 
from SPIE. 
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Fig. 4.7 Planar array imaging probe. (a) Cutaway schematic of the probe. The 
collimator is at top, with one bore per detector. Each detector is a separate CdTe crystal 
and is represented by a small white cube. (b) The completed probe is shown being held 
in the same orientation as in part (a). The probe contains 21 separate detectors, and the 
cylindrical probe body is about 2.5 cm in diameter. Part (a) reprinted from Woolfenden 
and Barber (95) with permission from the American Roentgen Ray Society. 
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many possible configurations of detectors and collimators. The number of data values 

from one exposure is equal to the number of individual detectors in the probe. 

Each of the probe types improves on the gamma camera performance by using a 

small (several centimeters or less in diameter) detector that is held very close (within 

a centimeter or two) to the suspected tissue. This is usually accomplished by having 

the surgeon hold the probe inside the patient during the operation. Since the detector 

then subtends a large solid angle, as viewed from the suspected tumor, it may have a 

large efficiency for detecting photons emitted from the tumor. The attenuation of 

intervening tissue is also greatly reduced. Barber et al. (4) have shown in phantom 

studies that a single-clement probe that is placed within about a centimeter of a 

possible tumor site is better than a gamma camera for detecting small tumors that are 

located deep within the patient. Barber et al. assumed a spatially uniform radiotracer 

uptake in the normal tissue, a situation that is not clinically realistic. Both probe and 

gamma-camera performance will be degraded due to variations in the radiotracer 

uptake, and the amount of degradation will depend on the designs of the probe and 

camera systems. 

All three types of probes may also involve some form of background 

suppression. One example is the use of coincidence detection with a single-element 

probe, where a radiotracer that emits two photons upon decay is used. The dual 

probe has built-in background suppression. The imaging probe creates a high

resolution image of the radiotracer distribution near the probe, and the surgeon 

ciiscriminates the signal from a tumor from that of the background by recognizing the 
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signal and background components in the image. The tumor is localized to a few 

pixels while the background is blurred out over the whole image. Another 

background suppression technique is to use a radiotracer that emits a high-energy 

electron, called a beta particle. The beta particle has a very short range in tissue so 

that only those beta particles emanating from nearby tissue will be detected, and the 

background is suppressed. 

After a review of radiolabeled tracers in Section 4.4, we summarize the literature 

about probes in Section 4.5 and review background suppression techniques in 

Section 4.6. 

This dissertation will focus on answering the following question: what is the best 

design of an intraoperative probe for tumor detection? We answer the question by 

simulating a specific imaging task and assuming that the results are applicable to the 

actual imaging tasks encountered during operations. By setting up a simulation of a 

tumor-detection problem, we can test and compare the performances of all the probe 

types as well as background suppression techniques. 

We use a numerical torso phantom derived from CT (computed tomography) 

images of a normal middle-aged male as the background object for our simulated 

tumor-detection task. The biodistribution of a radiotracer is estimated from measured 

biodistributions from five patients. We estimate the point-response functions (PRFs) 

for each of the probes simulated. The PRF is the efficiency of a probe to a point 

source of radiation at cach point in the object spacc. We usc the Hotelling Trace 

Value as the performance metric for all of the probes. The clemcnts of the simulation 



are described in Chapter 5; results for each part are presented directly after the 

description. The performance study results are discussed in Chapter 6. 

4.4 Radiolabeled Tracers 

Probes cannot work without effective radiotracers. There are many different 

types of tracers for the many different goals of nuclear medicine, from simple 

radioactive iodine used to study the thyroid gland to radiolabeled monoclonal 

antibodies for detecting tumors. Since we are interested in tumor detection, and 

monoclonal antibodies show promise as tumor-targeting tracers, we concentrate on 

them here. 
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An antigen is a molecular sequence that will induce an antibody response, 

usually when injected into another animal. An antibody response is an animal's 

production of a substance, the antibody, that will react with the antigen. Tumors and 

metastases that originate from the same cell line produce the same antigen. Tumor

associated antigens are those that are not expressed, or are expressed only at low 

levels, by normal cells. Some of these antigens may circulate, e.g. carcinoembryonic 

antigen (CEA), and serve as tumor markers. Others are cell-bound. Desirable tumor

associated antibodies for imaging with radiolabeled antibodies are cell-bound and 

accessible to the labeled antibody. 

One such antigen is TAG-72 (tumor-associated glycoprotein 72), produced by 

many adenocarcinomas including colon and ovary. The antibody called B72.3 is 
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targeted on TAG-72. At this time, B72.3 labeled with IlIln is available as a standard 

product for use in any nuclear medicine clinic. Our simulations are based on the 

assumption that a similar 99l1lTc-labeled monoclonal antibody exists for tumor 

detection. Several 99l1lTc-labeled monoclonal antibodies have been reported in the 

literature, including B72.3 (5), although monoclonal antibodies have frequently been 

labeled with 1IIIn or one of the radioactive iodine isotopes (e.g. monoclonal antibody 

B72.3 labeled with 1251). 

The production of monoclonal antibodies is a recent advance in immunology. 

The ideal situation would be to extract antibody-producing cells from a person with 

cancer, select one cell and grow it ill vitro to create a large quantity of anti-tumor 

antibody. There are two problems: the person may not develop an antibody reaction 

(recall that the antigens are not really foreign), and, if they did, the cells do not 

survive outside the body. One approach has been to graft human tumor cells into 

mice or other animals, wait for the mice to develop an antibody reaction to the 

antigens from the tumor cells, then extract the antibody-producing cells. The problem 

of cell survival outside the mouse remains. Cells from a malignant bone marrow 

cancer known as myeloma can survive outside the mouse, so a mouse myeloma cell 

is fused with the desired antibody-producing cell, creating a viable hybrid cell that 

produces the desired antibody. One hybrid cell is then allowed to grow and divide, 

and the cell clone produces the monoclonal antibody. Other techniques are being 

developed that use parts of human antibodies in place of the totally mouse antibody 

described here. (For more on monoclonal antibodies and their use in diagnostic 
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imaging, see (6». 

The antibodies are labeled with a radionuclide and injected into the patient. 

There are many factors that cause the radiolabeled antibodies to be distributed not 

just at the tumor but also throughout the body: normal cells as well as malignant 

cells may express the antigen, the antigen may be given off by the tumor and remain 

in the bloodstream where it can bind with the antibodies, other antigens (from normal 

cells) may be enough like the target antigen that the antibody binds to it also, the 

antibody may form complexes with circulating substances (this keeps the antibody 

from binding to the desired target and keeps it in the blood), and the antibody may 

be collected by the liver. All of these factors lead to poor tumor-to-normal tissue 

radiotracer uptake ratios, on the order of 2 to 10, as well as a nonuniform 

distribution of the tracer in normal tissues. The biggest problems seem to be poor 

antibody specificity, the large fraction of the antibodies that remain in the blood, the 

large uptake by the liver, and the antibody present in feces (in the colon) and urine. 

Some patients may develop a human antibody response to the injected mouse 

antibody. This situation, called a HAMA (human anti-mouse antibody) response, 

causes even smaller tumor-to-normal tissue radiotacer uptake ratios. 

4.5 Review of Probe Applications 

Although this dissertation is about probes used intraoperatively to locate tumors, 

small radiation detectors have been used for many other medical purposes, sometimes 
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from outside the patient. We review the literature on probes and small radiation 

detectors and their uses in medical tasks. The references cited are meant only to 

show the wide variety of medical uses of probes and do not necessarily identify the 

first group to perform a particular medical procedure with a probe. The references 

are organized into groups depending on the organ or disease of interest and are then 

presented approximately historically for each group. The exceptions are that we start 

with a section listing the earliest probe applications (Section 4.5.1) and end with 

sections on review papers (Section 4.5.12), miscellaneous applications (Section 

4.5.13), radiation dose to surgical personnel (Section 4.5.14), and coincidence 

techniques (Section 4.5.15). 

4.5.1 Early Applications 

The intraoperative use of probes dates to the 1940's when probes were used to 

locate brain tumors during surgical resection operations (7-9) and to locate sites of 

breast cancer (10, II). The detectors were simple, single-element Geiger-MUlier 

counters, and the radioactive tracer was 32p except in one case (7), where 131 1 was 

used. Since 32p is a beta emitter, and beta particles (electrons) are highly attenuated 

in tissue, the count rate due to background tissue is small but the detector has to be 

very close (within a centimeter) to a tumor to detect it. This and other background 

suppression techniques are discussed in Section 4.6. One disadvantage of the usc of 



32p is that, when given in the form of sodium phosphate, a large radiation dose is 

delivered to essentially all the organs of the person. 

4.5.2 Eye 
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Another early use of probes was in the detection of eye tumors. Thomas et al. 

(12) chose to use a beta emitter since suspected eye tumors could be positioned to 

within a few millimeters of the detector (the eyeball is rotated for access to suspected 

tumors near the posterior surface of the eye). The tracer used was 32p, and the 

detectors were Geiger counters. They reported 8 case studies where the eye probe 

was a useful predictive tool. In 1970, Larose et al. (13) discussed the significant 

number of benign eye lesions that were diagnosed as malignant using nonprobe 

techniques, resulting in the unnecessary removal of the eye. They found improved 

performance when using probes to determine the malignancy of eye lesions. 

Palms et al. (14) compared several different kinds of semiconductor probes to a 

Geiger probe for eye tumor identification in 1971. All of the probes were sensitive to 

beta emissions from 32p. One drawback of the beta-sensitive eye probes is that they 

require contact with the eyeball. A noncontact gamma-sensitive eye probe was 

introduced by Knoll et al. (15) in 1971. The probe detected the 30 keY gamma ray 

emitted from 1251. 

A dual-detector setup for gamma detection from both eyes simultaneously 

(Fig. 4.8) was described by Lambrecht et al. (16,17). 

-----~.--~-.---
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Fig. 4.8 External eye probe for detecting ocular melanoma. Two single-element probes 
are positioned so that each probe views one eye. The signals are compared after the 
introduction of a tumor-seeking radiotracer. Reprinted [rom Lambrecht and Packer (16). 



There have been many research efforts in eye-probe design and use; we list a 

few references here, not to be complete but to give a starting point for those 

interested in the application (18-22). 

4.5.3 Thyroid 
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In 1956 Harris et al. (23) used a probe containing a scintillator crystal, CsI(TI), 

coupled to a photomultiplier tube for locating residual thyroid tissue after a 

thyroidectomy for thyroid cancer. The tracer was 131 1, a gamma emitter, so nontarget 

organs contributed to the count rate, but thyroid uptake of iodine is much larger than 

for other organs, making detection possible. They reported locating a 0.5 cm

diameter normal thyroid remnant during a followup operation. 

Ackerman et al. (24) used an eye probe (a Geiger tube) externally after 32p 

administration to distinguish benign growths in the thyroid from thyroid cancer in 

1960. The signal over the thyroid was compared to the signal from neighboring parts 

of the neck, and a high signal over the thyroid indicated cancer since 32p is taken up 

more avidly by neoplastic tissue than by normal tissue. In a later paper, Ackerman et 

al. (25) reported relative success with the method: out of 61 patients, 6 of 7 were 

true positives and 52 of 54 were true negatives. Using an external probe to look at an 

internal organ with beta emission worked since the thyroid is close to the skin, and 

the probe operator used pressure to place the probe as close as possible to the 

underlying organs. 
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Morris et al. (26) designed a single-element scintillation probe to locate minute 

thyroid remnants during thyroid surgery in 197 I. The probe was used in eight 

operations and was found to be helpful, especially when previous operations had left 

scar tissue, which tends to obscure nodes. 

4.5.4 Brain 

Ewins et al. (27) discuss the usefulness of solid-state detectors for continuous 

monitoring of brain activity in behavioral studies of freely moving laboratory 

animals. 

4.5.5 Lymph Nodes 

Plutonium detection with an array of avalanche detectors was presented in 1971 

by Moldofsky et al. (28); the same probe is discussed in (29). The array was made 

up of three planar detectors mounted to make an equilateral triangle that fit into a 

cylinder for insertion into the esophagus. They tested the array probe in dogs for 

detection of radioactive lymph nodes. 

In an application related to using probes intraoperatively, Gitsch et al. (30) 

attempted to detect pelvic lymph nodes during surgery for cervical cancer by 

injecting 9911lTc antimony sulfide colloid between the toes and performing the 

operation on top of a gamma camera. Since the uptake in the nodes was large, on the 
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order of 0.3 to 0.4 percent of injected dose per gram of tissue, they found that the 

nodes were detectable. The goal was to detect and remove all lymph nodes draining 

the affected site, not just those containing metastatic tumors. 

4.5.6 Lung 

Woolfenden et al. (31) investigated the use of a small Nal detector for lung 

tumor detection with 57Co-bleomycin. The probe was inserted into a bronchoscope 

channel and was able to detect tumors as small as 0.6 cm in diameter. When 

combined with bronchoscopy, the sensitivity of the tumor-detection procedure was 

92% and the specificity was 80%. Count rates from the probe were found to vary 

with position in the lung, orientation of the probe with respect to the patient, and 

overall retention of the radiotracer in each patient. Although these effects were 

partially accounted for in the data analysis, they still limited probe performance. The 

authors contended that improvement in the radiotracer performance would produce 

the greatest improvement in the tumor detection performance of the probe. 

4.5.7 Local Parameters of Organ Function 

Probes have been used to measure local parameters such as regional blood flow 

in the brain using a multi-channel CdTe probe (32), regional blood flow in muscle 

using 13JXe and a CdTe probe (33,34), and blood plasma protein extravasation to 
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muscle and tumor using a NaI probe and 113l11In-transferrin (35). 

4.5.8 Cervix, Ovary, and Breast 

The detection of primary tumor or metastatic spread of cancer of the cervix, 

ovaries, and breast is another area where probes have been considered for use for 

decades. In 1942, Low-Beer et al. (10) suggested using an external Geiger tube wi th 

32p to detect tumors in the breast. 

To assist in ovarian cancer resection Gitsch et al. (36) used an intraoperative 

scintillation probe to overcome the limitations of external imaging, as noted 

previously. In an earlier study Pateisky et al. (37) had found that the smallest 

detectable tumor in 19 ovarian cancer patients with external gamma-camera imaging 

was 1.5 cm in diameter. Martin et al. (38) used an intraoperative probe based on a 

CdTe crystal and a movable collimator to detect metastases from ovarian cancer. 

Nieroda et al. (39) used an intraoperative CdTe probe (Neoprobe Corporation, 

Colombus, OH) to help stage breast cancer using monoclonal antibody B72.3 with an 

1251 label. 

In an attempt to compare external imaging and an intraoperative probe to detect 

tumor sites in ovarian cancer patients, Gitsch et al. (40) imaged 12 patients just 

before surgery using radiolabeled antibodies. During the surgery, an intraoperative 

probe was used to detect tumors. The result was that the probe missed the tumor in 

two cases while the external imaging identified the tumor sites correctly in every 



case; however, they found that the probe was more accurate at defining the real 

extent of the disease. 
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Jager et al. (41) reported the use of an intraoperative probe to locate microscopic 

cancer during second-look operations in ovarian cancer patients. They used the 131 1_ 

labeled antibody OC 125 in 22 operations and found that the probe detected 

microscopic cancer in 6 patients; in another 6 patients the probe detected areas of 

increased activity, and those patients had recurrent disease within 1-4 months of the 

operation. 

Bell et al. (42) used a CdTe probe (Neoprobe Corporation, Columbus, OH) and 

monoclonal antibody B72.3 labeled with 1251 to search for occult ovarian cancer in 13 

operations. They waited for the blood background, measured by external use of the 

probe, to subside before taking each patient to surgery. Of eight patients with 

disease, one had a very high background activity level and the probe was unable to 

function, three were false negatives from probe data, and four were true positives. 

The authors noted that in three of the four true positives, the probe detected cancer 

from specimens that were grossly suspicious, interpreted as normal on frozen 

histologic sections, and proved to contain cancer by permanent sections. 

4.5.9 Heart 

Evaluation of heart muscle function is yet another area of probe application. In 

1976, Wagner et a!. (43) described a device they called the Nuclear Stethoscope 
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(Fig. 4.9); this was the first demonstration of the clinical feasibility of using a probe 

to measure left ventricular performance. The scintillator-based probe was hand-held 

externally so that its view included the left ventricle. 

Sasaki et al. (44) used the CASRAD probe to measure regional heart muscle 

function. The name CASRAD is an acronym for catheter semiconductor radiation 

detector; their work is also mentioned in Section 4.5.12. A dual-probe arrangement 

was used by Groch et al. (45) to assess left ventricular function at the bedside (see 

Fig. 4.4). The sensitive region of the dual-probe setup was a cylinder that was set to 

include the left ventricle. 

A CdTe probe for monitoring left ventricular function in the intensive care unit 

was described by Harrison et al. (46) in 1982. In the same year Lerch et a!. (47) used 

a positron-emitting radiopharmaceutical with a beta-sensitive probe to study heart 

function in dogs. Positrons are the anti-matter equivalent of the electron so the beta

sensitive probe detected the positrons directly. In another application of probes, 

continuous monitoring of regional heart muscle function in dogs was achieved by 

suturing into place an arterial clamp modified to hold a CdTe probe (48). 

In 1984 Lahiri et a!. (49) used the electronics of the above-mentioned Nuclear 

Stethoscope, which had become a commercial product (Bios, Inc.), with their own 

HgIz detector and compared its performance with that of the product's supplied NaI 

detector for measurement of left ventricular function. They found the performances to 

be equivalent; they also found the measurements correlated well with those made 

using an external gamma camera. The advantage of using a HgIz detector was that 
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Fig. 4.9 Illustration of the nuclear stethoscope being used to measure left ventricular 
performance. Electrocardiographic leads arc attached to the patient's arms. Reprinted 
from Wagner et al. (43) with permission from the American Journal of Cardiology. 
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the detector was small enough that it could be fixed to the patient's chest wall 

externally, providing a continuous monitor of heart function. 

In two further heart-related applications, calcium accumulation in heart muscle 

associated with severe ischemia was monitored with a Nal probe and ·17Ca2
+ and 

133Ba2
+ (50), and an intraoperative Nal probe was used to study heart muscle with 

technetium pyrophosphate (51). 

4.5.10 Bone 

We now turn to the use of probes in the surgical treatment of cancer occurring 
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in bone. Ghelman et al. (52) reported the use of a Nal probe intraoperatively to 

locate the nidus, or growth center, of a benign bone tumor called osteoid osteoma. 

They removed pieces of suspect bone in one operation until the probe sensed only a 

background count rate; they found that the nidus was located in the last piece 

removed. Colton and Hardy (53) used an intraoperative NaI probe and 99l11Tc-labeled 

methylene diphosphonate in 10 patients to locate the site of osteoid osteoma. The 

probe contained a bundle of flexible optical fibers to link the scintillator to the 

photomultiplier tube, a technology developed by Swinth and Ewins (54). In one 

patient the probe showed that the resection was insufficient; further removal of bone 

found more sites which had not been apparent to the surgeon. The probe performance 

was degraded by degeneration of the fiber bundle and by high uptake in the bladder 

which interfered with the signal from the bone. 

----------
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In 1983, Ghelman and Vigorita (55) presented the results from a study of 

intraoperative probe use in the resection of osteoid osteoma. In five cases the probe 

was used during surgery to assist in the resection, followed by postoperative 

examination of the entire tissue specimen by autoradiography and light microscopy 

as well as by the normal techniques used in pathology. The autoradiographs showed 

that the maximum radiotracer uptake was always in the nidus, not in the surrounding 

bone. 

The following year O'Brien et a!. (56) used a scintillation well counter to 

measure the activity of bone samples as they were removed during surgery. They 

found that the nidus contained the largest activity. They also found that by using the 

well counter in four cases of osteoid osteoma, they were able to remove the nidus 

without resorting to wide block excision. In 1985 Harcke et a!. (57) localized and 

detected the presence of osteoid osteoma using a NaI intraoperative probe, a gamma 

camera in the operating room, and a gamma camera in the nuclear medicine clinic. 

The gamma camera in the clinic was used in order to mark on the patient's skin the 

location of the sites of disease prior to surgery. In one study, the surgeon's clinical 

localization of the lesion was about 1.5 cm from the true nidus, showing the 

importance of intraoperative localization of disease. 

Szypryt, Hardy, and Colton (58) reported the use of intraoperative probes in 30 

patients for localization of osteoid osteoma. They compared a NaI probe and a CdTe 

probe (Radiation Monitoring Devices, Watertown, MA) and concluded that the CdTe 

probe was more durable, reliable, and efficient. Probes with CdTe detectors are 
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usually much less efficient than probes with Nal detectors because the CdTe 

detectors are much smaller that the Nal detectors. In this case the authors reported 

that the Nal probe had very small efficiency due to light losses in an optical fiber, so 

the CdTe probe was more efficient. In contrast, Harcke, Mandell, and Sharkey (59) 

also compared a Nal probe (Harshaw Corporation) with a CdTe probe (Radiation 

Monitoring Devices, Watertown, MA) used in operative removal of bone lesions; 

they found that the smaller CdTe probe was only about 5% as efficient as the Nal 

probe, but that it was more easily used in cases where the surgical opening was 

small. 

Our own experience is that CdTe-based probes are always less efficient than 

Nal-based probes, even when an optical fiber links the Nal detector to a 

photomultiplier tube. The report of a CdTe-based probe being more efficient than a 

Nal-based probe could be the result of an extremely small energy window for the 

Nal-based probe and a wide energy window for the CdTe-based probe. 

Augereau et al. (60) used an improved radiotracer, dimethylaminodiphosphonate, 

with a NaI probe to localize osteoid osteomas in 28 operations. The tracer increased 

the abnormal/normal radiotracer uptake ratio by about 25% over that achieved by 

using methylene diphosphonate. Wioland et al. (61) used the improved tracer and the 

same NaI probe (Fig. 4.10). They described the pitfalls of using a single-element 

probe: orientation changes the count rate, the surgeon must learn how to use the 

probe correctly, the patient's bladder often contains a large fraction of the activity in 

the patient, and the thickness of the bone changes the expected signal. They 

--... ---------..,..--~ 
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Fig. 4.10 Single-element probe for tumor detection in orthopedic surgery. (a) Probe 
with centimeter scale. A cylindrical Nal(Tl) detector (0.2 cm diameter, 0.6 cm length) is 
on the left encl. (b) Probe in use during surgery. Parts (a) anel (b) reprinted from 
Wioland et al. (61) with permission from Biomedicine and Pharmacotherapy_ 



advocated a team approach to solving these problems, one where the isotope 

specialist and the surgical team members work together. 

4.5.11 Colon and Rectum 
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By far the most popular application of intraoperative probes has been in 

operations treating cancer of the colon and rectum. The probable reason is that this 

disease affects a large number of people: about 152,000 diagnoses and 57,000 deaths 

in the U.S. in 1993 (American Cancer Society). Much of the work described in this 

section has been performed by a research group associated with Ohio State 

University and the Neoprobe company. 

An early paper by Nelson et al. (62) in 1964 explored the use of 32p and a 

Geiger tube to detect tumors in the gastrointestinal tract. In the early 1980's, Aitken 

et al. (63) used a CdTe probe (Radiation Monitoring Devices, Watertown, MA) to 

detect small tumors in mice. The tracer was 131I-labeled baboon antiserum against 

CEA. They found that the tumor uptake (activity per unit volume) was at least 

double the uptake in all other tissues except for blood, where the uptake was about 

the same as the tumor uptake. The probe was used in one intraoperative study, 

showing that the tumor was detectable using the probe. They summarize their 

discussion by stating their hope that "With a sensitive probe and low background 

activity, residual disease may be detected after the initial resection, and wider 

reexcision of the area of increased activity might prevent failure due to local 



recurrence." Most of the efforts in probe work are centered around these ideas: 

making the probe more "sensitive" and creating "low background activity". 
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Martin et al. (64) compared the same intraoperative probe's localization of 

tumors with preoperative external gamma camera imaging in 28 patients with 

suspected primary or recurrent colon cancer. The radiotracer was again 131I-labeled 

baboon antiserum against CEA (CEA-As). The external imaging was correct in only 

3 out of 9 patients with primary disease and in 9 of 14 patients with recurrent 

disease. The intraoperative probe showed tumor-to-normal count ratios greater than 

I: I for all tumors; the mean ratio was 4: I in recurrent disease cases. 

A number of papers about colorectal cancer were published in 1986. Freeny et 

al. (65) evaluated the usefulness of x-ray computed tomography (CT) for staging the 

disease preoperatively and detecting a recurrence postoperatively. Their summary: 

"This study indicates that because of the poor accuracy of CT in preoperative local 

staging of colorectal carcinoma, it has virtually no useful clinical role in this 

regard ... Routine postoperative CT, combined with fine-needle aspiration biopsy, is 

useful for detection of recurrent tumor." 

