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CHAPTER 1 

BACKGROUND 

Polymeric gels are very versatile tools used in various fields of research. Some 

types of these gels are used in gel electrophoresis, gel permeation chromatography, and 

biomedical drug delivery processes [1]. These gels are also usefiil for mimicking soft 

biological tissues, hence, they are currently used in radiation dosimetry to map, calibrate 

and confirm the three-dimensional dose deposition