O'Dwyer et al. (66) used the same probe as in reference (64) to evaluate the 

performance of 125I-labeled monoclonal antibody 17-1 A for intraoperative colorectal 

cancer tumor searches. They applied the probe in 18 patients, finding that tumor-to

normal count-rate ratios were greater than 1.5: I in 15 of the patients. The probe 

performance (measured by the percent of tumor sites correctly identified as such 

using the probe) was best in those patients with recurrent disease: the performance 
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was lOO%. The worst performance (50%) was in those patients who had metastases 

in their Ii vel'. 

In follow-up work, Martin et al. (67) reported on tumor detection in nude mice 

and in operations on patients using the same monoclonal antibody but a different 

probe: a CdTe device with a movable collimator (Neoprobe Corporation, Columbus, 

OH). They presented curves of tumor-to-normal tissue count-rate ratios vs time for 

tumors induced in mice for two versions of the radiotracer. For the 17-1-A F( ab' h 

antibody, the maximum ratio occurs at 72 hours post-injection; for the 17-I-A IgG 

antibody, the ratio increases gradually from 24 hours post-injection to the end of the 

study, at 168 hours post-injection. Two case studies of intraoperative probe use are 

detailed, but no summary of the other 30 patients studied is included. The binding 

affinities, or performances of the radiolabeled antibodies, are listed. The authors' 

theory of probe performance is presented in the discussion section, including the 

reasons that probes can detect smaller tumors than external gamma cameras, the 

optimum collimator angIe for tumor detection, the effects of the background tissue in 

which the tumor is embedded, the choice of isotope for optimum performance of a 

probe (as opposed to optimum performance of an external gamma camera), the 

optimum time after injection for probe use, and the importance of 

immunohistochemical staining to evaluate the performance of the radiotracer. The 

tumor/background count rate ratio (number of counts recorded when probe is viewing 

tumor divided by number of counts recorded when probe is viewing neighboring 

normal tissue) was the criterion for performance. These ideas are explored in this 



dissertation in Chapter 6. 

Sickle-Santanello et al. (68) reported the results of using the Neoprobe 

(Neoprobe Corporation, Colombus, OH) probe in 37 operations for primary or 

recurrent colorectal cancer. Monoclonal antibody B72.3, labeled with 1251, was 

injected an average of 16 days before the operations. Although the probe worked 

well in detecting the tumor sites in the cases of both primary and recurrent cancer, 

the surgery was not changed by the use of the probe in the primary cases. The 

surgery was changed due to the probe data in 8 of 31 cases of recurrent cancer: 

unnecessary resection of the liver was avoided in two patients and unneeded major 

abdominal exploration was avoided in two more. Probe use in six patients showed 

recurrent pelvic tumor. 
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Tuttle et al. (69) gave specifics about the amount of radiotracer that was 

localized to the tumor as well as patient-by-patient synopses of probe and radiotracer 

performance for 31 patients with primary or secondary colorectal cancer. The probe 

was the Neoprobe (Neoprobe Corporation, Columbus, OH) mentioned above; the 

radiotracer was monoclonal antibody B72.3 IgG labeled with 1251. They show that 

more localization of the antibody correlates positively with larger probe count ratios. 

The probe count ratio is the count rate when the probe is viewing tumor divided by 

the count rate at normal tissue. One result of their data analysis is that the probe has 

better performance when the patient is injected 30 or more days before surgery. They 

mention four cases (out of a total of fifty) where the probe gave a false indication; 

they give possible explanations of a large tumor mass of low activity filling the field 



51 

of view of the probe, or a very small tumor not in close contact with the probe. 

Martin et al. (38) summarized their probe results from tumors implanted in mice 

(CX-I xenografts) and from intraoperative applications to patients with primary and 

recurrent colon cancer, and gastric, ovarian, and breast cancer. The probe was an 

improved version of the Neoprobe device (Neoprobe Corporation, Colombus, OH) 

with a larger diameter detector; the probe was also made to be gas-sterilizable so that 

it would not be necessary to use a sterile sheath in the operating room. One version 

of the probe is shown in Fig. 4.11. They discuss the choice of radioactive isotope, 

concluding that 1251 is the best for intraoperative probe use, although l"ln or 99111Tc 

are attractive since external images could be produced before the operation is started. 

The best time to wait between injection and operation is also discussed; they 

conclude that longer is better, even up to 30 days. The figure of merit used to 

determine the best waiting time was count rate due to tumor divided by the count 

rate due to blood. The long times are possible when using 1251 since it has a 60 day 

half-life. 

Sardi et al. (70) detail the results of using the Neoprobe Corporation's probe in 

32 second-look colon cancer operations. These operations may be the same as those 

reported in previous references to Neoprobe studies. They compare the diagnostic 

value of CEA levels, CT scan results, and the intraoperative probe readings for 

detecting recurrent disease. Rising CEA values were generally very accurate but 

suffered from two (out of 32) false negatives. The sensitivity of CT in this study was 

only 41 %, making it a poor test. The probe was used to identify tumor in 81 % of the 
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Fig.4.11 Single-clement probe in surgery. The probe is a CdTe-based device from 
Neoprobe (Columbus, 01--1). (a) Probe electronics in foreground. (b) Probe in use 
during surgery. Parts (a) and (b) reprinted from Kim et a!. (166) with permission from 
Oncology. 
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patients, and in six of those patients, subclinical tumor was detected by the probe. 

The term subclinical tumor means a tumor that is clinically obscure. If no clinical 

test determines a tumor's location in the patient, then that tumor is classified as 

clinically obscure. For example, a rising CEA value (determined by a clinical blood 

test) might indicate the presence of tumor but not where the tumor was located, and 

the tumor would be subclinical. This report also contains details about the surgical 

procedures used and the patterns of disease recurrence. 

In another application of a Neoprobe Corporation probe (now model 1000), 

Nieroda et al. (71) report the impact of probe use on surgical decision-making during 

operations for colorectal cancer. Fifteen procedures on 10 patients were performed 

with the aid of the probe; five major abdominal operations were avoided due to the 

probe readings during more-limited surgery; in five other patients, the probe results 

changed the surgical procedure. The probe localized tumor in six patients with 

negative or equivocal CT scans. 

In 1990, Curtet et al. (72) tried to duplicate the successes of the Ohio State 

University group (the Neoprobe group) with a NaI probe and an IIIIn-labeled 

radiotracer for colorectal cancer [anti-CEA F(ab')2J. They used indium in order to 

avoid the problems of giving patients injections of 1251, which has a 60 day half-life 

and is very restricted for patient use in several countries. But the higher-energy 

emissions from IllIn (171 keY and 245 keY) caused poor intraoperative probe 

performance; the tissue behind the tumor, but still in the field of view of the probe, 

contributed an average of about three quarters of the total count rate at tumor sites, 
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reducing the ratio of count rate at tumor to count rate at normal tissue to near unity 

for most tumors. There was also no correlation between intraoperative probe count 

rates from tumors and the tumor uptake determined by a well counter. The probe was 

a NaI detector, 0.5 cm in diameter and 1.5 cm long, with a 0.5 cm-thick tungsten

alloy collimator. Biodistribution data (in percent injected dose per gram) is given for 

each of ten patients for tumor, blood, normal colon, liver, and fat. We mention this 

paper again in Section 4.5. I 2. 

Also in 1990, Nieroda et al. (73) reported the performance of the Neoprobe 

probe (Neoprobe, Columbus, OH) in resections of primary colon cancer. One 

interesting feature they mention is the use of the probe externally to indicate the 

appropriate date of surgery and to detect high uptake by the blood, liver, or gut. The 

probe was positioned over the heart, and a specified low count rate indicated that the 

blood background was diminished; their experience was that tumor-to-normal count

rate ratios would be best at this time. Directly before surgery, the probe was applied 

over heart, liver, and perineal area to determine any regions of high uptake. In 7 of 

23 patients, the operation or therapy was changed due to probe results. One drawback 

of the average wait of about three weeks between injection and surgery is that some 

patients, either due to obstruction of the colon or because of anxiety, do not choose 

to wait that long. 

In the same year, 1990, Sampsel et al. (74) performed a study with nude mice 

showing that probe tumor-to-background count ratios from B72.3 labeled with 1251 

increased in time during a 10 day study. Thc Ncoprobe probe was again cmployed. 



They show cross-sections of individual mouse tumors, with necrotic areas, 

vasculature, glands, and radiotracer distributions identified. The 1251 accumulated in 

and around the tumor vasculature, in a way that the authors say they did not see 

duplicated in normal organ blood vessels or interstitial spaces. Possibly this feature 

could be put to good use in intraoperative tumor detection. 
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Blair et al. (75) applied the Neoprobe probe intraoperatively in 50 consecutive 

patients who had colorectal carcinoma. They used the same techniques as the 

Neoprobe group except for the choice of radiotracer. They compared anti-fetal 

colonic microvirus (FM 1 D 10) and anti-CEA antibodies (A5B7), both labeled with 

1251. The anti-CEA antibody tracer worked best, being taken up in 98% of the tumors. 

Mojzisik et al. (76) reported on the preoperative method of determining the 

blood pool tracer uptake, thereby deciding when it was best to take the patient to 

surgery. 

In 1991 Waddington et al. (77) performed a laboratory comparison of two 

probes: one based on a NaI detector, the other on a CdTe detector (Radiation 

Monitoring Devices, Watertown, MA). The tracer considered was alliIn-labeled 

monoclonal antibody. They determined from phantom studies that the Nal-based 

probe could detect tumors as small as 10 ml in volume if the tumors contained the 

lowest reported levels of radiotracer; I ml tumors could be detected by either probe 

if tumors contained higher (also published) levels. This study is commendable for the 

effort the authors put into evaluating how the probe should be used; for example, 

they evaluated what energy windows produced the best measured performance for 
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each probe in a simulated tumor search. However, the phantom studies incorporated 

a uniform background which is clinically unrealistic. We discuss this issue and 

further describe this work in Section 4.7. The same group also reported on 16 patient 

studies using the CdTe probe and IIIIn-labeled monoclonal antibody ICR2 (78). 

Another intraoperative application of the Neoprobe model 1000 probe was 

performed by Stella et al. (79) in 1991, finding tumor in 7 of 15 patients with 

primary colon cancer and 4 of 5 patients with recurrent disease. 

A multicenter trial of intraoperative probe use in 105 patients was reported by 

Cohen et al. (80) in 1991. The probe was the Neoprobe model 1000, the tracer was 

125I-labeled B72.3 murine monoclonal antibody. Occult tumor was identified at 30 

sites in 26 patients by using the probe to direct a surgical biopsy. These tumors were 

not identified by routine examination, roentgenograms and scans, or by surgical 

exploration. 

Presurgical imaging was used in conjunction with intraoperative probes in 12 

consecutive patients by Kuhn at al. (81) in 1991. The probe was a CsI scintillation 

detector; the tracer was IIIIn-labeled anticarcinoembryonic antigen monoclonal 

antibody. The clinical management of 3 of 11 patients undergoing laparotomy was 

affected by the probe data. 

Krag et al. (82) evaluated eight colorectal and five ovarian cancer patients with 

preoperative immunoscintigraphy and intraoperative gamma probe detection of III In

labeled monoclonal antibody B72.3. The probe helped locate 6 of 8 tumors smaller 

than 1 cm and 3 tumors that were not detected by the initial surgical exploration. The 
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scintillator-based probe was the Oncoprobe, a product of Care Wise Medical 

Products (Morgan Hill, CA). They used an energy window around the 171 ke V 

energy of the low-energy gamma from 1111n: a 150 keY threshold and an upper limit 

of 200 keY. 

The most recent (1992) tumor-detection efforts by the Neoprobe group at Ohio 

State University are to use the Neoprobe with 1251-labeled CC49, a second-generation 

monoclonal antibody (83,84). They find slightly better performance with the new 

tracer. They also find that use of the probe changes their operative procedure in a 

quarter to half of their operations. For example, finding extrahepatic tumor with the 

probe caused them to abandon liver resections. When the probe was used skillfully, 

the extension of surgery required by probe use was only about 15 minutes. They 

argue that tissue that was identified as tumor by the probe but that was declared 

normal by histological examination may in fact be tumor. They cited one study 

where retrospective examination of such cross-identified tissue specimens showed 

that 40% of them contained occult metastases. In another study they cited, 55% of 

lymph nodes originally identified as tumor by a probe and as normal by histological 

exam were found to contain micrometastases upon examination by serial hematoxylin 

and eosin (H&E) histological examination, cytokeratin staining, and autoradiography. 

The overall usefulness of second-look operations and intraoperative probe 

applications during those procedures is addressed by Martin et al. (85). 

Paganelli et al. (86) used a new method to reduce the blood background in 

intraoperative tumor detection using a probe: an injection of 12'1-labeled biotinylated 
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monoclonal antibodies and cold avidin. The usual method of one radiotracer injection 

has the drawback of the attached isotope decaying while waiting for the radiotracer 

to clear from the blood. The new method consists of injecting a tumor-specific tracer 

that does not have a radioisotope attached, waiting for that tracer to become attached 

to tumor and also cleared from the blood, then injecting a second, radioisotope

tagged, tracer that is targeted at the first tracer. The second tracer is then 

concentrated in the tumor without the usual high levels in blood. In one patient they 

found that their method reduced the circulating radioactivity by 90% in two days. 

4.5.12 Review Articles 

In the 1960' s Dunham (87) reviewed the use of probes ill vivo, mentioning 

applications of defining tumor boundaries in the brain, measuring blood flow 

variations in the intestines (88), and monitoring heart performance by blood flow to 

the heart muscle. In 1966 and 1969, Ueda et al. (89,90) reported on the development 

of a catheter-type semiconductor detector probe, used to detect beta emissions from 

:12p. The detector was a silicon p-n junction diode, and a special low-noise cable was 

developed for use in the probe. The application reported was monitoring the output 

of a dog heart using H5Kr; the output was varied by epinephrine injections. A later 

publication by Sasaki et al. (44) reported many more uses of the same probe, 

including malignant tumor detection in the esophagus, stomach, lung, and uterus. A 

review of the development and application of the probe, called CASRAD for catheter 



semiconductor radiation detector, appeared in 1972 (91), and the same authors 

evaluated a GaAs-based probe (92). 
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A valanche solid-state detectors for ill vivo use were considered by Huth et al. 

(93) in 1968. Two years later Hewka et al. (94) reviewed the biomedical applications 

of avalanche semiconductor detectors. They discussed the application of ill vivo 

plutonium detection. The detector would detect the L x-rays associated with a 

uranium daughter of plutonium. They also discussed measurement of tumor 

metabolism via 32p. 

Woolfenden and Barber (95) reviewed the development of probes and their uses 

in surgery in 1989. They reviewed the use of small imaging probes with solid-state 

detector elements, an idea they introduced in 1984 (96). 

Also in 1989, Hartsough et al. (97) presented a summary of the probes designed 

and used by our research group. The probes that were described included a single

clement probe, a dual probe, a cylindrical imaging probe for imaging the 

mediastinum, and a planar imaging probe (described in Chapter 7). 

A comprehensive review of the design and application of probes for 

intraoperative tumor detection was presented by Woolfenden and Barber (98) in 

1990. They discussed probe design, clinical results, and tumor detection strategies in 

detail. Their topics included the effects of the energy resolution and temperature 

sensitivity of the detector, charge-carrier-trapping effects on the performance of 

semiconductor detectors, types of collimator material, the role of radiolabeled 

monoclonal antibodies in probe studies, the effects of spatial variations in the 
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background activity, and possible performance improvements from the use of optimal 

energy windows and mUltiple energy windows. We encourage anyone new to the 

field of probe design to use this reference as a starting point. 

4.5.13 Miscellaneous Applications 

Some miscellaneous applications of probes are: external screening for venous 

thrombosis in legs using 1251-labeled fibrinogen and a CdTe probe (99) and using 

99lnTc-labeled plasmin and a probe with a gamma camera (100), using a Nal array to 

measure mucociliary transport up the trachea (10 I), using an external probe to 

distinguish between malignant and benign eye and skin lesions (102), intraoperative 

search for leftover spleen after an operation to remove the spleen (103), 

intraoperative search for the parathyroid gland during an operation to remove it 

(104), staging of chromaffine tumors (105), localization of gastrointestinal bleeding 

(106,107), locating a lost brachytherapy seed of 1921r using a Nal probe (108), 

monitoring the spatial distribution of a therapeutic dose of 90y microspheres using a 

beta-sensitive probe (109), localizing nonviable muscle in victims of electrical trauma 

(110), evaluating lung function with a radioactive aerosol using 99lnTc_DTPA (the 

application is to evaluate infants in intensive care who are too fragile to move to the 

nuclear medicine laboratory) (III), measuring gastric emptying with a portable 

system (112), locating urinary calculi using 'J'JIIlTc-methylene diphosphate (113), 

monitoring the leakage from hyperthermic isolated limb perfusion with two probes 
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(114), and measuring the protein flow rate in the lymph system using an injection of 

99mTc-labeled human serum albumin and a set of small probes fixed to the skin (I IS). 

4.5.14 Radiation Dose to Surgical Personnel 

Bares et al. (I 16) estimated that the radiation dose to the surgeon for 50 

operations per year (4 h per operation) from a patient injected with a 99mTc-labeled 

monoclonal antibody tracer would be about 2 mSv. This is only about twice the 

average annual radiation exposure due to natural background radiation, so they 

concluded that the surgical team would not be placing themselves at high risk by 

performing intraoperative probe studies. They also pointed out that if such studies do 

become routine, surgical personnel will have to be identified as persons 

professionally exposed to radiation. 

Radionuclides such as 1251 may pose a greater risk to the surgical team since 

iodine is quickly concentrated in the body and this particular radioisotope has a long 

half-life (60 d). 

4.5. IS Coincidence techniques 

A background-suppression method which has not been tested in clinical 

applications is to use a double-photon emitter such as 1111n, and count only those 

events where both of the isotropic ally emitted photons are absorbed in the probe. The 
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sensitivity to distant sources is reduced compared to that for single-photon counting, 

cutting down the contribution of those sources to the probe count rate. Saffer et al. 

(117) described a method of using this technique with an array of small detectors to 

construct a tomographic picture of the activity distribution near the probe. Their 

simulations showed that an image of the tissue layer next to the probe face was 

possible, but images of deeper layers were not possible. Background on coincidence 

techniques is covered in Liang and laszczak's (118) review of coincidence imaging 

techniques for gamma cameras. 

A recent article by Watabe et al. (119) described laboratory tests of a probe 

using the accidental coincidences from a single-photon emitter to help localize a 

small source of activity. Because even a low-level background will also produce 

many accidental coincidences, the technique does not work well. We evaluate the 

performance of a single-element scintillator-based coincidence probe (used with a 

two-photon emitter) in our simulations. 

4.5.16 Summary 

Many different probes have been used for a wide variety of medical applications 

with varying degrees of success. The performance of each probe depends on: the 

physical parameters (collimator, number of detectors) of the probe, the uptake of the 

radiotracer in tumor as opposed to normal tissue, the training of the probe user, the 

energies of emitted photons, and the exposure time available at each tumor-detection 

----------------
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site. Poor performance seems to result from probe use without considering and acting 

on each of these factors. 

The central factor that determines probe performance is the ability to suppress 

the contribution of the background to the count rate while maintaining a useful signal 

from the tumor or object of interest. This has been accomplished by building probe 

collimators with narrow sensitive regions, creating dual-element detectors, using a 

low-energy gamma emitter such as 1251, using imaging probes, waiting a long time 

between injection and surgery, and other techniques. We review background 

suppression methods in Section 4.6. 

One major weakness of most probe work reviewed here is that there is no 

quantitative measure of tumor-detection performance. This measure is needed so that 

improvement from changes in the design of a probe or from changes in the way the 

probe is used can be clearly shown. Sensitivity and specificity are useful measures 

but the research is often limited to one probe design and one tumor-detection 

procedure. A probe is selected or designed, patients are explored during surgery, and 

the probe results are compared to the histological examination of tissue specimens. 

This makes it impossible to decide what aspects of the probe system improved 

performance, or whether another probe design might have provided much better 

performance. In Section 4.7 we review the literature about more systematic probe 

performance evaluation. 

This dissertation describes a method for overcoming this weakness in probe 

studies - the difficulty of deciding between different probe designs, background 
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suppression techniques, and strategies in the operating room. We employ simulations 

to estimate the relative performance of different probes since attempting to do so 

with patient studies would require much more time in the operating room than is 

available. The simulations are described in Chapter 5. 

4.6 Background-Suppression Techniques 

As mentioned above, background suppression is the key to good probe 

performance. The literature shows many probe studies in which no attempt was made 

to decrease the background, and the results of those studies is almost universally that 

the probe did not work. (Studies concerning tumors that originated from bone are an 

exception since those tumors often exhibit large tumor-to-normal tissue radiotracer 

uptake ratios.) Others have devised successful background suppression techniques; 

however, the signal is also affected by most of the methods, and it must be shown 

that this signal degradation does not lead to poor performance. 

We define the background as everything in the data that is not due to a tumor, 

so it includes counts from normal tissues in the patient. The background varies from 

site to site in a particular patient since the organs in the field of view change, and the 

background also varies from patient to patient since each patient has a different 

biodistribution (distribution of activity among organs) for a given radiotracer. Even a 

slightly different orientation of a probe at a given site in one patient may produce a 

different background since an organ such as the liver, which usually has a large 

--~-.~---------~-~--.---.-----.-. ~~ 



radiotracer uptake, may just come into view. 

We now describe the background suppression techniques known to us, 

commenting on their efficacy and popularity. 
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The Ohio State University group, using the Neoprobe, has developed the 

technique of using a radioisotope that emits low-energy gamma and x-rays C25I, with 

emissions at 35 keY, 31 keY, and 27 keY) and a long waiting time between injection 

and imaging. The low energy ensures that the probe is sensitive only to activity 

within about 2 cm of the probe face, since low-energy photons are highly attenuated 

in tissue. The long waiting time allows a significant decrease in the blood activity, 

which gives a decrease in the background, while allowing the tumor to slowly 

increase in uptake of activity. The drawback is that a radioisotope with a long half 

life must be used, and this means that the patient will receive a larger radiation dose 

than with a radioisotope with a shorter half life. Patients must also wait a few weeks 

for their surgeries, and some may be unwilling or unable to wait so long. Tumor 

growth and spread may also occur during the long time interval. 

This group also uses a popular technique: solid-state detectors instead of 

scintillators. Solid-state detectors (for example, CdTe) have much better energy 

resolution than scintillators, so scattered photons from background objects can be 

excluded from the counting energy window, reducing their contribution to the signal. 

Although semiconductor materials can have good stopping power, the detectors are 

necessarily thin to reduce charge-carrier trapping. Thus semiconductor detectors are 

generally less efficient than thick scintillator detectors. 
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One popular technique is to place a single-bore collimator with a narrow field of 

view on a single-element probe. This reduces the background count rate, but as the 

probe orientation is changed, large count-rate variations may appear, as described 

above. When used with a medium-energy photon emitter like 9911lTc the probe is still 

sensitive to distant objects in the field of view. 

One solution to this problem is a dual-probe approach, in which a probe 

containing two detectors is used. The detectors are arranged so that one of them 

views both foreground and background objects while the other views only 

background objects (see (45,120,121) and Figs. 4.4 and 4.5). An increase in the 

weighted difference between the count rates in the two detectors indicates the 

presence of tumor in the foreground. The probe is less sensitive to changes in the 

background than a single-element probe. The response of the outer detector is also an 

indication of the activity level filling the tissue in which the tumor is embedded, so 

the outer detector also gives an estimate of the normal tissue count rate. The 

drawbacks of the dual probes employed are that they are heavy and bulky due to the 

extra detector and collimator and that the probe must be positioned correctly over the 

tumor. When the tumor happens to be located under the outer detector instead of the 

inner, the probe fails to detect the tumor. Any activity under the outer detector will 

reduce the sensitivity for tumors under the inner detector so the dual probe does not 

perform well for complex tumor geometries or in the presence of certain shapes and 

orientations of the spatial distribution of background activity. 

Our group (97) and a group at the University of Massachusetts (122) have 



67 

developed imaging probes as a method of background suppression. The idea is that 

the observer can distinguish foreground (tumor) and background objects by 

identifying them in an image if the image has adequate resolution and noise 

characteristics. Our imaging probes contain solid-state detectors such as CdTe 

crystals; the Massachusetts group use a NaI(Tl) scintillator and a position-sensitive 

photomultiplier tube. The drawbacks of our imaging probes are that they are complex 

devices and that they are very inefficient due to their collimators and small detectors. 

The Massachusetts probe is very heavy (3.6 kg) and bulky, so much so that it was 

placed on an articulated arm for surgical use. We have made imaging probes that are 

very small (about I inch in diameter), so that size and weight are not problems, but 

then adjacent images must be properly appended to make up an image of a larger 

area. To do so requires knowing the location and orientation of the probe for every 

exposure, which we accomplished by attaching a position-sensing device to the 

probe. However, this device must be moved within a consistent x-y plane to make an 

extended image, and adds yet another level of complexity to the probe system. 

Evaluating imaging probe performance is not simple, since performance depends 

on the observer's skill in recognizing the tumors in the image. However, we have 

found that the methods described in the next chapter can be used to compare the 

performances of all types of probes. See Chapter 6 for the results of these 

comparisons. 

We described coincidence detection, another background suppression technique, 

in Section 4.5.15. 
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A beta-emitting radionuclide can provide drastic reduction in the number of 

counts recorded from background objects, since the range of beta particles in tissue is 

only on the order of a few millimeters. This was a popular choice for eye tumor 

detection since the probe could be placed directly on the eye, keeping it close to any 

suspect tissue. The requirement that the probe must be very close to the tumor can be 

a drawback, since some surgical situations do not allow the probe to be right on top 

of the suspected tissue. Another drawback is that beta emitters may expose the 

patient to a much higher dose than a gamma emitter; the beta emitter must emit 

particles with high energies (1 to 2 Me V) in order for those particles to be detected 

through about a centimeter of tissue, so a large amount of energy is deposited into 

the patient. Distant organs may still contribute to the signal at the probe since many 

beta emitters also emit gamma rays that have larger ranges in tissue. This 

contribution of distant organs can be minimized by using a thin detector (e.g. Si or 

plastic scintillator) which is inefficient for gamma-ray detection but adequate for beta 

particle detection. 

Another method of accounting for the gamma-ray contribution to the count rate 

was devised by Daghighian et al. (123). They constructed a dual-element probe in 

which both detectors are sensitive to gamma rays and beta particles, but one detector 

is shielded from the beta particles (see Fig. 4.12). They found that a weighted 

difference between the count rates from the two detectors was sensitive only to the 

true beta count rate. 

The tracer used to target cancerous tissue is key in determining the tumor-to-
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Fig. 4.12 (a) Schematic of a dual beta probe. Detectors I and 2 arc both plastic 
scintillators that are sensitive to beta particles and to gamma rays. Detector 2 is covered 
with a 0.1 em thick stainless steel to shield it from beta particles. Detector I is a cylinder, 
0.42 cm in diameter and 0.4 cm long, and detector 2 is a hollow cylinder, with 0.45 cm 
and 0.63 cm inner and outer diameters, respectively, and it is 0.5 cm long. (b) Finished 
probe. The flexible light guide is I cm in diameter and 100 cm long. The metal box 
contains two photollluitiplier tubes, a power supply, and amplifier and discriminator 
circuits. Parts (a) and (b) reprinted from Daghighian et al. ( 123) with permission from 
Medical Physics. 
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normal tissue uptake ratio and thus the amount of signal and background. Even a 

perfect probe system cannot improve poor tracer performance. We do not discuss the 

complications of tracer choice here except to say that we seek a tracer which attaches 

preferentially to cancerous tissue and which is eliminated from the rest of the body. 

Monoclonal antibodies have shown some promise in this area; see (6,124). 

The most common form of background suppression is to compare the count rate 

while the probe is viewing a suspected tumor with that while viewing known normal 

tissue of the same type. If the suspected site shows a greater rate, then tissue there is 

declared to be cancerous. Most groups have employed a simple threshold for 

deciding between normal and tumor, for example, that the rate at the suspected tissue 

site must be 1.5 times the rate at the normal tissue site. Unfortunately this choice 

does not account for the Poisson noise in the data recorded. A few groups have used 

a threshold defined by a number of standard deviations. This makes more sense, 

since differences between sites are easier to distinguish when the count rates are 

large. The drawback is that a matching normal site must be found for each suspected 

tumor site, and this is not always possible or easy. If the probe is sensitive to distant 

objects, those objects may be different for the two sites, confusing the measurement. 

For a probe that is sensing activity only from tissue within a few centimeters of the 

probe face, this technique may be quite useful. 

Another comparison technique is to compare measurements made over similar 

sites in the left and right halves of the body. We believe this has been attempted only 

in tumor detection for the eye, with some success. The drawback is locating the 



correct sites for organs other than the eye, since some internal organs do not have 

left-right symmetry in the body. 

A technique that seems popular in operations to remove the nidus of osteoid 

osteoma is to remove small pieces of bone until the operative field produces only 

background count rates when observed with a probe. This obviates the need to 

directly locate the nidus with the probe, and a sensitive weIl counter can be used to 

measure the radioactive content of each resected specimen. 
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Single-element probes with movable collimators have been used to improve 

tumor searches (67). The coIlimator slides, giving either a short or long bore length. 

The short bore is for quick searches while the long bore is for precise localization 

after a suspected area is found. The drawbacks are that the coIlimator is more 

complex to construct and the probes suffer from some of the same problems of all 

single-element devices. For example, a high count rate could be due to a nearby 

tumor or it could be due to an organ, such as the liver, that contains a significant 

amount of activity and is included in the field of view of the probe. 

The choice of energy window can playa part in background suppression. As we 

will describe in Section 4.7, Kwo et ai. (125) chose optimal energy window levels 

for simulated patient studies. They showed that a two-window system could improve 

performance by subtracting the effects of scattered photons in the photopeak window. 

-•.. ~.--. --~.----.. ~~.~---~---~-~---------.------~----
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4.7 Review of Probe Evaluation and Comparison 

This dissertation is concerned with the evaluation and comparison of different 

probes for tumor detection, but the recent literature on this subject is limited to work 

done by our own research group and a few others. We review the work of other 

groups first, then describe the results of our own studies. 

Although they did not evaluate tumor detection performance, Wilson et '11. (126) 

measured the linearity, distance response function, dead time, reproducibility, 

sensitivity, and energy resolution of a commercially available probe (Oncoprobe from 

CareWise Medical Products Inc.). 

Oredipe et '11. (127) explored the limits of sensitivity for detecting very small 

tumors with the Neoprobe model 9. They injected samples of different numbers of 

radiolabeled cancer cells into freshly resected colon (at a depth of 0.2 cm) and then 

detected them with the probe. They claim that their probe can detect as few as 

39,000 labeled cells, containing between about 74 Bq (2 nCi) and 550 Bq (15 nCi) of 

125I. One point of the work is that they showed that the ill vitro radio labeling worked 

- they were detecting radiolabeled cells, not just free radioisotope. A criticism is that 

their definition of "detection", probe counts ten times greater than background, is fine 

except that there was no activity in the normal colon tissue, so the "background" was 

due only to electronic noise in the detector and to cosmic rays. This definition of 

detection is irrelevant for determining how well a probe will work in a patient study. 

Normal tissue in a patient will contain various amounts of the tracer, and all groups 



73 

trying to use probes find that this variation limits probe performance. The ability to 

record counts from a small radioactive source is really just a measure of the 

efficiency of the probe, an important factor in determining performance but certainly 

not the only factor. 

A recent effort by Reuter et al. (128) to use an intraoperative probe to detect 

colorectal cancer tumors and metastases with 99l11Tc-labeled monoclonal antibody BW 

431/26 failed to work. The reasons for the failure are pertinent to the topic of this 

dissertation: large and inhomogeneous uptake of the radiotracer in normal tissue and 

the use of a single-element probe that has a point-response function extending the 

probe response to distant tissue. The authors attempted to optimize the collimator 

used but did not present the rationale for their choice of one of the three collimators 

tested. An efficiency giving 100 counts per second from a I g tumor containing 

5 x 10-5 fraction of injected activity (FIA) located at the face of the collimator 

seemed to be the design goal (about 700 MBg 99111Tc injection, imaging at 24 h post

injection). Their argument for this count rate as "detectable" when considering the 

response of the probe to the surrounding tissue is not clearly presented. The 

biodistribution of their radiotracer was not favorable for tumor detection, but the 

probe itself could have contributed to the poor tumor-detection performance. We 

show in this dissertation why single-element probes are very poor tumor detectors 

when used as single-photon detectors, especially when the tumor-to-normal tissue 

uptakes are close to unity and vary from organ to organ, and we present some other 

types of probes which may work much better. 

-----,--~-----
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Waddington et al. (77) evaluated the performances of three single-element 

probes in colorectal tumor detection. They evaluated one NaI(TI) probe and a CdTe 

probe with two different collimators. Their work, mentioned in Section 4.5.11, is the 

closest we have found in the literature to our own research into probe performance. 

They compared the probes by recording the counts from probes when viewing model 

tumors located in a tank of isotope-doped water. The water provided a radioactive 

background and a scattering medium simulating that of tissue. They varied the 

volume of the model tumor, the tumorlbackground radiotracer uptake ratio, the 

energy window used to collect counts, and the exposure time (20 sand 100 s 

exposures were tested). Parameters held constant were the distance from the face of 

the probe to the nearest surface of the model tumor, the collimator dimensions, tumor 

model shape (spherical), and type of probe (single-element). The background was not 

varied from uniformly distributed activity except as noted below. A tumor was 

considered "detected" when the average number of counts measured when the tumor 

was present was three standard deviations (SD.s) larger than the counts recorded 

when the tumor was absent. The S.D. was simply that due to Poisson noise. 

This procedure has the benefit of being sensitive to the absolute count-rate, 

unlike the use of a ratio of count rates (tumor-to-normal), but it suffers from forcing 

a particular choice of a threshold (in this case, three S.D.s). Would the relative 

performance of the different probes change if a different threshold were used? For 

experiments where the goal is to measure the performance of different probes in a 

model detection task, a threshold-independent metric of performance, such as area 

.-~----. ----
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under the instrumental receiver operating characteristic (ROC) curve or Hotelling 

Trace Value, is a better description of the relative performances. When probes are 

used in real patient studies some threshold must be selected, but for probe evaluation 

a threshold-independent measure is preferred. 

The uniform background is not clinically realistic, as Waddington et al. point out 

in their discussion, and our studies indicate that the use of a uniform background 

produces an incorrect prediction of good performance for single-element probes. The 

authors did introduce a variation in the background by moving the tumor off to the 

side (by 1 cm) to record the background count rate, but this method is ad hoc and 

the moved tumor would be out of the field of view of most of the probes used, 

leaving a uniform background. 

In a paper already described in Section 4.5.11, Curtet et al. (72) attempted to 

pick an optimal collimator for their single-element NaI probe. Their criterion was the 

width of the line response function for a line source located in a plane at a fixed 

distance from the probe - they picked the collimator that produced the smallest full 

width at half maximum (FWHM). From the four single-hole collimators considered, 

a short-bore (0.5 cm bore length) tungsten collimator was selected. The other 

collimators were lead and had larger FWHM values. We think that this contributed to 

the poor performance of their probe, since the short-bore collimator's field of view 

would include a large volume of background tissue. Their selection criterion didn't 

account for the contribution of isotope-bearing tissue in a large volume of the 

probe's sensitive region; if it had, they might have picked a longer bore ror the 
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collimator. They also used model tumors (fluid-filled spheres 2 cm in diameter) and 

a cylinder of isotope-bearing water to simulate the detection of tumors located at 5, 

10, 15, and 20 cm from the surface of the liver. The tumors were placed in contact 

with the probe face and suspended in nonradioactive water to simulate the scattering 

and attenuation due to tissue. This is a good test except that the tumors used had a 

diameter large enough that external imaging would probably have been effective. 

Tumors with diameters of about I cm or less are the target for probe work. Using 

their data for the 2 cm diameter tumors, the count rate from a 1 cm diameter tumor 

located 5 cm from the liver would produce only one standard deviation (S.D.) 

increase in counts over that produced by the liver - clearly a difficult detection task. 

For a tumor 15 cm from the liver, the increase in count rate due to a tumor would 

only be about two S.D.s over that from the liver. Detectability is a strong function of 

the tumor volume, and using large tumors gives the false impression of good probe 

performance. In addition, although the liver may contain a large fraction of the 

injected dose, the other tissues of the body may also contain some activity, and they 

are sometimes much closer to the probe than the liver. Neglecting their effect on 

background count rate may also lead to a false prediction of good probe 

performance. 

Oehr et al. (129) evaluated the performance of three different probes (all from 

Stratec Electronic GmbH, Birkenfeld, FRG) for use with 9911lTc and 1311. They used 

small (0.9 ml) tumor models containing between 370 Bq (10 nCi) and 2.8 MBq 

(77 /lCi) of 1311 or between 7.4 kBq (200 nCi) and 370 kBq (10 ~ICi) 9911lTc. The 
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tumor models were placed in front of a 10 liter tank of water containing either 

370 Bq/ml (IO nCi/ml) 1311 or 3.7 kBq/ml (l00 nCi/ml) 99mTc; the tank simulated the 

human torso. They found that the high-energy emission from 131 1 (365 keY) 

penetrated the shielding on the side of the 1311 probes, producing a large background 

count rate when activity was located to the side of the probe. For the background 

model they used, the water-filled tank, this increase due to background sources made 

all but the most active tumor models undetectable. They showed that corrective 

shielding would be impractical since the probe would then be too heavy for hand

held use. A smaller detector size would require less weight, but the signal would also 

be reduced. The 9911lTc probe showed more promise, with detection of tumor models 

containing 5 times the background activity per unit volume. This work seems to be 

mainly concerned with the shielding considerations of probes, which could be 

predicted by simple calculations of lead penetration. Again, the use of a uniform 

background does not show how well the probes would work in actual patient studies. 

Choosing the best radionuclide for use with an intraoperative probe was 

discussed by Thurston et al. (130). This work, performed by the Ohio State 

University probe group, showed several measurements of probe efficiency and 

resolution, and showed the effects of scattering and attenuation in tissue for several 

different radionuclides C251, 1311, 1111n, and 99I1lTc). They report that the important 

factors for intraoperative use of their probe are: long radionuclide half-life, so that 

the tracer has time to clear from the normal tissues of the patient, and emission of 

low-energy photons, which results in high attenuation in tissue, so that the normal 
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tissues in the background do not contribute to the probe count-rate. A low photon 

energy also improves the efficiency of detection. Because of the long half-life and 

low photon energy for 1251, the study concludes that it is the best radionuclide. If a 

tracer with rapid clearance and similar tumor uptake were developed, a low-energy 

radionuclide with shorter half-life would be desirable, but no such tracer has been 

presented. They did not consider the effects of small-scale radiotracer uptake 

variations in the tissues immediately surrounding the tumor or of variations in uptake 

from one patient to another. The most serious drawback of this work is that there 

was no attempt to measure task performance so that the different radioisotopes could 

be compared quantitatively. 

We now turn to work performed by our own research group. 

Barber et al. (131) compared three different types of small probes that were 

inserted into a bronchoscope for lung tumor detection. The clinical results of this 

work (31) were discussed in Section 4.5.6. The single-element probes were based on 

NaI(Tl), CsI(Tl), and CdTe detectors. A tumor model in a tank of water was used to 

determine the sensitivity of each detector. The water contained activity and the tumor 

activity and size were varied. Values for sensitivity were measured by fitting the 

responses of the detectors to a predicted expression based on solid angles and 

detector geometry. The performance metric was the signal-to-noise ratio or sensitivity 

to tumor divided by the square root of sensitivity to the background activity, an 

appropriate ratio for the uniform background of these experiments. 

In 1989 Barber et al (4) performed a detailed comparison between a NaI probe 

,~--- -.----~---,~--~--
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and a gamma camera for tumor detection, showing that the probe had better 

performance than the gamma camera in detecting small, deep tumors if the probe 

could be placed within a few centimeters of the tumor. Although the results were 

limited since the background was a tank of water which was uniformly filled with 

activity, the performance was measured by the area under the ROC curve, which is a 

threshold-independent measure of performance. This performance metric is an 

improvement over that used by Waddington et al. (77), discussed above. The authors 

also fit the probe and camera data to physically reasonable functions of the setup, so 

that the probe and camera performance could be compared at parameters not actually 

modelled. 

A general comparison of probe characteristics was performed by Barber et al. 

(132) in 1991. Three probes (NaI(TI), CdTe, and HgI2, pictured in Fig. 4.3b) were 

compared using energy resolution and efficiency at energies between 30 and 

1000 keY. The NaI probe showed an order of magnitude larger efficiency than the 

two semiconductor probes for energies above 120 ke V, but its energy resolution was 

about five times worse. A significant factor in the poor energy resolution of the 

NaI(TI) probe was the optical coupling of its light output through an optical fiber to 

a photomultiplier tube; the energy resolution was improved by a factor of three when 

the crystal was mounted directly to the photomultiplier tube, but that configuration 

produces a less compact probe. The semiconductor probes discriminated against 

scattered photons better than the scintillator probe, but they had smaller efficiency. 

Thus the authors predict that in situations where Poisson noise dominates, the 
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NaI(TI) probe will have the best performance, while in situations where both Poisson 

noise and background variations are present, the best probe will depend on the details 

of the task. 

In a companion article, K wo et al. (125) presented the results of a performance 

study using the three probes for tumor detection in a simulation. The simulation, 

which included use of a numerical torso phantom, was the same as used by 

Hickernell et aI., mentioned below (see (120». The performance metric was the area 

under the ROC curve. They selected the optimal single energy window for each 

probe using the performance metric computed for each choice of window threshold 

and for each possible exposure time. They found that, when the optimal energy 

windows were used for each probe, the three probes had approximately equal 

performances at all exposure times. This surprising result is explained as being due 

to the inability of all of the probes to discriminate against unscattered photons that 

originate from background objects, so that background variations contributed to the 

noise even for energy windows with lower thresholds equal to the photopeak energy. 

An improvement in performance was obtained by using two energy windows in a 

scatter-subtraction technique; since the number of scattered photons is correlated with 

the number of direct photons from background sources, the window in the Compton 

scatter region gives information about the presence of background objects. 

Hickernell et al. (120,121) explored another method of background suppression: 

a dual probe in which one detector views only distant background objects while 

another detector (a simple single-element detector) views both background and 
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nearby objects (see Fig. 4.5). They compared the performance of the dual probe with 

that of just the single-element component of the probe (the inner detector) for a 

simulated tumor-detection task. The performance was assessed using instrumental 

receiver operating characteristic (ROC) analysis. The point-response functions for the 

two detectors in the probe were measured by moving a point source of activity to 

grid points in a tank of water, so the point-response functions included the effects of 

scatter. A numerical torso phantom, digitized from a computed tomography atlas, was 

combined with biodistribution information derived from measured rabbit data to 

provide a realistic variable background. A large set of simulated patients with 

simulated tumors (uptakes from I to 8 times the average local activity) was 

constructed for the performance test. There were 1000 patients and 14 sites for 

detr.cting tumors in each patient. They found that the dual probe performed much 

better than the single-element probe for counting times greater than about one 

second. 

Although most probe articles stress the nonimaging aspect of the probes used, 

we have constructed probes that do create images (see Chapter 7) (97). In one 

version, an array of small (0.2 cm x 0.2 cm x 0.2 cm) CdTe crystals is placed behind 

a parallel-hole collimator, one crystal per bore. The tradeoff between sensitivity and 

resolution in such a device is expressed by the bore length. In a simulation study of 

the tradeoff, Hartsough et al. (133) showed that the optimal bore length for detecting 

a 0.5 cm diameter tumor embedded in a background of randomly placed Gaussian

shaped blobs of activity was 0.75 cm if the tumor was at a depth of 2 cm, and 0.5 



cm if the tumor was at a depth of I cm. A large sample of images was calculated, 

and the Hotelling Trace Value, described in Section 5.5, was used as the tumor 

detection performance metric. 
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This dissertation describes an extension of the technique, using more realistic 

backgrounds and comparing nonimaging and imaging probes as well as determining 

the optimal collimator shape for an imaging probe. The next chapter describes the 

methods we employed to quantitatively compare different probes. 
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5. PROBE EVALUATION 

The goal of this chapter is to describe the methods used to evaluate different 

intraoperative probes for a detection task. We also describe the procedure used to 

measure one probe's point-response function, and we then compare the measured and 

calculated values. First we present the outline of the elements of a simulation 

procedure that produces a scalar performance metric for a particular probe 

configuration and detection task. Then each element is described in detail, with 

results following each description. 

The elements of the procedure are: 

1. Point-response functions of each probe configuration. 

2. A numerical torso phantom. 

3. Organ activities for a set of patients (activity per volume for each organ of the 

torso phantom for each patient). 

4. Count rates from each probe at specified sites in each patient, with and without a 

tumor present. 

5. A scalar performance metric (the Hotelling Trace Value), computed for each 

exposure time for each probe. 

In summary, the procedure is: Calculate values of the unitIess PRF for a 

particular probe configuration. Only calculate values at regularly-spaced grid points. 

For each imaging site, scan through the complete numerical torso phantom, adding 

up the PRF-weighted contributions of each organ. (Account for probe orientation and 



position and also account for voxel size in the sum.) For each patient estimate the 

distribution of radioactivity (Bq/ml or nCi/ml) for each organ from the available 

biodistribution data. Multiply each organ's contribution by the activity assigned to 

find the count rate in the detector. Calculate the count rate with and without tumor 

present, for each site and for each patient. Use the count rates to calculate the HTV 

as described in Section 5.5. 
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This procedure was applied for various exposure times, tumor sizes and distances 

from the probe face to tumor, and for different biodistributions. We tested the effect 

of reducing the inter-organ differences in radiotracer uptake, and we also substituted 

a uniform slab in place of the torso phantom to calculate probe performance for a 

uniform background. 

We now describe each element in some detail. 

5.1 Point-Response Function 

We used a Monte CarIo method to estimate the point-response function (PRF) of 

a single detector at each point of a grid in the object volume. The PRF at a point is 

equal to the probability of detecting a photon emitted at that point. Because they 

represent probabilities, the PRF values are unitless. We calculated trajectories for a 

large number of photons emitted from each point and determined the average 

probability of detection. The calculation accounted for absorption in intervening 

tissue, absorption in collimator septa, and the probability of detection by the detector. 
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Collimator penetration was allowed for the imaging probe because of its thin septa, 

about 0.03 cm thick (of Au), but the other probes were assumed to have perfect 

collimators since their septa had thicknesses of about 0.1 to 0.3 cm. A perfect 

collimator means that any photon which enters the collimator is absorbed completely 

in the collimator. The tissue, collimator, and detector were represented as three

dimensional objects but the PRF was assumed to be cylindrically symmetric, so it 

was calculated in just one half-plane. The photon trajectories calculated were straight 

lines since no scattering was allowed, a simplification discussed below. 

There are several reasons for not including scattering effects directly into the 

simulated PRF calculations, including the effort needed to incorporate scatter in the 

software and the extra computing time required to calculate the effects of scatter. 

Another reason is that the scatter PRF would vary from site to site since each site 

has a different spatial distribution of tissues (bone, soft tissue, lung) with different 

scattering properties, and we would need to calculate and store PRFs for each site. 

We now describe the assumptions we made about scattering in our PRF 

calculations. We assumed that the detector system of each probe had perfect energy 

resolution. We imagined applying an energy window with the lower level located at 

the primary photon energy, so that the output of the probe was the number of 

primary photons detected during the exposure time. If a probe could employ that 

energy window and if the probe had perfect energy resolution, then we could 

discriminate those detected photons that were scattered from those that were 

unscattered (the "primary" photons). Since we assumed that only unscattercd photons 



were counted, the total linear attenuation coefficient (the narrow-beam, or "good" 

geometry, attenuation coefficient), instead of the photoelectric linear attenuation 

coefficient, was used to calculate the probability of photon absorption in the object 

medium, water. The value of the total linear attenuation coefficient for water at 

140 keY is 0.15 cm"'. 
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The assumption that a probe's detector system has perfect energy resolution 

seems problematic since many probes contain Nal scintillators that have relatively 

poor energy resolution, about 10% full width at half maximum (FWHM). Some 

probes contain semiconductor detectors that may exhibit better energy resolution, but 

they are still imperfect, often being limited to a few percent energy resolution. 

Although we assumed perfect energy resolution, some preliminary studies of the 

effect of energy resolution on tumor-detection performance have shown that it has 

only a small effect. White (134) found that the energy resolution of a gamma camera 

had only a weak influence on the performance of the camera in a simulated detection 

task. The task was to detect a cold (90% of background activity density) sphere 

located in the middle of a 20-centimeter thick slab of water that contained 

background activity. The sphere diameter was 5% of the slab thickness, or I cm. 

Scatter was included in the simulation, with up to four scatters allowed for each 

emitted photon. A change in energy resolution of the gamma camera from about 10% 

to 1% (FWHM), which is approximately the difference between a scintillator- and 

semiconductor-based camera, produced just a 4% increase in performance for the 

task. 
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This change in performance is small compared to the amount of uncertainty in 

the biodistribution data (l0-15%, described in Section 5.3). Thus we conclude that, 

although our assumption about the energy resolution of the probe detector system is 

not realistic, our performance results may be more strongly affected by the larger 

errors in the biodistribution than by the smaller errors due to energy resolution 

assumptions. 

Although the energy resolution of scintillator- and semiconductor-based probes 

was assumed to be equal, we did incorporate the effect of charge-trapping in 

semiconductor detectors into the PRFs. Charge-trapping is the removal of charge 

from the charge cloud created by the interaction of a gamma ray and the 

semiconductor detector, before the charge reaches the electrodes of the detector. If 

charges are removed from the signal, a primary photon may produce a voltage output 

which is below the energy window cutoff for detection. Since the trapping is a 

random process, each interaction of a gamma ray and the detector will produce a 

different output, and some number of the interactions will not be counted since their 

outputs fall below the acceptable energy window. Based on work by Barber et al. 

(132), we assumed that 20% of the primary photons absorbed in the CdTe 

semiconductor detectors of the imaging probe produced outputs in the energy 

window and were counted, while we assumed that 100% of the primary photons 

absorbed in the NaI and CsI scintillation detectors produced counts. 

Two grids were used for covering the possible object volume. A grid with fine 

spacing covered a small region (a cylinder 8 cm in diameter and 4 cm in length) 

--~--.------~--. 
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adjacent to the probe face, and a coarser grid covered a large region (a cylinder 160 

cm in diameter and 51 cm in length). Both of the cylindrical regions started at the 

probe face, and the cylinder axis was perpendicular to the probe face and coincident 

with the axis of the detector element, as shown in Fig. 5.1. Since the torso phantom, 

described below, is 52 cm x 52 cm x 77 cm, and the probe is always located inside 

the abdominal part of the phantom, the coarse grid covers every possible object 

point. The finer grid is used for those object points close to the probe, where the 

probe's PRF changes faster. Although the PRF is calculated only at the grid points, 

bilinear interpolation is used to estimate intermediate PRF values. 

The PRF was estimated for a single detector so one set of PRF values (on a 

finely-sampled "near" grid and a coarsely-sampled "far" grid) was stored for a single

element probe. For the dual-element probe, a PRF set was stored for both the inner 

detector and the outer detector. Imaging probes contain many detectors but only one 

PRF set was stored; the PRFs were identical and simply shifted by the appropriate 

number of bore spacings for each detector in the array. The coincidence probe, since 

it is used with 1111n, requires that two PRF sets be stored: one for the low-energy 

(171 ke V) gamma ray from III In, the other for the high-energy (245 ke V) gamma 

ray. The two gamma rays were assumed to be emitted isotropically and in 

independent directions. Thus the actual PRF value for the coincidence output of the 

probe is the product of the PRF values for the two energies. Accidental coincidences, 

caused by the simultaneous detection of one high-energy photon from one atomic 

decay and a low-energy photon from a different atomic decay, were added into the 
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Fig. 5.1 Point-response functions were calculated in the two regions shown. The small 
black square represents one detector of a probe, including any collimator. 
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coincidence count rate (see Section 5.4.1). All of the other probes were designed to 

be used with the 99mTc radionuclide; appropriate absorption coefficients were used. 
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The Monte Carlo technique can be used to simulate Poisson noise for a 

detector/source geometry. In this case, we used Monte Carlo methods only to 

estimate the efficiency, not to mimic Poisson noise. The photon trajectories from the 

object point were not uniformly random in direction. Instead, only those trajectories 

that included the detector were allowed. The trajectories were uniformly probable 

into the solid angle that just included the detector. We formed the average detection 

probability by summing each photon's probability of being detected, then dividing 

the sum by the number of photons traced. 

Another simplification was that the random number generator was called only 

2N times to generate a PRF, where N was the number of photon trajectories to trace 

from each grid point. The result was a set of 2N values in the range of zero to one. 

From then on, this same set of random numbers was used to determine trajectories 

from each grid point. Since the solid angle that included the detector was different 

for each grid point the transformation of these random values into trajectory 

directions numbers was different for each grid point, so the photon trajectories were 

different for each grid point. In this way we estimated the average probability of 

detection with minimal computing cost. 

Another method of minimizing the computing time for the PRFs was to compute 

only \000 photon trajectories for each grid point. We found that the difference 

between PRF values generated using 1000 photon trajectories per grid point and 5000 
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trajectories per grid point was less than 1 %, much less than the estimated error in the 

radiotracer uptakes of organs (10-15%, see Section 5.3) which was the limiting factor 

in the count-rate calculations. 

An alternate method for determining PRF values would be to trace all the rays 

that pass through regularly spaced points in solid angle. The Monte Carlo method 

and this alternate method should give approximately the same value for the PRF as 

long as the number of rays traced is the same for both methods. We did not test the 

alternate method. 

Point-response functions were generated for the probe types shown schematically 

in Fig. 5.2. The dual-element and single-element coincidence probes we modeled 

were based on existing devices, shown in Figs. 4.5 and 5.3 respectively. The imaging 

probe was based on the existing 21-element array probe (see Fig. 4.7b and Chapter 

7) but contained more detectors. One of the versions of the modeled imaging probe 

had the same collimator parameters as the existing device. Fig. 5.4 summarizes the 

marked differences in the PRFs of the different types of probes. PRF values in planes 

at the probe face and at two centimeters from the probe face are shown for each 

probe type in Fig. 5.5. The decreases in efficiency with distance for the imaging and 

coincidence probes are shown in Figs. 5.6 and 5.7. 
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Fig. 5.2 Four basic probe types are shown schematically. The left column shows the 
front view of collimator and detector elements, the right column shows the right-side 
cutaway view. The single-clement coincidence probe contains a scintillation detector; a 
count is recorded in the sum-peak energy window only when both photons from a 
dual-photon emitter (e.g. IIlln) are absorbed in the detector. Cts = counts in an energy 
bin. Reprinted from Hartsough et aI. (167), ©IEEE 1993. 
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rig. 5.3 Single-clement coincidence probe. (a) Cutaway schematic. The scintillator is 
CsI(Tl). No collimator is present. Reprinted with permission from eV Produets. II-VI 
Corporation, Saxonburg, PA. (b) Photograph of the probe described in part (a). Two 
gamma rays interacting in the scintillator in coincidence cause a probe output 
proportional to the sum of the gamma rays' cnclgics, as shown in Fig 5.1. 



94 

Single-element Dual-element 
5000 

FAR 1200 FAR NEAR E NEAR 
E1200 en SOOO 4000 
en en ", 

Outer detector en I ' \ 

I 800 ~4000 
I \ 
I \ 3000 u -- Inner detector l- I 

U 800 U I 

e3000 
I 

2000 0 I 

'- U I 
U 400 °E I 

°E I 

';;,-2000 I 1000 
';;,- 400 a. I 

I a. u -------u ~1000 ------>.. 0 0 i+H I I -j=1,. I 

U 0 2 3 4 c 
\ 0 1 2 3 4 c Q) 

Q) 

~ 
, 

] 0 0 
0 2 3 4 Q; 0 2 3 4 

Qj r. em r. em 

Imaging Single-element Coincidence 
12 FAR 600 FAR 

NEAR 10 One detector of array NEAR 
E 12 ::: 600 

en 500 True coincidences 

cr 10 lsoo 
~ 

400 -- True + Accidental 

U 8 ~400 
coincidences 

o b 
o~ 6 4 °E300 
E , 

';;,- 4 ~200 a. 2 u 
u >.. 
~ 2 Otrn,.,:;:;....,.....,.,...,.,.....,...~......,. ......... ........., g100 
~ 0 2 3 4 o~ 

] °0+~~~~2~~3~~4 ~ 
~ r. em 

300 

200 

100 

0
0 

234 
r. em 

r = distance from probe axis 
NEAR = 0.2 cm from probe face 
FAR = 2.5 cm from probe face 

Figo 5.4 The point response function in two regions is 
shown for each probe typeo Water is the attenuating mediumo 

._-- -----------

2 3 4 



95 

E ~ 0- 16 0-
J "-

~ 
.. 0 

>-0 
O~ 

0 c--
_CD E 
0 ........ __ C/) 

~Q 
v~ CDO 

<CJ 
- .$' 0· 

e CD 
-f: -e CD - 6' 

E 
0...-;,... --J... .. 

~ 0-
0-

J " ....... 
0 rCd> I-

.. 0 
~ >.0 

O~ 
0 c--

_CD E 
0 ........ __ C/) 

~Q 
~ CDO 

~ 0 
- .$' 0-

* 
e CD 
-e CD - c:>' 

O~ ~ ... 

Fig. 5.5 Calculated point-response function (PRF) for a single-element probe. Bore 
length 1.0 cm, bore diameter 1.0 cm. Detector is a CsI cylinder, 1.0 cm in diameter, 1.0 
cm long. (a) PRF at 0.0 cm from the probe face. (b) PRF at 2.5 cm from the probe 
face. 
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Fig. 5.5 (continued) Calculated point-response function (PRF) for a single-element 
probe. Bore length 0.5 em, bore diameter 1.0 cm. Detector is a CsI(Tl) cylinder, 1.0 cm 
in diameter, 1.0 cm long. (c) PRF at 0.0 cm from the probe face. (d) PRF at 2.5 em 
from the probe face. 
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38 cps/microCi Tc-99m. A radial plot of the PRF at 0.2 cm from the probe face is shown 
in Fig. 5.4. (h) PRF at 2.5 cm from the probe face. 
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Fig. 5.5 (continued) Calculated point-response function (PRF) for one detector of the 
imaging probe. Bore length is 0.5 cm, bore diameter is 0.24 cm. The CdTe detector is a 
cube 2 cm on a side. (i) PRF at 0.0 cm from the probe face. The ring of smaller peaks 
surrounding the central peak is due to gamma rays that enter the adjacent bore, penetrate 
one septum, and strike the detector. U) PRF at 2.5 cm from the probe face. 
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Fig. 5.5 (continued) Comparison of calculated and measured point-response functions 
(PRF) for the imaging probe. Bore length 0.5 cm, bore diameter 0.24 cm. (k) 
Calculated PRF at 0.0 cm from the probe face. (l) Measured PRF of detector # 14 of the 
existing probe at 0.0 cm from the probe face. The ring of peaks about the central peak, 
evident in part (k), is not a complete ring in the measured PRF since the septal thickness 
varies as a function of the angle of rotation about the bore axis. The bores in the probe 
used for PRF measurements are circular in cross-section, and each bore is centered on a 
grid point of a square grid. 
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Fig. 5.5 (continued) Comparison of calculated and measured point-response functions 
(PRF) for the imaging probe. Bore length 0.5 cm, bore diameter 0.24 cm. 
(m) Calculated PRF at 0.0 cm from the probe face. (n) Measured PRF for detector #9 
of existing imaging probe at 0.0 cm from the probe face. 
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Fig. 5.5 (continued) Comparison of calculated and measured point-response functions 
(PRF) for the imaging probe. Bore length 0.5 cm, bore diameter 0.24 cm. 
(0) Calculated PRF at 2.0 cm from the probe face. (p) Measured PRF of detector #14 
of the existing probe at 2.0 cm from the probe face. 
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Fig. 5.5 (continued) Calculated point-response function (PRF) for the single-element 
coincidence probe. Bore length 0.1 cm, bore diameter 1.0 cm. 
(s) PRF at 0.0 cm from the probe face. (t) PRF at 2.5 cm from the probe face. 
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probe. Dashed line is for the low-energy singles (no coincidence required for a count). 
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5.1.1 Measured Point-Response Function 

We measured the PRF for the imaging probe described in Chapter 7 with a point 

source of 99JJ\Tc. The measurements were performed with the point source in air or 

water. In Fig. 5.8 we describe the experimental procedure. Figs. 5.5k-r and 5.6 show 

measured PRFs for the imaging probe and the corresponding PRFs estimated by the 

Monte Carlo technique described above. In both the measured and estimated cases 

the attenuating medium is water. 

We conclude from these figures that the shape of the estimated PRFs for the 

imaging probe exhibit the same features that are evident in the measured PRFs. The 

estimated absolute efficiencies are larger than the measured absolute efficiencies, but 

this is expected since we based our estimates on data from newer, higher quality 

detectors than were used to build the imaging probe (see Section 7.3). 

5.2 Numerical Torso Phantom 

A numerical torso phantom, provided by George Zubal of Yale University (135), 

was derived from computed-tomography slices of a normal male. The numerical 

phantom consists of 78 contiguous transverse slices, each containing 512 x 512 

voxels, covering the entire torso. The voxel size is 0.1 cm x 0.1 cm x 1.0 cm; the 

distance between slices is 1.0 cm. Each voxel in the phantom was classified by an 

expert observer as belonging to one of 34 organs, as shown in Appendix D. One 
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Fig. 5.8 Setup for measuring point response function. The imaging probe is fixed to the 
plexiglass box. The apparatus was immersed in water and a point source on a translation 
stage was scanned in the probe' s field of vie\\~ 



slice of the phantom is displayed in Fig. 5.9. A volume rendering of the torso 

phantom is shown in Fig. 5.10. Both images contain arbitrary shades of grey 

assigned to each organ. 
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Our group previously used a phantom with lower resolution for probe 

simulations (12 I). That phantom was constructed by laying a grid pattern over CT 

slices from an atlas of cross-sectional anatomy and identifying which one of nineteen 

organs filled each voxel. The voxel size of the previous phantom was 1.0 cm x 

1.0 cm x 1.3 cm and the total volume covered was 38 cm x 23 cm x 68 cm. This 

phantom is inferior to the one provided by Zubal: it is derived from images and 

slices of a corpse while the Zubal phantom is derived from images of a living 

person, and it has lower resolution than the Zubal phantom. 

Both phantoms are uniform within each organ. For example, every voxel in the 

spleen is the same. When we assign activity to the spleen in the next step of the 

simulation, the spleen will be uniformly filled. This may not be such a bad 

approximation for some organs, since most activity is held in the blood, and the 

blood may permeate the organ more or less uniformly. 

The small-scale spatial variation in the radioactivity distribution of some organs 

may not affect the calculated probe performance. For example, probes cannot usually 

detect tumors in or near the liver because the liver usually has a large total 

radioactive uptake and any small signal from a tumor is swamped by the background 

from the liver. Since the liver will usually be far from the probe, it will be in the 

region where the small-scale spatial distribution of activity is blurred out by the poor 
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Fig. 5.9 Transverse slice of the numerical torso phantom (the Zubal phantom). Arbitrary 
shades of grey have been assigned to each organ. Reprinted from Hartsough et al. (167), 

(C) IEEE. 1993. 

-----. --~----~--.-.~,--~---~-.---------~-
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Fig. 5. 10 Volume rendering of the numerical torso phantom (the Zubal phantom). 
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spatial resolution of a probe at that distance. The result is that assigning the average 

liver activity to all liver voxels probably does not affect the calculated probe 

performance. For other organs, we do not know the effect of the approximation. 

We attempted to find others who had measured the smail-scale distribution of 

activity in organs, but found very little has been done in this area. Satoh et al. (136) 

show autoradiographic images of resected tissue with some spatial variation in 

radiotracer uptake in normal tissue as well as in tumors, but they were using a 

different radiotracer from those we simulated. 

If most of the activity in normal tissue is actually in the blood, then the 

radiotracer distribution would match the small-scale spatial distribution of blood. In a 

1990 dissertation concerning heat transfer from blood to tissue, Williams (137) 

searched for literature showing blood vessel structure at all size scales. Appendix B 

of that dissertation describes the literature about this topic, concluding that "Detailed, 

quantitative data on the sizes and arrangements of blood vessels larger than the 

capillaries and too small for surgical concern is for the most part nonexistent." 

«(l37),p.320) Unfortunately, these mid-sized vessels contain most of the blood, so 

models of activity distribution based on blood distribution seem unworkable without 

more detailed anatomic studies. 

In summary, we assume that the uniformly filled organs of the Zubal phantom 

produce good approximations of the background objects seen by a probe. The effect 

of using uniformly filled organs to represent the foreground objects is to increase the 

performance of a probe, but since the actual spatial distribution is unknown, we are 

~--------~'----~ 



forced to accept the inaccuracy and assume that it does not change the relative 

performance of different probes. 

For a good review of many phantoms, some commercially available, see 

reference (138). We note that the reference describes physical phantoms and 

computational models but not numerical phantoms like the one used for our work. 

5.3 Organ Activities 
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Biodistribution data from patients injected with a radiolabeled monoclonal 

antibody (C I 10 anti-CEA labeled with "'In) were used to estimate organ activities 

for a set of simulated patients. The original patient data were provided by A.B. Brill 

of the University of Massachusetts. The data consist of the Fraction of Injected 

Activity per gram of tissue (flAig) for each of six patients at various times after 

injection (range 1 to 168 hours). The uptakes of blood, liver, spleen, bone marrow, 

and amount excreted were estimated by imaging with an external gamma camera. 

The camera was calibrated and a quantitative methodology was used to estimate the 

uptakes with errors of about 10-15% (139). The FlAig is normalized for radionuclide 

decay, so it always represents the fraction of total activity remaining. Although the 

uptake data represented the biodistribution for a radiotracer with an '''In label, we 

assumed a 9911lTc label for our simulations (except for the coincidence probe, as 

described later). 

Unfortunately the data were scattered in time; the sample times for one patient 



114 

were not always the same as those for any other patient. We used a spline curve fit 

to the available data for each patient to interpolate between the samples. We assumed 

the injection would be 24 hours before the surgery. 

Because of ringing in the interpolated output caused by abrupt changes in the 

first few data points for some of the patients studied, the average value of the first 

two points replaced the points if the two points were close together in time and far 

apart in FlAig value. In other words, we averaged the data locally if the second 

derivative was too large. The interpolation program is listed in Appendix A. A plot 

of the original data and the interpolated function for liver radiotracer uptake of the 

five patients is shown in Fig. 5.11. A similar plot for blood uptakes is shown in Fig. 

5.12. 

Once the FlAIg was known at a set time for all compartments, we accounted for 

the differences between FlAIg for compartments and FlAig for organs, which are 

represented in the Zubal phantom by groups of voxels. The data provided by the U 

of Mass group included only a few compartments, while the Zubal torso phantom 

contains 34 different organs. The organs that were included in each compartment 

need to be identified. Every organ included part of the blood compartment, so the 

blood compartment's FlA was spread throughout all organs. We list some of the 

Zubal phantom organs and the method employed to determine the FlAig from the 

available compartmental biodistribution clata: 
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Fig. 5.11 Fraction of injected activity (FIA) in the liver vs time after injection, for five 
patients. Measured data values are identified by symbols, the spline curve fits to the 
measured data are shown as solid lines. Note that the FIA values represent the FIA in the 
whole liver; they are not normalized by mass. The behavior of the spline fit near the 
origin is described in Section 5.3. 
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Fig 5.12 Fraction of injected activity (FIA) in blood vs time after injection, for five 
patients. Measured data values are identified by symbols, the spline curve fits to the 
measured data are shown as solid lines. Note that the FIA values represent the FIA in all 
of a patient's blood; they are not normalized by volume or mass. 
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Spleen: All of the FlA of the spleen compartment is assumed to reside in the set of 

voxels identified as "spleen" in the Zubal phantom. 

Bone Marrow: Since the Zubal torso phantom does not include the arms, legs, or 

head, only 0.7 of the FlA of the bone marrow compartment is assumed to reside in 

the set of voxels identified as "bone marrow" in the Zubal phantom. 

Liver: The value of FIA for the liver reported by the U of Mass group includes 

whatever was in the liver at the time of imaging. The liver contains about 10% of the 

blood volume in the whole body (140). Since the Zubal torso phantom has a liver 

region that does not explicitly contain blood vessels, the originai FIA for liver is 

correct for the collection of voxels labeled "liver". 

Blood: To provide the correct FIA to be placed in the group of "blood" voxels in the 

Zubal phantom, we accounted for the following: I. only about 70% of all of blood is 

located in the torso, 2. about 10% of all blood is located in the liver, and 3. blood 

permeates all tissues, but the group of voxels identified as "blood" in the Zubal 

phantom only includes regions in large blood vessels. To calculate the FlAig to 

assign to "blood" voxels in the phantom, we accounted for these concepts as follows: 

1. multiply the compartmental blood FIA by 0.7, 2. subtract 10% of the result, and 3. 

assign 50% of the remainder to the group of "blood" voxels in the phantom, and 

assign the other 50% to the group of voxels in the phantom that are called "other" 
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(see below). 

The 50% figure represents the fraction of blood in the torso phantom that is not 

included in voxels labeled "blood". The torso phantom contains 1.6 liters of labeled 

blood volume. We estimate that an adult male such as the person on whom the 

phantom is based contains about 4.6 liters of blood (141). Dividing 1.6 liters by 70% 

of 4.6 liters gives about 0.5, the fraction of blood in the torso that is identified as 

such by a voxel label. 

In summary, the relationship between FIA of the blood compartment and the 

FIA of the blood voxels is 

FIA(blood voxels) = FIA(blood compartment) * 0.7 * 0.9 * 0.5. 

Excreted (urine and feces): All activity that was not still in the body at the time of 

imaging was placed in the compartment called "excreted". The losses can be due to 

activity being excreted through urine, feces, and water (respiration and sweating). We 

assumed that the torso phantom had 4 h worth of urine stored in the bladder, so we 

assigned a fraction of injected activity to those urine voxels by multiplying the slope 

of the FIA vs time curve for excretion by 4 h. In doing so, we assumed that all 

activity excreted was through urine, that the rate of FIA lost to urine was constant 

over the four hour period, and that the amount of urine represented by the voxels 

labeled "urine" in the phantom represented four hours of urine storage. We ignored 

activity stored in feces. The FIA assigned to the urine in the phantom was spread 
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uniformly between all the voxels labeled "urine". 

Other: All voxels of the phantom that were not labeled air, liver, spleen, blood, bone 

marrow, or urine were called "other" here. The fraction of injected activity to assign 

to the group of "other" voxels in the torso was determined by the following: 

FIAothcr = { (1.0 -FIAlivcr - FIAsplccn 

-FIAcxcrcted-FIAmnrrow -0.9*FIAnll blood)*0.7} (1) 

+ 0.5 *0.7 *FIAnll blood 

where the 0.7 factor is equal to the volume of the torso divided by the volume of the 

whole body. 

To encode the calculated FlAig for each type of voxel in the Zubal torso 

phantom we used files called biodis??? where ??? represents a three-digit number. 

Each biodistribution file contained 256 lines, one line per possible voxel value. Each 

line had three entries: the first entry was the voxel value represented by the line (0-

255), the next entry was a text string that described the organ type represented by 

this voxel value. The last entry was a floating-point number that was the activity per 

volume for the organ type represented on the line if the original injection was 

37 MBq (1.0 mCi). The number was given in units of nCilml, and it represented the 
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activity per unit volume at the chosen imaging time. 

The data from the six patients mentioned above was used to estimate FIA at 24 

hours after injection. The results are listed in Appendix B. Then the compartmental 

data were modified to represent the FIA for each organ in the Zubal torso phantom, 

and the FIA was converted to nCi/ml for a 1.0 mCi injection. The conversion was 

performed by using Lotus Corporation's 123 program; these results for one patient 

are shown in Appendix C. The final activity per unit volume and unit injected 

activity for patient # I were listed in file biodisOO I, for patient #2 in biodis002, etc. 

The file biodisOO I is shown in Appendix D. 

Six biodistributions is a small number of patients. We wanted to have more 

patients in which to create simulated images to measure performance. One reason for 

creating a population of patients from the six available is to get around the problem 

of the "other" category of voxels. Since we estimate just one value for the FIA 

included in all "other" organs, every voxel that belonged to the "other" organs had 

exactly the same value in each of the six patient's biodistributions. Many voxels 

belonged to the "other" category, so large regions of the simulated Zubal torso 

contained a uniform activity per unit volume. If a tumor site was inside the uniform 

region, the tumor would be easier to detect than it would be if the biodistribution 

were more realistic. To avoid this uniformity, we created a population of patients by 

assuming that the probability law for the activity per volume for each organ in the 

Zubal phantom was a log-normal law. Hickernell et al. (121) found that a 

multivariate log-normal law describeci the raciiotracer uptake of 9 organs of rabbits 
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better than a multivariate normal law. (If x is a log-normal random variable then 

y=ln(x) is a normal random variable.) Unlike Hickernell, we assumed that each organ 

in the torso phantom followed an independent law, so that the covariance between 

organs was zero. The assumption of zero covariance was necessary since the number 

of patient biodistributions we started with was so small that good estimates of the 

covariance were impossible. Note that "organ" here means one of the organs 

associated with one voxel value in the Zubal phantom. 

The particular log-normal law that the activity of a particular organ followed was 

determined by the data available: five of the six biodistributions were used to 

determine a mean and variance of activity per unit volume for each possible organ 

type in the Zubal phantom. The biodistribution for patient #4 was extreme, with 

almost all of the activity located in the liver. This distribution represents failure of 

the radiotracer - probably through a human antibody to mouse antibody (HAMA) 

response. We did not use the data from patient #4. 

Samples from a log-normal law were not generated directly; instead, each data 

value was transformed by taking its natural log. Then the sample mean and variance 

of the transformed values were calculated. If the data represented samples from a 

log-normal law, then the sample mean and variance calculated should represent the 

mean and variance of a normal law. Samples from the log-normal law were created 

by generating a random sample from the normal law, then exponentiating it. For 

example, if x is the sample from the normal law, then exp(x) is the corresponding 

sample from the log-normal law. 
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One hundred samples from the log-normal probability law for each organ were 

used to form one hundred patient biodistributions, with file names biodis 100, 

biodis 10 I, ... , biodis 199. For anyone of these biodistributions, the organs that make 

up the "other" category have a variety of FlAig values. 

It is possible that the inter-organ variety we have introduced is not realistic, 

since we've used patient-to-patient variations to describe intra-patient variations. 

Since blood permeates most tissue, possibly the activity per unit volume of blood 

should dominate, and the inter-organ variations should be much smaller. 

The performance of the probes depends on the strength of the variation among 

organs in each patient, since the background against which the tumor is seen is more 

chaotic if the inter-organ variations are severe. To show the effect of inter-organ 

variation on probe performance, we created sets of sample patient populations that 

exhibited different amounts of inter-organ variation. 

One parameter was used to specify the amount of the variation; we called it F 

for fraction of variation. If F was 1.0, the patient population had the same variation 

as the population generated by the method specified in the last few paragraphs. If F 

was 0.0, all organs of all patients in the sample had the same FlAig; the inter-organ 

variation was zero. For intermediate values of F, the data values from the University 

of Massachusetts patient studies were transformed in order to create a patient 

population with a fraction of the variation of the data. 
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The transformation was 

(2) 

where voId is the original University of Massachusetts data value and <voId> is the 

sample mean of the original data for one organ. The transformed value is vllew. The 

transformed values make up a data set with sample mean <vllew> and sample variance 

a 2
l1ew. The value of <vllew> was set to 

(3) 

where <Vgnll}(l> is the mean activity per unit volume for all nonair voxels in the 

phantom. The value of <allew> is equal to F times <aol">' the original sample 

variance for one organ, so the mean and the variance for each organ were adjusted 

by the value of F. 

Note that the fraction of variation was applied to the original data, and the result 

was then used to calculate a sample population of 100 patient biodistributions with 

log-normal probability laws as before. 

The activity per unit volume of the tumor was set such that a 1 g tumor (with a 

volume of 1 ml) contained a fraction of injected activity of 0.0001. The FIA for a 

tumor was the same in each patient. 

After selecting organ uptakes for a patient, all organ uptakes for the patient were 

scaled to enforce the correct total activity. 
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Since a coincidence probe requires a radioisotope that emits two gamma rays for 

every disintegration, it will not work with a 99l11Tc-labeled radiotracer. In order to 

compare the coincidence probe with all of the other probes, we used the uptake data 

as determined above for 24 h post-injection and assumed an 1IIIn label. 

In the next section we compare the organ uptake means and variances as 

determined from the University of Massachusetts data with those from other 

radiotracer uptake studies. 

5.3.1 Comparison to Other Organ Uptake Data 

The error in our calculation of probe count rate is mostly due to the large 

uncertainty in the biodistribution data. The absolute uptake affects the amount of 

Poisson noise while the relative uptake in different organs and the variance for each 

organ affects the amount of background variation noise. In Table I we list uptake 

values used by a few other groups in comparison with the values we derived from 

our limited patient data. The table shows that the uptake values we derived are not 

too different from those measured by others. The last column in the table, for the 

experiments by Waddington et aI., is provided just to demonstrate the difference 

between uptakes for simulations with a uniform background and for our more 

realistic simulations. 

-----. ------~.~. ~ .. ~-~-~ 
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TABLE 1 - COMPARISON TO OTHER ORGAN UPTAKE DATA 

-- ._- ._- - --

lour simulations Cytogen (142) Curtet et aI. (72) Waddington 
et aI. (77) 
simulations 

radiotracer 111In ClIO anti-CEA 111In B72.3 MoAB 11IIn anti-CEA G 15 111In 79IT/36 

MoAB F(ab')2 MoAB MoAB 

tumor uptake, FINg 1.0 x 104 (0) 0.6 X 104 (5.0 X 10.3) 1.4 X 104 (1.7 X 104
) 1 X 10.5 to 

4 X 10.5 (0) 

liver uptake, FINg 7. I X 10-5 (2.3 x 10-5
) 1.7 x 104 (8.0 x 10-5

) 1.7 x 104 (1.6 X 104
) 5 X 10-6 (0) 

blood uptake, FINg 1.1 x 104 (1.1 x 10-5
) NA 3.4 x 10-5 (6.1 x 10-5) 5 x 10-6 (0) 

colon uptake, FINg 5.9 x 10-6 (I. I x 10-6
) NA 3.7 x 10-5 (5.0 x 10-5) 5 x 10-6 (0) 

fat uptake, FINg 5.9 x 10-6 (1.1 x 10-6) NA 1.5 x 10-5 (2.4 x 10-5) 5 x 10-6 (0) 

Notes to Table 1: 
I. Methods for determining the organ uptakes: our simulations, external imaging as described 

earlier in this section, five patients; Cytogen, surgical specimens; Curtet et aI., surgical 
specimens in well counter, ten patients; Waddington et aI., uptake values from the 
literature (note that they used a uniform background). 

2. We assumed that a 99mTc label could replace the actual 111In label on the radiotracer for our 
simulations. 

3. Uptake values are in units of FINg with the standard deviation in parentheses. 
4. MoAB = monoclonal antibody. FlAIg = fraction of injected activity per gram tissue; takes 

into account radioisotope decay. NA = data not available. 

I 

N 
VI 



5.4 Count Rates 

Given the PRF of each detector of each probe and the Zubal torso phantom 

filled according to one of the simulated patients, we can easily calculate the count 

rate for the detector at a particular site in the torso. The count rate R j in detector j 

due to an activity distribution A (activity per unit volume) is 
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(4) 

where PRFj denotes the PRF for the jth detector and the integral is evaluated over 

the object volume, V. 

We chose 25 sites in the abdomen, selecting them at random except that none 

were closer than about 5 cm to the liver. We assume that probes will not work when 

viewing a tumor close to the liver, an organ with large radiotracer uptake. For each 

of the 100 patients in our ensemble, we calculated the probe response (count rate for 

each detector) at each site, with and without a tumor present. When the tumor was 

present, it was located a fixed distance from the center of the probe face; the distance 

from the center of the tumor to the probe face was always equal to the tumor radius. 

The positions of the organs in each patient were the same, since we used the same 

phantom to represent each patient. The radiotracer uptake for each organ varied from 

patient to patient. 

Since we knew the PRF and organ uptakes, we calculated count rates, free of 

Poisson noise. As we will discuss in the next section, the performance metric we 

---.~-----.--------~----~~----~. -----~--------
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used took into account the appropriate Poisson noise, so the performance metric was 

calculated from count rates and a given exposure time, not from count images. 

The multiplication of the PRF and the activity in the Zubal phantom involved 

two different grids: one for the PRF and one for the torso phantom. The grids could 

be rotated with respect to each other, and they had different spacings, so we devised 

a technique for calculating count rates that accounted for the relevant grid 

characteristics. The contribution of each voxel in the torso phantom to the count rate 

in each detector of a probe was calculated. For voxels far from the probe, all the 

activity contained in the voxel was assumed to reside at one corner of the rectangular 

box that is the shape of the voxel. Then the PRF value at the corner location was 

estimated by two-dimensional bilinear interpolation from the stored PRF values. The 

product of the interpolated PRF and the activity in the voxel was the count rate 

contribution from the voxeJ. For those voxels close to the probe, each 0.1 cm x 0.1 

cm x 1.0 cm voxel was subdivided into ten sub-voxels, each a cube with 0.1 cm 

sides, and the activity in the voxel was evenly distributed among the sub-voxels. 

Then each sub-voxel was treated as regular voxels were far from the probe: the PRF 

was estimated at the corner of each subvoxel by bilinear interpolation, and the 

contribution to the count rate was calculated. 

Speed of execution was improved by assigning a radiotracer uptake of 37 Bq/g 

(I nCi/g) to every organ of the torso phantom, then calculating the count rate at each 

detector for each of the organs of the phantom. By combining these normalized count 



rates and the actual uptakes for each organ, the count rates for different patients 

could be calculated very quickly. 

5.4.1 True and Accidental Coincidence Count Rates 
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The coincidence count rate is the sum of two parts: the true coincidence count 

rate and the accidental coincidence count rate. 

True coincidences are those events where a single atomic disintegration produces 

two gamma rays, and those gamma rays are both detected by the probe. The two 

emitted gamma rays have different energies and they are emitted within a very short 

time of each other. For example, in the case of 1111n, the energies are 171 ke V and 

245 keY, and the mean time between the emissions is 123 ns (143). We described 

the calculation of the true coincidence rate in Section 5.1. One item not discussed 

there is that a time window must be specified when operating a coincidence probe. In 

order to be counted as a coincidence event, the two gamma rays of the correct 

energies must be detected within a certain time of each other, called the time 

window. For the single-element CsI(TI) coincidence probe we simulated, the time 

window is determined by both the decay time of the scintillator and the shaping time 

constant of the external amplifier (144). We further discuss the time window below. 

Accidental coincidences are those events where two different atoms both 

undergo atomic disintegration at nearly the same time, both produce gamma rays, the 

low-energy ray from one atom and the high-energy gamma ray from the other atom 
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are both detected by the probe, and the gamma rays are detected within the time set 

by the value of the time window. Note that the two atoms may be located at different 

sites in the object, and that the accidental coincidences, if they originate from atoms 

outside the tumor, are a source of noise since they do not indicate the presence of a 

tumor. To reduce the accidental coincidence count rate while maintaining the true 

coincidence count rate, we could select a smaller time window by reducing the 

shaping time constant of the external amplifier. On the other hand, reducing the 

shaping time constant results in poorer energy resolution and thus more non

coincidence events produce counts in the coincidence energy window. Matherson et 

al. (144) found that a 3 Ils window time produced acceptable energy resolution and 

accidental coincidence rejection for a coincidence probe similar to the one we 

simulated, but more recent studies (145) have indicated that a 1 Ils window time will 

also produce acceptable energy resolution, so we assumed a time window of 1 Ils. 

Our estimate of the accidental coincidence rate is then 

(5) 

where Racc is the accidental coincidence count rate, RJ is the probe's count rate for 

the low-energy gamma rays, R2 is the probe's count rate for the high-energy gamma 

rays, and Llt is I Ils, the time window. 
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5.5 Performance Metric 

We computed a performance metric for each probe from the count rates of the 

probe at each site in the ensemble of patients. The scalar metric used was the 

HoteHing Trace Value (HTV), a measure of how weH the probe data (image or 

number of counts at each site) are separated into two groups based on the presence 

of a tumor at a site. HoteHing's original work (146) was prompted by the task of 

devising a metric for assigning an individual to a race based on measurements of 

body part sizes, a task we find reprehensible today. The metric he devised has found 

applications in other, more laudable, classification tasks such as measuring the 

relative performances of medical imaging systems (147-152). Applications in pattern 

recognition can be found in (153). The HoteHing metric has also been used to 

provide a filter to enhance the image's features that most differentiate the signal

present from signal-absent images (154). One important feature of the metric is that 

it has been shown to predict human performance in some signal detection tasks 

(155). In those experiments, when the HoteHing Trace Value was large, indicating 

that signal-present and signal-absent images were easier to distinguish, the measured 

human performance was also found to be good. The correlation between the 

HoteHing metric and the measured human performance in one experiment was very 

high (r=0.99) (155). 

Based on the ability of the HatcHing Trace to indicate human performance, we 

assume that the HTV ranks the probes for tumor detection in the same order that a 
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surgeon would rank them, so that we can determine the best probe and probe 

configuration to use in intraoperative tumor detection tasks. Note that we want to 

rank probes and determine the approximate differences in performance, not determine 

their absolute performance. The power of using this metric is that statistical 

information about noise and signal can be utilized and that all probes can be 

compared on the same scale: the performances of single-element, dual-element, 

coincidence, and imaging probes are all represented by a unitless scalar value. 

Since the Hotelling metric for detection performance may be unfamiliar, we 

present the mathematical relations involved in its calculation. The data from a probe 

are represented by a column vector g (bold letters indicate matrices and vectors, 

where a N-element column vector is equivalent to a Nx I matrix). For a single

element probe, g has a single element, the number of counts from the single detector 

detected in a given exposure time. The imaging probe we simulated had an II x II 

array of detectors, so the data vector g contained 121 elements, where each element 

was the number of counts for one detector. Similarly, the dual probe data vector had 

two elements, and the single-element coincidence probe vector had a single element. 

We will refer to the data from each of the probes as an image, even though some 

images have very few pixels. For example, images from the single-element probe 

have just one pixel. 

We signify the mean number of counts detected in a given exposure time at a 

site in a patient as vector h. The kth element of the vector is 
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h(k) (6) 

where the subscript on the brackets indicates that the brackets represent the ensemble 

average over the Poisson noise for a particular imaging site S. This relation holds for 

every element of the vector so we may write 

(7) 

If we performed E exposures at one site in one patient then an estimate of h would 

be the sample average: 

Jz(k) (8) 

In our simulation studies we calculated the count rates at each site in each 

patient for tumor present and tumor absent, using the techniques described above. 

The count rates we calculated were true average count rates - Poisson noise was not 

present since we were performing a calculation with efficiencies and activities, not 

counting photons detected or performing a Monte Carlo simulation of photons 

detected. So we calculated h for each imaging site in each patient. 

There were two classes of images: those where the tumor was present and those 

where the tumor was absent. Since we were performing a simulation we knew which 

data vectors were from each class. The mean data vectors for the two classes are 
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<IzT>S and <lzNT>S' where subscripts T and NT denote the tumor present (T) and 

tumor absent (no tumor, NT) classes and the brackets with subscript S represent the 

ensemble average over all sites in all patients. These mean vectors may be written in 

terms of the data vector gas: 

(9) 

and 

(to) 

We assumed that this true average is equal to the sample average so that 

1 N M 

<hT(k» s = -L: L: hTiik) , 
NM i=l j=l 

(11) 

where IzTi/k) is the kth element of vector Izl' at site i in patient j, N is the number of 

sites in each patient, and M is the number of patients. For our simulations N=25 and 

M= I 00. A similar relation holds for <hNT(k»s' 

We can now form the mean data vector for all cases, <lz>, which is 

(12) 

where PT is the probability that a data vector represents an image containing tumor 

(the number of images of tumor divided by the total number of images) and PNT is 

the probability that an image is tumor-free. Note that the brackets on Iz have no 

subscript since they represent the average over both Poisson noise and noise due to 
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background variations. For our simulations we imaged each site in each patient 

twice: once with tumor present and once with tumor absent, so that. overall, half of 

the images contained tumor and half did not. Thus PT = PNT = 0.5. 

A measure of the signal strength is the squared difference between the overall 

mean data vector and the means for the two classes, as shown for the single-element 

case in Fig. 5.13. The signal strength is 

which simplifies to 

SI =: Pi<hT>s - <h»«hT>S - <h»T 

+ PNT«hNT>S - <h»«hNT>S - <h»T , 

SI =: PTPNT SS T, 

where superscript T denotes the transpose of a matrix (rows and columns are 

interchanged - in this case a column vector becomes a row vector) and 

Matrix SI is LxL where L is the number of detector elements in the probe. 

(13) 

(14) 

(15) 

This measure of the signal strength must be normalized by the variations due to 

noise to produce a metric of detection performance. Large signal strength will not 

indicate good performance if the associated noise is also large, so we "divide" by the 

noise strength. For the single-element case, we simply divide by the mean of the 

variances for the tumor-present and tumor-absent probability distribution functions, as 



S = ST - SNT 
<l!--:t> 

,,-

I \ 
I \ 

I \ 

SNT ST 
number of counts 
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Fig. 5.13 Solid line shows probability density function (pdf) for single-element probe 
counts at sites without tumor (NT). This pdf has mean SNT and variance a I

• Broken line 
is pdf for si,tes with tumor. The pdf has mean ST and variance d. The pdfs have the same 
variance, o· , so the metric of detection performance, the Hotelling Trace Value (1) is 
J= S2 /4 a 2

• 

-~----~-."'---------~'~--"~'----
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shown by the equation U=s2/4cr2) in Fig. 5. 13. 

The generalization to multi-element data vectors is to operate on the S. matrix 

with the inverse of the S2 matrix, where 

(16) 

Here KT is the covariance matrix for the data when a tumor is present, and KNT is the 

covariance matrix when the tumor is absent. We will mention the connection 

between the generalized version of the metric and signal detection theory later. The 

(k,m) component (element at row k and column m) of matrix KNT is 

(17) 

where gNT(k) is the kth element of vector gNT' A similar relation holds for [('1" Both 

covariance matrices will be LxL, where L is again the number of detectors in the 

probe. The HoteHing Trace Value is J, where 

(18) 

tr denotes the trace of a matrix (the sum of the diagonal elements), and superscript -I 

denotes the inverse of a matrix. Since the probes we simulated had at most L= 12 I, 

the inverse of S2 was easy to calculate. 



137 

If the signal from a tumor is negligible compared to the count rate from all of 

the nontumor (background) objects then KNT ::::: [(T' Dropping the subscript NT, we 

now show that the covariance matrix K has two components: one due to background 

variations (site-to-site and patient-to-patient variations) and another due to Poisson 

variations. 

First, let 

(19) 

Then Eq. 17 becomes 

K(k,m) 

=«(g(k) - G(k) (g(m) - G(m))>Pls>s 

=«(g(k)g(m) - G(k)g(m) - g(k)G(m) + G(k)G(m»Pls>s (20) 

=«g(k)g(m»Pls - G(k)<g(m»Pls -

G(m)<g(k»Pls + G(k)G(m»s . 

For the case where k and m are unequal, 
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K(k,m) 

= < <g(k»Pls<g(m»Pls-G(k)<g(m»Pls 

-G(m)<g(k»Pls+G(k)G(m) >s 
(21) 

= < «g(k»Pls-G(k»«g(m»Pls-G(m» >s 

= < (h(k)-<h(k»s)(h(m)-<h(m»s) >s 

= KBG(k,m) , 

which is the covariance between the true count rates from probe elements k and m 

due to the variations in the background. The separation of the first two random 

variables in the sum is due to the independent nature of Poisson noise. 

If k=m then 



K(k,k) 

= < <g2(k»PIS-2G(k)<g(k»P!S+G 2(k) >s 

= < <g(k»PIS+<g2(k»Pls 

-2G(k)<g(k»Pls+G2(k) >s 

= < <g(k»Pls >s+«h(k)-<h(k»S)2>s 

= G(k) + «h(k) -<h(k» S)2> s 

= KPoisson(k,k) + KBG(k,k) , 
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(22) 

Now there are two parts to the covariance matrix element: the first term due only to 

Poisson noise, and a second term due to the background variations. The second term 

is the same as found in Eg. 21, with k=m. 

Since the two parts are combined in a simple sum, we can write the covariance 

matrix as a sum: 

(23) 

____ ,.,-co .~-----



where 

and 

k*m 
k=m 

KBG(k,m) = < (h(k) -<h(k» s) (h(m) -<hem»~ s) > s . 

The first component, denoted Kl'oisso"' is simply the counting statistics; when the 

probe is not moved, sequential exposures will produce different data due to the 
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(24) 

(25) 

random nature of radionuclide decay. The second component represents the noise 

caused by the variations in background as the probe is moved to different sites in the 

same patient or to the same sites in different patients, and we denote it as KIIG • 

To calculate K from the estimated count-rates we form 

1 N M 

-:E:E hNTiik) , 
NMi=l j=l 

(26) 

and then 

K(k,m) = 

{
IN M } 
NM~ t1 (hiik)-<h(k»s)(lzij(m)-<h(m»s) (27) 

-I- ° Ian <h(k»s 
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where once again hNTij(k) is the kth element of vector hNT at site i in patient j, Okm is 

zero if k:;t:m and is one if k=m, N is the number of sites in each patient, and M is the 

number of patients. For our simulations N=25 and M= 1 00. Now the Hotelling Trace 

(J in Eq. 18) can be computed from Eqs. 14, 16, and 27. 

We now mention the connection between the Hotelling Trace Value and signal 

detection theory. If 8 1 and 8 2 are known then the Hotelling Trace Value can be used 

to choose the optimal linear operator. The operator is optimal in the sense that the 

scalar result of its operation on the data will best separate the data as measured by 

the HTV. For the case of a two-class task (for example, tumor present or tumor 

absent) with equal probabilities for each class, the optimal linear operator is 

a = S -1 il.G 
2 ' 

(28) 

where 

(29) 

We defined G in Eq. 19. Given one data vector g which we wish to classify as 

belonging to either the "signal present" or "signal absent" category, we form a scalar 

test statistic, A, using a: 

(30) 



We then place g in one of the categories based on A being larger or smaller than 

some Ac. There are many different methods for choosing the threshold value Ac. 

Note that we may rewrite Eg. 30 as 

T -1 
~G S2 g. 
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(31) 

From signal-detection theory, a prewhitening matched filter is known to be the best 

filter for signal detection in images with uncorrelated Gaussian noise and with a 

fixed signal (156). The filter can be expressed as 

(32) 

where the KI/2 represents a prewhitening filter on g and the [K
1/2 sf is a matched 

filter consisting of the prewhitened fixed signal to be detected. Comparing Egs. 31 

and 32 shows that the two approaches have the same structure to solve a signal 

detection problem. For more on the connections between different methods of 

assessing image quality see Barrett (157). 

As an example of an optimal linear operator, sometimes called the feature 

extractor, consider the dual probe, which has two outputs per exposure. The operator 

is optimal in the sense that the scalar result of its operation on the data will best 

separate the data as measured by the HTV. At anyone site, let the number of counts 

from the outer detector be g( I) and the number of counts from the inner detector be 

g(2). Assume that the signal is small so that S2 will be equal to [(Be;, the 2x2 
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covariance matrix for the background, where 

(33) 

The elements of this matrix are simple: 0'1/ is the variance in the counts from the 

outer detector, due to both Poisson noise and background variations from site to site; 

0'2/ is the same quantity but for the counts from the inner detector; U l2
2 is equal to 

u2/, and it is the covariance between the counts from the inner and outer detectors. 

The covariance term is due to just the background variations since Poisson noise is 

independent. The inverse of this matrix is 

2 2 
1 °22 -a 12 

2 2 4 2 2 
01\022 - a l2 -a12 011 

We now need to write out the expression f[~(:~je average signal, Eq. 29: 

!1G = 
s(2) , 

(34) 

(35) 

where s( I) and s(2) are the differences between mean counts for tumor present and 

absent for the outer and inner detector, respectively (see Eqs. 15 and 19). We can 

now write out the feature extractor (Eq. 28) for this example, giving 

--~---.. -----
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1 
2 2 

S(1)022 - S(2)0:12 
(36) a = -----

By writing out this column matrix as a row matrix (to give aT) and operating with it 

on the column matrix g we can form the expression for A (Eq. 30): 

1 2 2 2 2 (37) 
2 2 4 (g(1)(S(1)022 - s(2)o:d + g(2)(s(2)011 - S(1)0:12)} 

011022 - 0: 12 

If the outer detector is completely insensitive to the tumor, so that s( I) is zero, then 

(38) 

2 2 
= constant[g(2)° 11 - g(1)a 12] 

Here we see that A at one imaging site is proportional to the weighted difference 

between the number of counts in the inner and outer detectors. 
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5.6 Computation Times 

Each of the steps in the calculation of the performance of a probe requires some 

computer time and/or disk memory. The periods we list are indicative of the relative 

computer time required. All of the simulations were performed on a Sun SPARC 2 

workstation. 

I. Estimated point-response functions of each probe configuration. Imaging probe 

PRF calculation took about 21 hours of cpu time; the PRF calculation for the 

single-element probe took about 5 cpu hours. 

2. A numerical torso phantom. The phantom required about 20 M bytes of storage 

space. A compressed version of the data file used less than I M byte of storage 

space. 

3. Organ activities for a set of patients (activity per volume for each organ of the 

torso phantom for each patient). These values were calculated from the original 

uptake data in a very short time, less than one cpu minute. 

4. Count rates from each probe at 25 specified sites in each patient, with and without 

a tumor present. The calculation of the count rates took about I cpu hour for the 

single-element probe, and about 50 cpu hours for the imaging probe. 

5. A scalar performance metric (the Hotelling Trace Value), computed for each of 11 

exposure times for each probe. Only a few minutes of cpu time were needed to 

compute the Hotelling Trace Value for the single-element probe; the time 

required for the other probes was similar. 



6. PERFORMANCE RESULTS 

We evaluated four main types of probes in our simulation studies. The four 

types were single-element, dual-element, coincidence, and imaging. 

The design parameters for the modeled single-element probe are shown in 
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Fig. 6.1. All of these parameters (including the detector size and shape) were fixed in 

the simulations except for the bore length of the collimator. The choices for the fixed 

probe parameters were based on the approximate sizes of single-element probes 

described in the literature: see, for example, Wilson (126). 

The dual-element probe design parameters are shown in Fig. 6.2. We fixed the 

parameters at the values chosen for the probe as constructed by Hickernell et al. 

(120), shown in Fig. 4.5. They chose parameters by finding the inner detector 

diameter that maximized tumor-detection performance for small tumors (diameters 

from 0.5 cm to 1.0 cm) in a uniform background. 

The imaging probe we simulated consists of an array of small semiconductor 

crystals situated behind a collimator with one bore per detector. Two detectors and 

two collimator bores are shown in Fig. 6.3. For the simulations, we modeled a probe 

with an 11 x 11 array of detectors. The bore length and diameter were varied in our 

simulations. The basic design is the same as that of an imaging probe we constructed 

and tested and which is described in Chapter 7. 

The coincidence probe has few design parameters since the probe is equivalent 

to a single-element probe without a collimator. Because the probe response drops off 



10 bore 

~~~~~ 

collimator 

detector --f> 

<J=-==t> 

IOdet 

147 

Fig. 6.1 Single-element probe. We set Oho,o = 1.0 cm, OJo,= 1.0 cm, and L"ol = 1.0 cm. The 
figure is rotationaly symmetric about the bore axis, so the CsI(TI) detector (shaded grey) 
is a cylinder. Lho,o was varied. The region with vertical stripes is collimator material, e.g. 
Pb. 
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Fig. 6.2 Dual probe. I = inner detector, 0 = outer detector. The probe is symmetric 
about its axis, so the inner detector is a cylinder and the outer detector is a cylinder with 
a cylindrical hole. We set D,~c, = 0.6 cm, Do~,,=1.8 cm, and Lh"fC = 0.05 cm, L",,=0.6 cm, 
and D'hUlC=0.8 cm. The region with vertical stripes is collimator material, c.g. Pb. 
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Fig. 6.3 Imaging probe. We set T"p,,,=0.03 em, D"o,c=0.24 cm, Ddc,=0.2 cm (detector is a 
CdTe cube with each side of length 0.2 cm), and Ldc,=0.2 cm. Llm,c was varied. 
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dramatically with distance, a collimator would force a tumor to be too far from the 

detector, greatly reducing the signal. Fig. 6.4 shows the parameters for the design of 

the coincidence probe. The probe is shielded from radiation arriving from the rear 

and sides, as are all of the other probes. 

Fig. 5.4 shows that the four probe types we studied have very different 

resolutions, efficiencies, and background-suppression capabilities. The single-element 

probe has high efficiency but poor resolution. The probe does not provide any 

inherent background suppression except the limited view due to the collimator. The 

imaging probe has very high resolution but poor efficiency, and it produces an image 

for background suppression. The dual probe uses two detectors for background 

suppression; one detector is sensitive to both a small foreground region and the 

background, while the other detector is sensitive to the background and less sensitive 

to the foreground region (see Fig. 4.5a). The single-element coincidence probe 

suppresses the background because of its rapid decrease in sensitivity with distance. 

For a point source, the coincidence-probe efficiency is proportional to the inverse 

fourth power of distance instead of the usual inverse square dependence (144). 

Although the four types of probes described in Figs. 5.2 and 5.4 are quite different, 

we can quantitatively compare their tumor-detection performance by using our 

simulation technique. 

We can also evaluate the change in performance due to background-suppression 

techniques that are not directly related to a probe's physical configuration. One such 

technique is to move the probe to a "normal" site after making an image at the site 

---.--~~-------
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Fig. 6.4 Coincidence probe configuration. The detector is a cylinder of CsI (shaded 
region), Ddcl = 1.0 cm, Ld" = 1.0 cm, Lhnrc = 0.1 cm. 
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of suspected tumor. The normal site is chosen such that the foreground tissue is the 

same as that at the tumor site and the background tissue in the field of view of the 

probe is about the same at each site. The tissue at the normal site is known to be free 

of tumor, hence the "normal" label. 

The image created at the normal site can be a good indication of the background 

to expect at the tumor site, making tumor detection easier. This technique requires 

double the usual number of elements in the measured data vector. Half of the 

elements represent the count rates at the tumor site and the other half represent the 

count rates at the normal site. For example, the single-element probe would have two 

elements instead of the usual one. We report the results of implementing a normal 

site technique in Section 6.S. 

We can also evaluate the effect on performance of a background-suppression 

technique for the coincidence probe. We calculated the probe's singles counts, the 

number of detected photons with energy 171 ke V and the number of detected 

photons with energy 245 ke V (energies are for 1IIIn). These photons are not required 

to arrive in coincidence, so the probe behaves just like the non-coincidence single

element probe for the singles windows. For this technique the probe produces three 

pixels of data at each imaging site: the number of coincidences, the total number of 

counts from 171 ""ke V photons, and the total number of counts from 245 ke V photons. 

The singles count rate can be useful for distinguishing increases in coincidence 

count rate due to the presence of a tumor from those cases where the coincidence 

count rate increases due to nearby background tissue with high radiotracer uptake. 
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When the increase is due to the tumor, only the coincidence window will experience 

a large increase in count rate. On the other hand, when the increase is due to nearby 

background tissue, both the coincidence and singles windows will experience 

increases in count rate. 

The singles count rate can also help distinguish a coincidence count rate increase 

due to a tumor from the case where the increase is due to distant organs with large 

radiotracer uptake. When a distant organ causes a large singles count rate the 

coincidence count rate will increase because of a higher rate of accidental 

coincidences. See Section 5.4.1 for a description of accidental coincidences. 

Before seeking to answer some specific questions about probe performance, we 

present two tables to summarize our variables and one table to guide the reader to 

the results. Table 2 is a summary of the probe types we studied with a column listing 

the pertinent drawings and photographs for each type. We consider versions of the 

same probe with different bore lengths to be different probes since bore length 

affects the point response function. We varied other parts of the simulation besides 

the probe type and we list these procedure variations in Table 3. Note that many of 

the elements of Table 3 can be in effect together for anyone performance study. 

We did not compare every combination of probe types for every possible 

combination of variations to the procedure. Table 4 is a guide for the reader to find 

the figure in this chapter that represents a particular combination of probes and 

procedures. 
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TABLE 2 - PROBE TYPES 

Probe Name Description Probe Drawings and 
Photographs 

SE BL=O.I single-element, bore length Figs. 6.1, 5.2, 4.3, 
0.1 cm 4.10,4.11 

SE BL=0.5 single-element, bore length Figs. 6.1, 5.5c, 5.5d, 
0.5 cm 5.2, 4.3, 4.10, 4.11 

SE BL=I.0 single-element, bore length Figs. 6.1, 5.5a, 5.5b, 
1.0 cm 5.2, 4.3, 4.10, 4.11 

SE BL=2.5 single-element, bore length Figs. 6.1, 5.2, 4.3, 
2.5 cm 4.10,4.11 

SE BL=5.0 single-element, bore length Figs. 6.1, 5.2, 4.3, 
5.0 cm 4.10,4.11 

DP dual probe Figs. 6.2, 5.5e-h, 5.4, 
5.2, 4.4, 4.5 

1M BL=O.I II x 11 imaging probe, bore Figs. 6.3, 5.2 
length 0.1 cm 

1M BL=0.5 11 x II imaging probe, bore Figs. 6.3, 5.5i-r, 5.2, 
length 0.5 cm, matches bore 4.7,7.3 
length of imaging probe 
described in Ch 7 

1M BL=0.75 II x II imaging probe, bore Figs. 6.3, 5.2 
length 0.75 cm 

1M BL=l.O 11 x 11 imaging probe, bore Figs. 6.3, 5.2 
length 1.0 cm 

SECO single-element coincidence Figs. 6.4, 5.2, 5.7, 
probe 5.5s-t, 5.3, 5.4 

SECO TRI single-element coincidcnce Figs. 6.4, 5.2, 5.3, 5.7 
probe with two encrgy 
windows for non-coincidence 
counts 

------.--.~-~ 



155 

TABLE 3 - PERFORMANCE CALCULATION PROCEDURE V ARIA TIONS 

Procedure Variation Name Description 

TUMOR 1.0 Tumor is a 1.0 cm diameter sphere in 
contact with probe face. 

TUMOR 0.5 Tumor is a 0.5 cm diameter sphere in 
contact with probe face. 

SLAB BG Background is a slab of water, uniform 
activity per unit volume, same activity 
per unit volume as for TORSO 
UNIFORM BG (F=O). 

TORSO UNIFORM BG (F=O) Zubal torso phantom, same activity per 
unit volume for every organ, total 
activity in torso same as for 
TORSO HUMAN BIODIS BG 
(F=I). 

TORSO HUMAN BIODIS BG (F=\) Zubal torso phantom, biodistribution 
determined by measured human 
biodistribution of tumor-seeking 
radiotracer. 

TORSO HUMAN REDUCED V AR BG Zubal torso phantom, biodistribution has 
(F=0.5) reduced variation as compared to 

TORSO HUMAN BIODIS BO 
(F= \). 

TORSO RANDOM BG Zubal torso phantom, biodistribution 
determined by user-selected probability 
distribution functions. 

TORSO R<lO BO Zubal torso phantom, no contribution to 
count rate from tissue farther than 10 
cm from probe face. 

TORSO R<3 BO Zubal torso phantom, no contribution to 
count rate from tissue farther than 3 cm 
from probe face. 

--~-.----. --------.~--~. 
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Procedure Variation Name Description 

TORSO NORMAL SITE Zubal torso phantom. For each of the 
imaging sites we selected a nearby site 
(called a normal site) that had the same 
foreground tissue and approximately the 
same background. The data produced by 
the probe at the normal site is recorded 
along with the data from the tumor site. 
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TABLE 4 - CONTENTS OF CHAPTER 6 FIGURES 

number in SE BL= DP 1M BL= 1M BL= SECO SECO 
table means 1.0 0.5 1.0 TRI 
Fig. 6.number 

TUMOR 1.0 5,7 5 5,8 5,8 5,12 12 

TUMOR 0.5 6,7 6 6,8 6,8 6,12 12 

SLAB BG 5 5 5 5 5 

TORSO 5,6,7 5,6 5,6,8 5,6,8 5,6,12 12 
UNIFORM 
BG (F=O) 

TORSO 5,6,7 5,6 5,6,8 5,6,8 12 12 
HUMAN 
BIODIS BG 
(F=I) 

TORSO II II II II II 
HUMAN 
REDUCED 
VARBG 
(F=0.5) 

TORSO 14 14 14 14 
RANDOM 
BG 

TORSO R<1O 9 9 9 9 
BG 

TORSO R<3 IO IO IO IO 
BG 

TORSO 15,16,19 18,19 17,19 
NORMAL 
SITE 



We sought to answer the following questions by performing tumor-detection 

simulations: 
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I. What is the ranking of the probes for a tumor-detection task? Does the rank order 

depend on the tumor size or on the type of background? (See Section 6.1.) 

2. How does performance vary with choice of bore length for the single-element 

probe? For the imaging probe? (See Section 6.2.) 

3. If performance is limited by nontumor tissues in the body, how important is the 

nontumor tissue distant from the probe? (See Section 6.3.) 

4. Do the probe rankings change if the variation in the background is reduced from 

that determined by the human uptake data? (See Section 6.4.) 

5. What is the effect on single-element coincidence probe performance of applying 

the multiple energy window background suppression technique described above? 

How much do accidental coincidences reduce the performance of the coincidence 

probe? (See Section 6.5.) 

6. Do the rankings change if the biodistribution data is determined by user-selected 

probability distribution functions instead of being fixed by the measured human 

biodistribution data? (Sec Section 6.6.) 

7. How sensitive is the performance of the dual probe on precise positioning of the 

probe over the tumor? (See Section 6.7.) 

8. What is the effect on performance of selecting a normal site for each tumor 

detection site? (See Section 6.8.) 
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To answer all of these questions we must specify a tumor-detection task: detect a 1.0 

or 0.5 cm diameter tumor with radiotracer uptake of 10.4 FlAig. The tumor is in 

contact with the probe face. We assumed a tissue density of I g/ml for all tissue. 

6.1 Probe Ranking - Effect of Tumor Size and Type of Background 

In Fig. 6.5 we present the tumor-detection performance rankings for the I cm 

diameter tumors located in three different backgrounds: a uniform slab background 

(Fig. 6.5c), the torso phantom filled uniformly (so that the only background variation 

is the different tissue thicknesses at different sites, Fig. 6.5b), and the torso phantom 

filled according to the measured human biodistribution information (Fig. 6.5a). The 

backgrounds present easier (uniform slab) to harder (nonuniformly filled phantom) 

tumor detection tasks. The tumor size, shape and absolute radiotracer uptake were 

identical for every tumor at every site in all backgrounds. 

The central result we wish to show in Fig. 6.5 is that the rank ordering of probes 

depends on the type of background against which the tumor is detected. A secondary 

result is that the amount of improvement in performance with an increase in 

exposure time depends on the probe type and also the type of background. 

For the case of a tumor embedded in a uniform, 10 cm-thick slab of activity

laden water (Fig. 6.5c), we found that the coincidence probe had the best 

performance at all exposure times. The dual probe and single-element probe were 

next in performance, followed by all of the configurations of the imaging probe. For 

. ----~ .. -<--~-------~-------
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Fig 6.5 Performance vs exposure time for six probes; three backgrounds. HTV = 
Hotelling Trace Value = J of Eq. 18. The fraction of background variation is F (see Eq. 
3). F=O is the uniformly filled torso phantom. F=l is the torso phantom filled 
according to measured human biodistribution data. 
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all of the probes, performance improved as the exposure time was increased, and the 

ranking of the probes was the same at all exposure times. Tumor detection in the 

uniform background was always improved by collecting more counts. The absolute 

performance levels were quite high since the task was relatively easy. 

We filled each of our simulated patients with a uniform level of activity 

(Fig. 6.5b) so that only the thickness of background tissue varied from site to site. 

This thickness varied from a few centimeters, when the probe was viewing a site 

very near the patient's skin and was oriented towards the patient's exterior, to tens of 

centimeters, when the probe was pointed along the patient's long axis (head-to-toe). 

In this background type, the coincidence probe had the best performance at most 

exposure times. Because the single-element probe cannot discriminate between count

rate increases due to increased tissue thickness and those due to the presence of 

tumor, its performance reached a plateau. The performance increased at small 

exposure times since Poisson noise was the limiting noise, and then it reached the 

plateau as the noise due to background variations became the dominant noise. The 

imaging probes had better performance than the single-element probe, but only at 

exposure times greater than 10 seconds since the imaging probe is much less 

efficient. 

Fig. 6.5a shows the performance for tumor detection in the torso phantom filled 

according to the radiotracer biodistribution data. In this case the background has 

variation because of both thickness variations and organ uptake differences. The dual 

probe now had the best performance at most exposure times. The imaging probes 
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exhibited good performance at moderate exposure times, surpassing the performance 

of the coincidence probe at 10 seconds. The best collimator bore length for the 

imaging probe depended on the exposure time available. If only short exposures are 

clinically feasible, the shortest bore, which gives better efficiency at the cost of poor 

resolution, is best. For longer exposures, a medium-length bore with higher resolution 

is better. We further describe performance as a function of collimator parameters 

below. 

The coincidence probe performance in all of the backgrounds would probably be 

improved by performing the imaging at 3 to 5 days after injection since the 

background tissue would have lost some of the dose through excretion while the 

tumor uptake would have remained high. Although possible with IIIIn, waiting so 

long after injection is not an option when using 9911lTc since it has a half-life of about 

6 hours. Since we wanted to compare the coincidence probe with probes designed for 

use with 9911lTc, we assumed the same 24 hour waiting time and we assumed that the 

biodistribution was the same, independent of the radionuclide label. The only 

differences between the coincidence probe simulations and those of the other probes 

were the probe design and radionuclide emission. 

We have shown the influence the background has on probe performance, but 

what effect does the tumor size have on these results? In Fig. 6.6 we repeat parts a 

and b of Fig. 6.5 and compare them to the same results with a smaller (0.5 cm 

diameter) tumor. For the case of the phantom filled according to the biodistribution 

information, which produces the most varied background, the smaller tumor caused a 
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Fig. 6.6 Performance vs exposure time for six probes; two backgrounds, two tumor 
sizes. HTV = Hotelling Trace Value = J of Eg. 18. The fraction of background 
variation is F (see Eq. 3). F=O is the uniformly filled torso phantom. F= 1 is the torso 
phantom filled according to measured human biodistribution data. 
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decrease in absolute performance of about an order of magnitude but did not cause a 

change in the relative ranking of the probes (Figs. 6.6a and 6.6c). 

For the more uniform case where the only site-to-site variation is due to 

differences in tissue thickness, the smaller tumor again caused about an order of 

magnitude decrease in performance and the performance rankings were unchanged 

(Figs. 6.6b and 6.6d). 

6.2 Probe Ranking - Effect of Bore Length 

We now answer the second question posed above: How does performance vary 

with choice of bore length for the single-element probe? Fig. 6.7 shows the 

calculated performance of single-element probes with different bore lengths in two 

backgrounds and for two tumor sizes. In the background with the most variation, 

Figs. 6.7a and c, the best bore length at moderate exposure times is the longest bore, 

with a length of 5.0 cm. This is somewhat surprising since the bore is very long and 

so the probe has a small efficiency. For a point source located at the face of the 

collimator, the efficiency for the 5.0 cm long bore probe is about 35 times less than 

the efficiency for the probe with 0.5 cm bore length. However, the long-bore probe 

reduced the contribution of background tissue to the average count rate, and it 

reduced the variance about that average by removing organs from the field of view. 

These reductions outweighed the decrease in counts from the tumor. The situation is 

reversed when we consider the case of a tumor located in a more uniform 
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Fig. 6.7 Performance vs exposure time for the single-element probe with various bore 
lengths; two backgrounds, two tumor sizes. HTV = Hotelling Trace Value = J of Eg. 18. 
The fraction of background variation is F (see Eg. 3). F=O is the uniformly filled torso 
phantom. F:=;: 1 is the torso phantom filled according to measured human biodistribution 
data. 
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background. For the case of a small (0.5 cm diameter) tumor in the uniformly filled 

torso phantom the best probe had the shortest bore (Fig. 6.7d). In the same 

background but with the larger tumor (1.0 cm diameter), the best probe depended on 

the exposure time available: at small exposure times the shortest-bore probe was the 

best, but at longer exposures the longest-bore probe was best (see Fig. 6.7b). In this 

type of background, suppression of the background's contribution to the count rate is 

not as important as overcoming Poisson noise by collecting more counts from the 

tumor, at least until exposure times are so long that Poisson noise is not the limiting 

factor. 

We calculated the imaging probe performance in the same backgrounds and with 

the same tumor sizes as were used with the single-element probe. One major 

difference is evident when comparing the imaging probe results (Fig. 6.8) with the 

results for all of the other probes: the imaging probe performance increases with 

exposure time for the range of exposure times considered while the other probes' 

performances always exhibit a plateau. (At extremely long exposure times, beyond 

those shown here, the imaging probe performance does exhibit a tendency toward a 

plateau.) This lack of a plateau at reasonable exposure times may be a result of the 

extremely small efficiency of the imaging probe. The probe has small detectors and 

an inefficient collimator to enable imaging of the activity distribution. The imaging 

capability removes some of the performance degradation due to background 

variations, but because of the inefficiency, Poisson noise is still a significant factor at 

long exposure times. 
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Fig. 6.8 Performance vs exposure time for the imaging probe with various bore lengths; 
two backgrounds, two tumor sizes. HTV = Hotelling Trace Value = J of Eg. 18. The 
fraction of background variation is F (see Eg. 3). F=O is the uniformly filled torso 
phantom. F= I is the torso phantom filled according to measured human biodistribution 
data. 
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The type of background and the available exposure time both had some effect on 

the best collimator bore length for the imaging probe. For short exposure times in the 

background with the most variation (Figs. 6.8a and c) the shortest collimator bore 

length was best. At longer exposure times a medium-length collimator bore was best. 

Both results indicate the severe count-limited nature of the imaging probe: collecting 

more counts was more important than restricting the field of view of each detector. 

In the more uniform background case, the shortest bore was always best. Tumor size 

determined only the absolute level of performance and did not change the relative 

fankings. 

6.3 Probe Ranking - Effect of Distant Tissue 

The preceding results show that the type of background often affects probe 

performance. The torso phantom filled according to the human biodistribution 

information is the most spatially-varying background, and probe performance in that 

background is always less than performance in the more uniform backgrounds. We 

now seek to determine the effect of tissue that is distant from the probe. What would 

be the probe performance if we could remove all tissue farther than R from the probe 

at each site? This will answer the third question we posed above: If performance is 

limited by nontumor tissues in the body, how important is the nontumor tissue distant 

from the probe? 

At each tumor detection site in the torso we calculated the count rate from only 
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Fig. 6.9 Performance vs exposure time for four types of probes; two backgrounds, two 
tumor sizes. Count-rate contributions from only that tissue closer than 10 cm to the 
probe face were allowed. HTV = Hotelling Trace Value = J ofEq. 18. The fraction of 
background variation is F (see Eq. 3). F=O is the uniformly filled torso phantom. F= 1 
is the torso phantom filled according to measured human biodistribution data. 
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the tissue closer than R = 10 cm from the probe face. As before, we present the 

performance results for two background types and two tumor sizes (Fig. 6.9). If we 

compare these results to those depicted in Fig. 6.6 (no tissue removed) we see that, 

as expected, the performance is slightly better when we can cut out the effects of 

distant tissues. We report here the performance improvement for a I cm diameter 

tumor and a 10 second exposure time. 

The increase is small for the most spatially-varying background (Figs. 6.6a and 

6.9a). For the single-element and dual-element probes the performance for a 10 

second exposure is greater by a factor of 1.3, but for the single-element coincidence 

probe, which is much less sensitive to distant tissues, the factor is simply 1.0, 

indicating no improvement. For the imaging probe (collimator bore length 0.5 cm) 

the factor is 1.1. Because none of the probes' performance has increased by a large 

factor, we can conclude that tissue closer than 10 cm to the probe still limits probe 

performance. 

In the background that is uniform except for thickness variations (Fig. 6.9b), the 

increase in probe performance is more noticeable: the single-element probe increase 

is a factor of 2.2 over that in the full background (Fig. 6.6b), the factor is 1.3 for the 

dual probe, the factor is 1.0 for the coincidence probe, and the factor is 1.2 for the 

imaging probe (all for 10 second exposure time). These factors show that the single

element probe is most sensitive to the distant background, the dual probe and 

imaging probe less so, and the coincidence probe not at all. 

A more radical departure from the real situation is to cut out the effects of 
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Fig 6.10 Performance vs exposure time for four types of probes; two backgrounds, two 
tumor sizes. Count-rate contributions from only that tissue closer than 3 cm to the probe 
face were allowed. HTV = Hotelling Trace Value = J of Eg. 18. The fraction of 
background variation is F (see Eg. 3). F=O is the uniformly filled torso phantom. F= 1 
is the torso phantom filled according to measured human biodistribution data. 
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tissues at distances greater than R = 3 cm from the probe face. Probe performance in 

this case is shown in Fig. 6.10. When compared to Fig. 6.6, we see that again probe 

performance has been increased, but it is still limited by the variations in nearby 

tissue. 

For the background with the most variation, Fig. 6.10a, the increase from the 

case where all tissue is present (Fig. 6.6a) is a factor of 2.3 for the single-element 

probe, 1.9 for the dual probe, 1.0 for the coincidence probe, and 1.6 for the imaging 

probe. Since we have removed much of the background tissue, one might expect to 

see larger improvements in performance. One way to explain these results is to point 

out that our task is to detect tumors at many different sites in different patients. Each 

tumor detection site may be located in a different background tissue, so even when 

only a few centimeters thickness of this tissue is present, the count rates at different 

sites can still be different. These count-rate variations may mask the increase in 

count rate we expect from a tumor. 

For the uniformly filled torso background, Fig. 6.10b, the increases are: factor of 

7.2 for the single-element probe, 1.9 for the dual probe, 1.0 for the coincidence 

probe, and 1.6 for the imaging probe. Again, these are all at a 10 second exposure 

time. The dual probe, coincidence probe, and imaging probe all account for the 

distant tissue by their configuration so their performance does not improve as much 

as the performance of the single-element probe does when simply removing that 

tissue. 
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exposure time = 30 seconds 

Fig. 6.11 Performance vs fraction of variation (F) for six probes; two exposure times. 
The tumor size was 1 em diameter. HTV = Hotelling Trace Value = J of Eq. 18. The 
fraction of background variation is F (see Eq. 3). F=O is the uniformly filled torso 
phantom. F= 1 is the torso phantom filled according to measured human biodistribution 
data. 
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6.4 Probe Ranking - Effect of Reduced Variation in Biodistribution 

In Fig. 6.11 we show probe performance for three different values of the 

variable F. This variable describes the amount of variation among the different 

organs of the phantom, with F=O being no variation and F= 1 the most variation (see 

Eq. 3). Fig. 6.11 shows that the performances of the probes at an intermediate value 

of F are, as expected, between the performances at the extreme values of F. 

6.5 Coincidence Probe 

6.5.1 Effect of Multiple Energy Windows 

As described in the introduction to this chapter, we measured the effect on 

coincidence probe performance of an additional two energy windows for singles 

events. In Fig. 6. 12a we compare the performance with and without these additional 

energy windows. At short exposure times the two cases produce equivalent 

performance, but at moderate exposure times the multiple energy window technique 

improves the performance by a factor of about 1.6 (for I cm diameter tumor at 10 

seconds exposure time). 

For the case of the uniformly filled phantom, the multiple energy window 

technique does not increase performance at reasonable exposure times, as shown in 

Fig.6.l2b. 
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HTV = Hotelling Trace Value = J ofEq. 18. The fraction of background variation is F 
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Fig. 6.13 Performance vs exposure time for the coincidence probe with and without 
accidental coincidences added; two backgrounds. The tumor size was 1 em diameter. 
HTV = Hotelling Trace Value = J ofEg. 18. The fraction of background variation is F 
(see Eg. 3). F=O is the uniformly filled torso phantom. F=1 is the torso phantom filled 
according to measured human biodistribution data. 
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6.5.2 Effect of Accidental Coincidences 

Accidental coincidences, described in Section 5.4.1, can cause poor coincidence 

probe performance. We calculated the coincidence probe performance with and 

without accidental coincidences and found that at the activity levels present in our 

simulated patients, accidentals did not affect performance (see Fig. 6.13). 

6.6 Probe Ranking - Effect of Random Biodistribution 

We now address question #6 above: do performance rankings change if the 

biodistribution is determined by user-selected probability distribution functions 

instead of being determined by the measured human biodistribution? 

There are many different ways of picking organ activities to see how probe 

ranking depends on the ensemble statistics of organ uptakes. Recall that organ uptake 

is in units of activity per unit volume and every part of anyone organ has the same 

uptake as any other part of the same organ. 

We chose to test the effect of organ uptakes (also called the biodistribution) by 

randomly choosing the mean and variance of a log-normal probability distribution 

function (pdf) for each organ. We used the same technique for assigning organ 

uptakes for each simulated patient as described in Section 5.3 except that the mean 

and variance of the log-normal pdf for each organ were not determined by measured 
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human biodistribution data. Instead, we selected the mean of each organ's log-normal 

pdf by choosing a sample from a normal pdf (see Eqs. 39-41, below). We were free 

to choose the mean and variance of the normal pdf to cause more or less variation in 

organ uptakes. We also selected the variance of each organ's log-normal pdf by 

choosing a sample from a different normal pdf. Again, we were free to choose the 

mean and variance of this normal pdf to cause more or less variation in organ 

uptakes. 

So there were four parameters that determined the amount of variation in organ 

uptakes. Note that we were not creating covariances between organs. Just as in the 

case where we used human biodistribution data to determine organ uptakes, we 

assumed zero covariance between organ uptakes. 

So that we could compare the performance rankings for the organ uptakes as 

determined by the measured human uptake data to the rankings for the organ uptakes 

as determined by the four parameters just mentioned, we set the parameters so that 

the total activity in each patient was equal in the two cases. Thus the mean of the 

normal pdf from which samples were taken for the means of the log-normal pdfs was 

set by the desired total activity in each patient. 

If we chose the three remaining parameters all to be equal to zero, the result 

should be that every simulated patient biodistribution is a uniformly filled phantom, 

exactly the same as we previously described as the F=O case (see Section 5.3 and Eq. 

3). In Fig 6.14 we have repeated the F=O results, and as shown in the figure, they are 

equal to the performance rankings when all three free parameters are set to zero. 
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10 
F=O A B C 0 E G H F=l 

Mm Vm Mv Vm <J-- These parameters 
are defined In Eqs. 39·41. 

A 0.770 0.000 0.000 0.000 
B 0.770 0.000 0.005 0.000 
C 0.770 0.000 0.050 0.000 
0 0.770 0.005 0.005 0.001 
E 0.770 0.005 0.050 0.001 
G 0.770 0.050 0.005 0.001 
H 0.770 0.050 0.050 0.001 

Fig. 6.14 Performance for four probes in random backgounds. The letters on the x-axis 
identify the parameters that determined the variation in the background. The parameters 
are listed in the table above. Mill and M, have units of nCi/(ml * mCi injected), and the 
units of VIII and V, are [nCi/(ml * mCi injected)]2. The parameters are defined in Egs. 
39-41. See Section 6.6. The tumor size was I cm diameter. The exposure time was 30 
seconds. HTV = Hotelling Trace Value = J of Eg. 18. The fraction of background 
variation with respect to measured human biodistribution is F (see Eq. 3). F=O is the 
uniformly filled torso phantom. F= I is the torso phantom filled according to measured 
human biodistriblltion data. 
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Let random variable Xi be the uptake of the ith organ in the phantom. Then 

(39) 

where l'i and ti are also random variables, 

(40) 

and 

(41) 

LN designates a log-normal pdf and N designates a normal pdf. The four parameters 

discussed above are Mill' Vlll' M v, and V v' The parameter that is set by the 

requirement on total activity is Mm. In words, Eq. 39 means that the uptake for the 

ith organ, Xi' is a random variable with a log-normal pdf. The mean and variance (ri 

and ti, respectively) which define the pdf for Xi are also random variables. The mean 

of the log-normal pdf is a random variable with normal distribution of mean Mm and 

variance Vm, and the variance of the log-normal pdf is a random variable with a 

normal distribution of mean Mv and variance Vv' The four parameters that determine 

the amount of organ uptake variation are Mm, Vlll' Mv, and V v' As described above, 

we set the value of Mm so that the total activity in each patient is the same as the 

total activity determined by the human biodistribution data. 



In Fig. 6.14 we show probe performances for a few points in the parameter 

space of the three free parameters. The performances change smoothly from the 

uniform case (F=O or case A in Fig. 6.14) to more varied backgrounds. We show 

performances for F=I on the right side of Fig. 6.14 for reference. 
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It is difficult to draw a conclusion from the performance results for the few 

values of the free parameters that we tested, but we do note that the performance 

levels of the probes change smoothly as the background is made more or less 

variable. The performance ranking of the probes also changes smoothly from the 

ranking in the uniform background to the ranking in the more variable background. 

6.7 Dual Probe Performance - Sensitivity to Precise Positioning 

Although the dual probe performs well in these simulations, its performance 

might depend strongly on the correct positioning of the probc over a suspected tumor 

site. We simulated a misposition of 0.3 cm from being centered on the tumor, a 

reasonable distance given that the probe is several centimeters in diameter. For the 

task of detecting a I cm diameter tumor in the F= 1 (most variation) background, 

with an exposure time of 10 seconds, the performance decreased from a Hotclling 

Trace Value of 13.4 to 5.11 when the probe was mispositioned. 
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6.8 Probe Rankings - Effect of Normal Site 

We described the idea of a normal site in the introduction to. this chapter. For 

each tumor-detection site we carefully selected a normal site within a few 

centimeters that would mimic the environment at the tumor-detection site. We 

selected a normal site such that the foreground tissue at the two sites was the same 

and the background viewed from the two sites was approximately the same. The 

normal sites were selected by careful inspection of images of the Zubal torso 

phantom (for an example, see Fig. 5.9). It is unlikely that a surgeon would be able to 

select normal sites so carefully and with so much visual information, so our choices 

for normal sites probably represent the best performances of the probes when used 

with this technique. 

We simply append the normal site image to the probe's data vector. For 

example, the single-element probe with normal sites has a two-element data vector 

for each of the 25 tumor-detection sites in a patient. One element is the count rate at 

the tumor-detection site and the other element is the count rate at the associated 

normal site. 

6.8.1 Effect on Performance of Single-element Probe 

The increase in performance due to using normal sites is about an order of 

magnitude for the single-element probe (Fig. 6.15). In Fig. 6.16 we show the effect 
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Fig. 6.15 Performance vs exposure time for a single-element probe with and without 
normal sites; two backgrounds, two tumor sizes. See text for explanation of normal 
sites. HTV = Hotelling Trace Value = J of Eq. 18. The fraction of background variation 
is F (see Eq. 3). F=O is the uniformly filled torso phantom. F=I is the torso phantom 
filled according to measured human biodistribution data. 
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Fig. 6.16 Performance vs exposure time for the single-element probe with various bore 
lengths; two backgrounds, two tumor sizes. Normal sites are included for all of the 
probes. HTV = Hotelling Trace Value = J of Eg. 18. The fraction of background 
variation is F (see Eg. 3). F=O is the uniformly filled torso phantom. F=l is the torso 
phantom filled according to measured human biodistribution data. 
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Fig. 6.17 Performance vs exposure time for the coincidence probe with and without 
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on single-element probe performance by different bores when normal sites are 

included. The results without normal sites are as shown in Fig. 6.7. For the 

background with the most variation, Fig. 6.16a, the performance rankings are the 

opposite of those depicted in Fig 6.7a: when including normal sites, the shortest 

collimator bore is best instead of the longest. One interpretation is that the normal 

sites technique has reduced the background variation problem so that Poisson noise is 

important and more counts from the tumor (from a shorter collimator bore) increase 

performance. 

6.8.2 Effect on Performance of Coincidence Probe 

We compare the performance of the coincidence probe with and without normal 

sites in Fig. 6.17. For moderate exposure times the coincidence probe has greater 

than an order of magnitude increase in performance when using normal sites. Since 

the probe is very sensitive to nearby tissue, its performance is enhanced by obtaining 

(from a normal site) a very good estimate of the count rate due to that tissue. 

6.8.3 Effect on Performance of Dual Probe 

Although the dual probe has built-in background suppression, it also benefits 

from a normal site, as shown in Fig. 6.18. 

----~---.--~-.-~---~. ----------------
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Fig. 6.18 Performance vs exposure time for the dual probe with and without normal 
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Fig. 6.19 Performance vs exposure time for six probes; two backgrounds, two tumor 
sizes. All of the probes except the imaging probe are being used with normal sites. 
HTV = Hotelling Trace Value = J of Eg. 18. The fraction of background variation is F 
(see Eg. 3). F=O is the uniformly filled torso phantom. F= 1 is the torso phantom filled 
according to measured human biodistribution data. 
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6.8.4 Summary 

In Fig. 6.19 we compare the performances of the dual probe, single-element 

probe, and coincidence probe, all using the normal sites technique, to the 

performance of three varieties of the imaging probe. Since the imaging probe covers 

a much larger area than the tumor site, we assumed that its image would include the 

equivalent of a normal site, so the imaging probe performance data shown in 

Fig. 6.19 is simply repeated from Fig. 6.6. The probe rankings are about the same in 

Fig. 6.19a as those when no normal sites are used (Fig 6.6a) except for two 

differences: the single-element probe has greater performance than the imaging probe 

up to about 10 seconds exposure time, and the single-element coincidence probe's 

performance nearly matches that of the dual probe. 

6.9 Conclusion 

We have shown that probe performance is affected by both Poisson noise and 

the noise due to background variations. Single-element probes (the most widely-used 

probes) show good performance when the task is to detect a tumor in a uniform 

background, but they have the worst performance at moderate exposure times when 

the background is more realistic. The explanation for this behavior is that single

element probes reduce Poisson noise because of their high efficiency, but they arc 

sensitive to noise from background variations since they arc not designed for 

----.--.~-----~--~------.-. -~ 
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background suppression. The dual probe and coincidence probe, which have high 

efficiency and are designed to reduce the effects of background variations, have 

better performance than the other probes in these simulation studies; now they must 

be shown to work in surgicai cases. Good performance with imaging probes is 

possible, but due to their very low efficiencies, long exposures are required. 

We explored a small part of the parameter space for probe designs and found 

that the best bore length for a single-element probe depended on the background 

type, tumor size, available exposure time, and whether normal sites are used for 

background suppression. Practical-use concerns could take precedence over some of 

these results. For example, the very long bore suggested for the single-element probe 

in the most varied background would be hard to use in a surgical study unless the 

probe could be positioned precisely over the suspected tissue. Because of the 

extremely small efficiency of the imaging probe, Poisson noise was a major factor, 

so the shortest bore was best in most of the simulations. The task we chose assumed 

that a particular site was suspect and that the tumor had a compact, spherical shape. 

If we had simulated a tumor detection task that depended on recognizing an odd 

shape of tumor against a background from other organs, then the imaging probe may 

have ranked far above the other probes. 

We have shown the effects of distant tissue, reduction in the variation of the 

background, user-selected biodistributions, and normal sites on probe performance. 

For the coincidence probe we calculated the performance increase due to multiple 

energy windows and showed that accidental coincidences do not limit probe 

-------



performance. We showed that the dual probe is somewhat sensitive to the precise 

alignment of the inner detector with the tumor. 
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The performance increase due to the use of normal sites for the single-element 

coincidence probe are exciting, but good performance in practice will depend on the 

surgeon's skill in locating appropriate normal sites. 

We conclude that those probes with inherent background suppression, the dual 

probe and coincidence probe, have better tumor-detection performance than the 

single-element probe, even when data from normal sites are available. The imaging 

probe, although also designed with inherent background suppression, is inefficient 

and thus has poor performance at clinically feasible exposure times. 
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7. 21-ELEMENT IMAGING PROBE 

In this chapter we briefly describe one particular imaging probe which was 

constructed by our group for intraoperative tumor detection. The main feature of the 

probe is its capability to create high-resolution images of large regions while 

retaining a very small size for the probe itself. The probe can be quite small and give 

high-resolution images because the detecting elements are small CdTe semiconductor 

crystals. The user can create images of large areas by using the paintbrush mode of 

operation, described below. We also present some images created in the lab and 

describe tests performed during surgical operations. 

We are the first group to construct a planar intraoperative imaging probe from 

semiconductor detectors, although others have built small planar gamma cameras 

from semiconductor detectors for external imaging (158-162) and small portable 

planar gamma cameras from scintillation detectors (163). Other groups that have 

made different types of imaging probes are mentioned in Chapter 4. 

7.1 Construction 

The probe is essentially a miniature gamma camera, with a body that is only 2.5 

em in diameter, and is shown in a schematic cutaway view in Fig. 4.7a. That figure 

shows more detectors than are present in the device we constructed. The actual 

device, pictured in Fig. 4.7b, has a 5x5 array of detectors with the four corner 
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detectors removed to make the array fit into the cylindrical probe housing, so the 

probe contains 21 detectors. Each of the detectors in the planar array is a cube of 

CdTe crystal approximately 0.2 cm on a side. A gold collimator with one bore per 

detector is placed over the detector array, with a small gap (0.15 cm) between the 

bottom of the collimator and the top of the detectors. The collimator itself has a 

thickness of 0.5 cm. The probe body provides 0.4 cm of Pb shielding for the array. 

The 21 detectors make up a square grid pattern with center-to-center spacing between 

detectors of 0.3 cm in both directions. The collimator bores have the same pattern 

and spacing so that the resolution or pixel size is 0.3 cm for objects at the face of the 

collimator. This resolution quickly degrades with distance so that small objects more 

than a few centimeters from the probe are imaged as multi-pixel blobs. 

Each detector in the array has a separate chain of amplification and event

counting electronics. The lower level and upper level of the energy window that 

determines which events are counted are set independently for each detector. Each 

detector is connected to the electronics through its own miniature coaxial cable. We 

found that a special cable, constructed to have low noise from bending (Model 250-

3823-000, Microdot Inc, S. Pasadena, California), was necessary to reduce spurious 

counts generated while moving the probe. No electronics is housed in the probe body 

so that the body can be quite small. We found that cable lengths between the probe 

and the charge-sensitive preamplifiers were limited to a few feet due to the 

capacitance of the cable. We chose to place the preamplifiers close to the probe to 

reduce noise due to cable length. The box is visible in Fig. 7.1. The outputs from the 
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Fig. 7.1 Imaging probe system. Probe is on table to right of monitor. A flexible 
electrical cable carries signals from the probe to a box containing preamplifiers. 
Amplifier and discriminator modules, a personal computer, and a monitor for image 
display complete the system. Not shown is the position- and orientation-sensing system 
mentioned in the text. 



in-line box, which have no cable-length limitation, are attached to NIM (nuclear 

instrument module) units. 
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The NIM cards contain more amplifiers and the pulse-height window electronics. 

To decrease the number of NIM slots required, we designed and constructed our own 

multi-channel NIM cards with the required circuits. A personal computer is used to 

control each window level and to count the number of pulses in the window from 

each detector. 

7.1.1 3D Position and Orientation Sensor 

Since this probe is quite small, only a small area (1.5 cm x 1.5 cm) can be 

imaged if the probe is held at a fixed position. To create images of larger areas we 

could step the probe in increments of the probe's sensitive area, create images at 

each site, then place the images side-by-side on a display screen. We found that 

trying to step the probe by fixed distances (in fixed directions) was extremely 

difficult in the surgical environment. Knowing how far the probe was moved from its 

initial position and keeping the probe in the same orientation were difficult when 

holding the probe inside a surgical opening. Depending on the access to the site it 

was also sometimes difficult to hold the probe steady for exposure times on the order 

of tens of seconds. 

Our solution to this problem was to employ a position and orientation system 

(3Space Isotrak from Polhemus Navigation Sciences, McDonnell Douglas Electronics 
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Co, Colchester, Vermont) and to use a mode of probe operation we call "paintbrush" 

mode. We describe the position-sensing system in this section and the paintbrush 

mode in the next. 

The position-sensing system, shown in Fig. 7.2, has three parts: a control box 

containing electronics and a computer interface, a source unit, and a sensor unit. The 

source unit is a 6.1 cm x 3.6 cm x 3.6 cm cube which produces encoded low

frequency magnetic fields; it is connected to the control unit by a cable. During intra

operative use of the probe, we mounted the source unit on a plastic rod which was 

then connected to a clamp on the side of the operating table. The sensor unit, which 

measures the fields generated by the send unit to determine the location and 

orientation (x,y,z,8,,82,8) of the sensor unit, is a small (2.3 cm x 2.8 cm x 1.5 cm) 

cube also connected to the control unit by a cable. We mounted the sensor unit on 

the back of the probe. 

We performed laboratory and operating-room measurements to determine the 

accuracy and repeatability of the position-sensing system. We used a plexiglass test 

bed with probe holders at 16 known locations spread over a 20 cm x 20 cm area. 

The probe was moved in a plane about 13 cm above the table. Since metal objects 

affect the system's capabilities and most operating tables are metal we performed 

tests both on a wooden lab table and on a stainless steel operating room table. 

The accuracy when the system was placed on a wooden table was 0.21 cm (root

mean-square, or RMS, error from the true positions). The repeatability, measured by 

moving the probe to each site four times, was 0.03 cm (RMS error from the average 

--. ---~--.-----------~-~-
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Fig. 7.2 The source and sensor units of the position-sensing system. For 
intraoperative imaging, the sensor was mounted on the back of the imaging probe 
body and the source was held on a plexiglass stand attached to the operating table. 
Reprinted from the 3Space Isotrak user's manual, with permission from Polhemus 
Navigation Sciences, McDonnell Douglas Electronics Co. 
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position at each site). The results from the operating room table were about the same. 

These results approximately agree with similar measurements made by Kato et 

al. (164). They found a 0.17 em positioning error, or accuracy, which became 

0.31 em when rotating the sensor. 

7.2 Imaging Large Areas - Paintbrush Mode 

Areas much larger than the probe itself can be imaged by using the information 

from the position sensor. We implemented an imaging mode in which the probe may 

be moved at the user's discretion as long as the probe is pointed in about the same 

direction and is moved in a plane. The probe must also be moved somewhat slowly. 

The process we implemented was to measure the probe position and number of 

counts recorded after each short exposure, calculate a display pixel closest to each 

detector and add the counts for each detector to the appropriate display pixel. A 

display pixel is simply one element of a two-dimensional array that is displayed on a 

computer monitor as an image. Each display pixel represents a 0.3 cm x 0.3 cm area. 

For example, a 33 x 50 element displayed array would represent a 10 cm x 15 em 

region; recall that the probe can sense gamma rays only from a 1.5 em x 1.5 cm 

region during one exposure. Since each pixel in the displayed image could contain 

counts from different total exposure times, we must display the count rate for each 

pixel instead of the number of counts. To accomplish this we not only keep track of 

the total counts for each pixel, but also the total exposure time during which those 

'--,''"':t 
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counts were recorded. So, after each short exposure, we add the exposure time to a 

sum of exposure times maintained for each display pixel. These pixels are the same 

ones. to which counts are being added after the short exposure. If the probe is moved 

slowly enough, the continuous short exposures represent an approximation of the 

counts detected if the probe were held stationary. 

At any time we can display an estimate of the count rate at each display pixel's 

location: we simply divide the sum of counts added to the display pixel by the sum 

of exposure times which produced those counts. The ratio is displayed on a grey 

scale with the minimum and maximum for the whole image set automatically. We 

found that an exposure time of about 0.5 seconds worked well since the display 

could be updated with new count-rate estimates after each exposure and the user was 

not aware that the probe was making noncontinuous exposures. The user moves the 

probe around and watches the display, which shows probe location as an outline and 

the count-rate estimates as a grey-scale image. We call this mode the paintbrush 

mode since the user paints an image by moving the probe (analogous to a brush) 

across the area. 

We comment now on an interesting property of the displayed image from a 

paintbrush mode of probe operation. Since the dominant noise in the images is 

Poisson noise, and since the true mean count rate varies across an image due to 

variations in the true activity distrihution, the image has spatially varying noise. One 

source of this noise is due to the nonuniform exposure time across the image. The 

estimate of the true count rate at a pixel is the total number of photons detected 
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when a detector is located over the pixel's position, divided by the total time that a 

detector is so located. Since the movement of the probe over the region is determined 

solely by the whims of the user, each pixel in the region will have a different 

exposure time, and hence a better (longer exposure) or worse (shorter exposure) 

estimate of the true count rate. For example, a dark region (where there is low 

activity) may represent a very good estimate of the true count rate in that region 

since the probe was positioned over the area for a very long time, or the same dark 

area might represent a very poor estimate because the probe was very quickly moved 

through that area. The data display should indicate the exposure time as well as the 

estimated count rate at each pixel, possibly by assigning different exposure times 

different colors, but we did not implement such a scheme. 

The flexibility inherent in paintbrush mode makes the display a bit harder to 

understand, but there are benefits as well. Since the user is free to count longer over 

regions that look interesting, he or she may quickly scan a region, looking for 

suspicious objects, then go back to those objects and hold the probe over them for an 

extended time to get a better estimate of the true count rate there. Another benefit is 

that bad detectors, those that do not produce any counts at all, can be accounted for 

in software. The initial image from the probe will have holes, or missing pixels, 

wherever there is a bad detector, but as the probe is moved about, good detectors 

will cover the same region and so fill in count rate estimates at the missing pixels. 

The final image will not contain any missing pixels if the probe was moved around 

enough. 

----~---------.. ~-~ .. ----------
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7.3 Laboratory Measurements 

In the laboratory, we measured the characteristics of each detector in the array. 

We located the photopeak for 99111Tc, the radionuclide we expected to use in our 

intraoperative imaging probe studies, by making a very narrow energy window and 

stepping the window through the appropriate range of energies while the probe was 

viewing a distant point source with air as the attenuating medium. We recorded the 

number of counts at each step and in this way built up an energy spectrum for each 

detector. Once the photopeak was located, we calculated the energy-to-pulse-height 

ratio. Any energy window could then be specified for all the detectors by specifying 

the absolute energies of the window. Since a digital-to-analog converter was used to 

produce the energy window levels, the minimum window size was equal to the 

smallest step the converter could produce. We called this smallest window a bin and 

found that each bin covered about 3 ke V of the energy spectrum for our system. 

With a 140.5 keY lower window level, representing the photopeak energy of 

9911lTc, and a 500 keY upper window level, we measured the absolute and relative 

efficiencies of the detectors, once again with a distant point source acting as a flood 

source with an attenuating medium of air. The absolute efficiency of our detectors 

was about 6% for the energy window specified. We define absolute efficiency as the 

fraction of incident gamma rays (with energy 140.5 ke V) that enter a detector and 

result in a count being recorded for the specified energy window. Note that this 

efficiency does not include the collimator's effect on the overall efficiency of the 
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probe. In the imaging probe simulations the absolute efficiency of the detectors was 

set at 20%, a somewhat larger number than we measured here. The 20% efficiency 

was based on data from newer, higher-quality detectors (132). These detectors have 

become available since we constructed the existing imaging probe. 

The energy window we chose (photopeak energy, 140.5 ke V, to 500 ke V) was a 

poor choice since our simulations showed that this probe was severely count-limited, 

and, as we have mentioned, any scatter rejection we accomplished by setting such a 

strict energy window may not have affected tumor detection performance to any 

great degree. 

We found that the absolute efficiencies varied by a factor of five from the least 

sensitive to the most. If we discounted the two detectors with the most extreme 

relative efficiencies, then the variation was limited to a factor of about 2.6. The 

variation in absolute efficiency from detector to detector was probably due to 

variations in the detector sizes and in the quality of the detector material. We applied 

correction factors to the number of counts detected to account for the relative 

efficiencies when operating the probe. 

A Picker thyroid phantom and the imaging probe are presented in Fig. 7.3a, 

showing that the phantom is much larger than the probe. By using the paintbrush 

mode of probe operation, described above, we imaged the whole activity-filled 

phantom, creating the image in Fig. 7.3b. Large areas can be imaged by a small 

probe equipped with a position-sensing system if enough time is available to use the 

paintbrush mode to fill in the image. 

-----,-'---_.-
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Fig. 7.3 (a) Thyroid phantom filled with dark liquid. Note the size difference between 
the phantom and the imaging probe, shown at upper left. (b) Image or activity placed 
into the thyroid phantom. The image was created with the paintbrush mock or operation, 
in this mode the probe is randomly scanned across the phantom, as described in the text. 

---~--~--~----~~-, .-\ 
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7.4 Initial Clinical Applications 

The first clinical use of the probe was to determine the ability of the position

sensing and gamma-counting systems to function during an operation in the operating 

room environment. A surgeon made spot images of 1.5 cm x 1.5 cm regions without 

using the position-sensing system and also scanned a larger area using the paintbrush 

mode described above. While he moved the probe, the surgeon reported that the 

probe-position indicator on the display screen moved accordingly, so the position

sensing system worked. The spot images contained counts but as they had just 21 

pixels, structures were difficult to discern in the images. The count rate was about 

one count per second per detector in the spot images. A large ovarian cyst (later 

determined to contain cancerous tissue) was the object of the paintbrush image, and 

the image did not show structure, probably because the imaged area did not extend to 

the edges of the cyst and the cyst was approximately uniformly filled with activity. 

We also tested the probe in a thyroidectomy operation (removal of the thyroid). 

The position-sensing system functioned well but the radioisotope injected was 131 1, 

which has a gamma-energy emission at 365 keY. The shielding and collimator for 

the probe were inadequate for energies this high so the probe could not make images 

of the activity distribution in the thyroid. 
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7.5 Conclusions 

The imaging probe we constructed was a useful first test of intraoperative 

imaging. Although we constructed a very small probe which can easily be inserted 

into a surgical opening, we devised a method for creating images of larger areas by 

scanning the probe inside of the patient. Our initial experiences in the operating room 

showed that our system functioned well. However, we found that the probe was 

inefficient and that imaging time during operations was extremely limited. The 

simulation results described in this dissertation predict that this version of an imaging 

probe is too inefficient for the quick exposures needed for tumor detection during 

surgery, and we confirmed this result during our initial clinical experience. 

Although we feel that imaging can playa helpful role in intraoperative tumor 

detection, it is clear that our probe must be improved to enhance the efficiency. 

Semiconductor detectors that have larger absolute efficiency for 99mTc, through the 

use of wider energy windows or improved charge-carrier trapping characteristics, and 

a collimator with lower spatial resolution might give a planar imaging probe the 

efficiency necessary for improved performance. 
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8. SUMMARY AND SUGGESTIONS FOR FUTURE DIRECTIONS 

In this chapter we review the major contributions of this dissertation and 

summarize our thoughts about performance evaluation of probes. Note that a 

summary of the performance results for individual probes is not included here - it is 

located in Chapter 6. 

We presented a broad review of probe applications in medicine, especially for 

tumor detection in colorectal cancer cases. The review shows that probes have been 

used by many research groups, for various diseases, with different combinations of 

probe types and tracers, and that probes are still in use today. Some of the recent 

studies have been based on a single-element probe and a radiotracer that emits a 

high-energy gamma ray and have suffered from the poor performance of that 

combination. Our performance studies verify that such probe-tracer combinations 

have poor performance when they are compared to probe systems that incorporate, 

by probe design or by choice of radiotracer, some type of background suppression. 

Only a few other groups have tackled probe evaluation, and where it has been 

attempted, the efforts lacked realism or a quantitative measure of performance. Their 

probe performance evaluations were carried out with uniform backgrounds, often by 

placing an existing probe in contact with a model tumor in a tank of radioactive 

water. We introduced a technique for probe evaluation that includes realistic 

backgrounds and that can utilize simulated probe response functions instead of 

requiring measurements with an existing probe. We calculated the Hotelling Trace, a 
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scalar performance metric that measures the ability of a probe to separate tumor from 

non-tumor sites. The metric depends on both Poisson noise and noise due to 

background variations. We can compare very different types of probes, from simple 

single-element to planar imaging devices, and we can evaluate new schemes such as 

coincidence detection. Probe performance can be quantified and compared since the 

Hotelling Trace performance metric puts all of the probe performances on the same 

scale. We compared different configurations of single-element and imaging probes to 

find the best tradeoff between resolution and sensitivity. We found that the imaging 

probe, which has good spatial resolution but low efficiency, traded off too much 

efficiency. Because probe exposure time is very limited in an operation, the imaging 

probe cannot collect enough counts, and its performance is poor compared to the 

more efficient probes such as the dual-element and coincidence probe. 

Our evaluation method is a general technique that can be applied to other 

imaging systems used for detection. Its use is limited by the ability to specify a task 

(the statistics of both the background and the object to be detected), by the necessity 

of inverting a matrix, and by the number of simulated images required. Instruments 

with L detectors will require that an LxL matrix be inverted and that the number of 

simulated images be much greater than L2. Note that the object to be detected 

doesn't have to be limited to the same object at each detection site (as it was in this 

work) - the objects could be selectcd from a probability distribution. 

A n1<~or limitation to our simulations was the sparse biodistribution data 

available. We had uptake data for only a few organs of a small numbcr of patients. 

---~---------. 
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A more realistic model would include more organ uptake data so that not only the 

mean uptakes but the covariances between different organs could be determined. 

Another limitation was that we did not include scatter of the gamma photons emitted 

by the radiotracer. Scattering could affect probe performance, especially for systems 

incorporating a high-energy emitter such as IIIIn. 

There are characteristics of probe systems besides tumor-detection performance 

that need to be considered when designing a new system. For example, although we 

modeled probe designs that were compact, a very large probe could be simulated and 

show good performance and yet be completely useless in surgery because it would 

not fit into the small surgical opening in the patient. Other characteristics we did not 

include were: energy resolution of the detector system, ability to sterilize the probe, 

electrical safety of the probe, and shape and rigidity of the probe body. 

The central strength of our simulation technique is the ability to compare very 

different probes and to do so in a more realistic background than a uniform slab. The 

performance measure is sensitive to both Poisson noise and to the noise from the 

spatially varying background. Another strength is that any radiotracer can be included 

in the simulation when biodistribution information for that tracer becomes available. 

If the information includes uptake at different times after injection, then the best time 

to wait before using the probes could be determined. Further strengths of the 

technique are that the computation time required is modest, the most time being 

required for the point-response function calculation, and that the point-response 

function calculation is accurate, including collimator penetration and detector shape effects. 

~-,-----.---.-~ .. --~~ 
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In closing, we suggest some open questions that could be the basis for further 

work: Can an imaging probe be useful for tasks other than detection of spherical 

tumors? If a tumor mass is an odd shape, such as a spread-out thin film instead of a 

sphere, can an imaging probe help the surgeon identify it as a tumor? Are there 

diseases besides cancer that could benefit from the ability to make high-resolution 

images of a radiotracer distribution in a small area inside the body during surgery? 

Some ongoing research (165) suggests that non-linear processing of gamma-camera 

images enhances tumor-detection performance. Could this processing overcome the 

inherent small efficiencies of imaging probes and increase their performance beyond 

that of the dual probe? 

Probes are in use throughout the world for a wide variety of diseases. We hope 

that this work will have some small influence on improving the effectiveness of 

those probe systems, and in turn will improve the outlook for the health of current 

and future patients. 



APPENDIX A - INTERPOLATION PROGRAM 

1* spUnt.c 
1* 
1* 
1* 
1* 

-- Use cubic spline interpolation to interpolate 
from an input list of function values. The *1 
values need not be spaced regu.larly. Uses *1 
Numerical Recipes functions, p.96,97 of the 
c version of the book. NH 12/91 *1 

1* Using a data set that had a sharp step at the start gave this *1 

*1 

*1 

1* program a lot of trouble. It produced interpolated values *1 
1* that oscillated wildly between data points. *1 

1* Program reads from the standard input. The first number read is*1 
1* the value of x at which an estimate of y is desired. This value*1 
1* of x should fall between the smallest and largest values of x *1 
1* for the known data. The second and third numbers read are the *1 
1* estimates of the first derivative at the smallest and largest x*1 
1* values, in that order. The next numbers read are ordered pairs *1 
1* of known data values, in the order of x, then y. *1 
1* The x values mllst increase. *1 
1* Example input: *1 
1* 24.0 1.1 -0.3 *1 
1* 2.67 2.99 *1 
1* 5.8 3.06 *1 
1* 16.2 1.96 *1 
1* 28.48 7.94 *1 

1* The interpolated value of y at the given x value is *1 
1* written to the standard output. *1 

1* If the user specifies an 'a' on the command line, the program will *1 
1* automatically compute the necessary first derivatives from the *1 
1* data, simply using the first two points and last two points to *1 
1* calculate the first derivative at the first and last point, *1 
1* respectively. *1 
1* Example: spUnt a <in_file >answer.dat *1 
1* where in_file looks like: *1 
1* 24.0 *1 
1* 2.67 2.99 *1 
1* 5.8 3.06 *1 
1* 16.2 1.96 *1 
1* 28.48 7.94 *1 
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1* Again, the interpolated value of y at the given x value is written *1 
1* to the standard output. *1 

1* If the user specifies a 'b' on the command line, the program will *1 
1* automatically compute the necessary first derivatives from the *1 
1* data, simply using the first two points and last two points to *1 
1* calculate the first derivative at the first and last point, *1 
1* respectively. The value of the function at regularly-spaced points *1 
1* between x[l] and x[n] will be calculated and printed on the standard *1 
1* output. *1 
1* Example: spUnt b <in_file >answer.dat *1 
1* where in_file looks like: *1 
1* 2.67 2.99 *1 
1* 5.8 3.06 *1 
1* 16.2 1.96 *1 
1* 28.48 7.94 *1 

1* NH 12/91 *1 

#incIude<stdio.h> 
#incIude<math.h> 

#define MAXN 30 1* maximum number of input pairs *1 
#define SLOPE_RATIO 4.0 1* Maximum ratio of slope *1 

1* allowed before replacement of two *1 
1* points by their average. A voids *1 
1* ringing of the interpolated function.*1 

#define XDIFFMIN 6.0 1* maximum difference allowed between *1 
1* first two points before no averaging *1 
1* is allowed to take place *1 

void splineO,splintO; 

main(argc,argv) 
int argc; 
char *argv[]; 
{ 
float x[MAXN+ I ],y[MAXN+ 1 ],y2[MAXN+ 1 ],yp 1 ,ypn,yp2,x_int,y _int; 
int i,n,auto_derivative,functiol1_out; 

if( argc == 1) 1* no automatic calculation of first derivatives *1 
{ 
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} 

scanf("%f" ,&x_int); 
scanf("%f",&yp 1); 
scanf("%f" ,&ypn); 
auto_derivative = 0; 
function_out = 0; 

else if( (argc == 2) && (*argv[l] == 'a') ) 
{ 

scanf("%f" ,&x_int); 
auto_derivative = I; 
function_out = 0; 

else if( (argc == 2) && (*argv[l] == 'b') ) 
{ 

else 
{ 

auto_derivative = 1; 
function_out = 1; 

printf("error in command line\n"); 
exit(O); 

for{i= 1 ;i<MAXN+ 1 ;i++) 
{ 

if(scanf("%f",&x[i]) == EOF) 
{ 

/* at EOF so no more ordered pairs */ 
n = i-I; 
break; 

if(i > 1) 
{ 

} 

if( xCi] < x[i-I] ) 
{ 

printf("error - input x values do not increase\n"); 
exit(O); 

scanf("%f" ,&y[i]); 

.-----.--.------~~ 
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if( *argv[l] != 'b' ) 
{ 

if( (x_int > x[n]) II (x_int < x[ 1]) ) 
{ 

printf("error - x value for interpolation is outside x data range\n"); 
exiteD); 

1* Check for problems with the first two points. If the first *1 
;::: slope is much greater in magnitude than the slope between *1 
1* the second and third points of the data, erase the first *1 
1* two points and replace them with one point, and let the value*1 
1* of the point be the average of the erased points. NH 12/91 *1 
1* Only do the replacement if the x difference between the first*1 
1* two points is small: less than XDIFFMIN. *1 
ypI = (y[2] - y[1])/(x[2] - x[I]); 
yp2 = (y[3] - y[2])/(x[3] - x[2]); 
if( fabs(yp I) > SLOPE_RATIO * fabs(yp2) ) 
{ 

if( (x[2] - x[ I]) < XDIFFMIN) 
{ 

1* replace points 1 and 2 with one point *1 
y[I] = (y[I] + y[2])/2.D; 
for(i=2;i<n;i++ ) 
{ 

n--; 

y[i] = y[i+l]; 
x[i] = x[i+ I]; 

if(auto_derivative == I) 
{ 

ypI = (y[2] - y[I])/(x[2] - x[I]); 
ypn = (y[n] - y[n-I D/(x[n] - x[n-I]); 

spline(x,y,n,yp 1 ,ypn,y2);/* returns array y2[] of second derivatives *1 
if(functioll_out == I) 
{ 
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for(x_int = x[l]; x_int < x[n]; x_int += 0.5) 
{ 

splint(x,y ,y2,n,x_int,&y _int); 
1* returns interpolated value y_int *1 
1* which is value of function at x_int *1 

printf("%f %f\n" ,x_int,y _int); 

else 
{ 

splint(x,y ,y2,n,x_int,&y _int); 
/'~ returns interpolated value y _int *1 
1* which is value of function at x_int *1 

printf("%f\n",y _int); 

---. ------------
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APPENDIX B - MEASURED HUMAN BIODISTRIBUTION DATA 

Note: spline interpolation of original data. 

FIA for Six Patients 6/92 
suffixed numbers 1-6 refer to patients 1-6 

spline spline spline spline 
Organ interp.interp.interp.interp. 
Time,h 12.0 24.0 36.0 48.0 

liver! 0.136 0.191 0.204 0.200 
liver2 0.041 0.118 0.160 0.160 
liver3 0.104 0.195 0.236 0.234 
liver4 0.439 0.680 0.706 0.611 
Iiver5 0.021 0.070 0.126 0.166 
liver6 0.103 0.146 0.183 0.206 

spleen 1 0.009 0.011 0.012 0.011 
spleen2 0.003 0.008 0.009 0.007 
spleen3 0.007 0.013 0.012 0.007 
spleen4 0.005 0.006 0.004 0.001 
spleen5 0.001 0.003 0.006 0.007 
spleen6 0.003 0.004 0.004 0.004 

marrow I 0.081 0.088 0.077 0.065 
marrow2 0.034 0.093 0.113 0.093 
marrow3 0.037 0.065 0.062 0.045 
marrow4 0.047 0.046 0.030 0.006 
marrow5 0.005 0.017 0.031 0.042 
marrow6 0.064 0.086 0.103 0.112 

bloodl 0.753 0.595 0.503 0.428 
blood2 0.659 0.517 0.495 0.402 
blood3 0.769 0.554 0.412 0.323 
blood4 0.165 0.071 0.070 0.038 
blood5 0.767 0.680 0.609 0.537 
blood6 0.701 0.578 0.450 0.340 

Time-> 12.0 24.0 36.0 48.0 
mblood is modified blood FIA 
mblood = blood*0.7*0.9*0.5 
mblood is for labeled *blood* voxels 



mbloodl 0.237 0.187 0.158 0.135 
mblood2 0.208 0.163 0.156 0.127 
mblood3 0.242 0.175 0.130 0.102 
mblood4 0.052 0.022 0.022 0.012 
mblood5 0.242 0.214 0.192 0.169 
mblood6 0.221 0.182 0.142 0.107 

Cumulative FIA excreted from body 
(from whole body activity) 

ex 1 0.034 0.101 0.165 0.216 
ex2 0.033 0.119 0.226 0.320 
ex3 0.033 0.119 0.226 0.320 
ex4 0.080 0.259 0.401 0.487 
ex5 0.006 0.022 0.047 0.077 
ex6 0.032 0.088 0.119 0.145 

exslope is slope of FIA excreted 
vs time curve at the specified time 

values in table are in units of FIA/h 
exslopel 0.005 0.008 0.005 0.004 
exslope2 0.005 0.008 0.009 0.006 
exslope3 0.005 0.008 0.009 0.006 
exslope40.013 0.015 0.009 0.006 
exslope5 0.001 0.002 0.002 0.003 
exslope6 0.005 0.004 0.002 0.003 

FIA in all urine in body, assuming 4 h 
since last urination 

multiply exslope by 4.0 hours 
to give FIA in urine voxels 

urine 1 0.020 0.032 0.019 0.014 
urine2 0.022 0.034 0.035 0.025 
urine3 0.022 0.034 0.035 0.025 
urine4 0.051 0.059 0.037 0.023 
urine5 0.004 0.009 0.009 0.0 II 
urine6 0.019 0.014 0.008 0.010 

FIA( other) = { {I - FIACIiver)-FIA(spleen) 
-FIA(ex)-FIA(marrow) 
-(0.9*FIA(blood»} *0.7} 
+(0.7)*(0.5)*(FIA(blood» } 

note: value set to zero if negative 
otherl 0.307 0.260 0.239 0.236 
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other2 0.438 0.319 0.206 0.181 
other3 0.358 0.270 0.209 0.185 
other4 0.254 -0.014 -0.118 -0.084 
otherS 0.462 0.431 0.382 0.345 
other6 0.362 0.311 0.288 0.278 
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APPENDIX C - CONVERSION OF FIA TO ACTIVITY PER UNIT VOLUME 

Note: FIA = fraction of injected activity. 

Organ activity calculator 
Edited 6/92 

Constants: voxel volume = 0.01 ml; 
half-life of Tc-99m = 6.020 hours 
injection = 1000000 nCi Tc-99m 

= 1.0 mCi Tc-99m 

act/vol 
time 

after 
inj, 

[hr] 

torso 
volume 

correction 
factor 

num of [nCilml] 
voxels for 1.0 mCi 

organ in Zubal (Tc-99m) 
organ FIA phantom injection 

PATIENT # I 
liverl 12.000 1.000 0.136 201859 1.692E+OI 
Iiverl 24.000 1.000 0.191 201859 5.969E+00 
liver! 36.000 1.000 0.204 201859 1.601E+00 
liver I 48.000 1.000 0.200 201859 3.942E-OI 

spleen I 12.000 1.000 0.009 36667 6. I 65E+00 
spleen I 24.000 1.000 0.011 36667 1.892E+00 
spleen I 36.000 1.000 0.012 36667 5.185E-OI 
spleen I 48.000 1.000 0.011 36667 1.194E-01 

marrow I 12.000 0.700 0.081 126550 1.125E+01 
marrow I 24.000 0.700 0.088 126550 3.070E+00 
marrow I 36.000 0.700 0.077 126550 6.748E-01 
marrow I 48.000 0.700 0.065 126550 1.43IE-01 

For blood, torso volume correction factor is correction for 
blood distribution to liver and other organs, and is equal 
to 0.9*0.7*0.5=0.315 

blood FIA is directly from blood compartment data 
bloodl 12.000 0.315 0.753 162172 
blood I 24.000 0.315 0.595 162172 
bloodl 36.000 0.315 0.503 162172 
blood I 48.000 0.315 0.428 162172 

3.673E+01 
7.290E+00 
1.548E+00 
3.308E-OI 
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urine FIA is from biodiss 123 file, where it is calculated 
as the (slope of excreted FIA vs. time since injection) * 4hr 

urine I 12.000 1.000 0.020 41846 1.200E+0 I 
urine I 24.000 1.000 0.032 41846 4.824E+00 
urine I 36.000 1.000 0.019 41846 7 .193E-0 1 
urinel 48.000 1.000 0.014 41846 1.331E-OI 

other FIA is calculated in biodiss 123 file, where it is equal to 
(( I-FIA(liver)-FIA(spleen)-FIA( excreted)-FIA(marrow) 
-0.9*FIA(blood compartment»*0.7) + 0.7*0.5*FIA(blood compartment) 

other I 12.000 1.000 0.307 5406172 1.426E+00 
other! 24.000 1.000 0.260 5406172 3.034E-0 I 
other 1 36.000 1.000 0.239 5406172 7.004E-02 
other I 48.000 1.000 0.236 5406172 1. 737E-02 

Assume a tumor which has .000 I FIA per I g tumor, 
which is I ml = 100 voxels 

tumor 12.000 1.000 0.000 I 100 2.512E+0 I 
tumor 24.000 1.000 0.0001 100 6.308E+00 
tumor 36.000 1.000 0.000 I 100 1.584E+00 
tumor 48.000 1.000 0.0001 100 3.979E-01 
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APPENDIX D - SAMPLE BIODISTRIBUTION FILE 

The file biodisOO I. The first column is the arbitrary voxel value in the phantom, 

the second column is the name of the organ or NA (not applicable), the third column 

is the organ uptake in nCilml for a 1 mCi injection. The second column is used at 

the start of the file for some descriptive comments. Lines that are duplicates except 

for voxel value are indicated by ellipses (oo.). 

o NA_AT_24_HRS 0.0 
1 NA_nCLper_ml 0.0 
2 NA_for_1 mCUnj 0.0 
3 NA_from_MASS_data 0.0 
4 NA_6_15_92 0.0 
5 NA_patienCI 0.0 
6 NA_using_spline_interpolation 0.0 
7 NA 0.0 
8 NA 0.0 
9 NA 0.0 
\0 NA 0.0 
II NA 0.0 
12 NA 0.0 
13 sph_tumor 6.31 
14 NA 0.0 
15 NA 0.0 

62 NA 0.0 
63 NA 0.0 
64 skin 0.303 
65 NA 0.0 
66 spinal_cord 0.303 
67 skull 0.303 
68 spine 0.303 
69 rib_cage_sternum 0.303 
70 pelvis 0.303 



71 long_bones 0.303 
72 skeletaLmusc1e 0.303 
73 lung 0.303 
74 heart 0.303 
75 liver 5.97 
76 galLbladder 0.303 
77 kidney 0.303 
78 bladder 0.303 
79 esophagus 0.303 
80 stomach 0.303 
81 small_intestine 0.303 
82 large_intestine 0.303 
83 pancreas 0.303 
84 adrenals 0.303 
85 fat 0.303 
86 blood_pool 7.29 
87 gas_volume_bowel 0.0 
88 fluid_volume_bowel 0.303 
89 bone_marrow 3.07 
90 lymph_node 0.303 
91 thyroid 0.303 
92 trachea 0.303 
93 diaphragm 0.303 
94 spleen 1.89 
95 urine 4.82 
96 feces 0.303 
97 testes 0.303 
98 prostate 0.303 
99 NA 0.0 
100 NA 0.0 
101 NA 0.0 

255 NA 0.0 
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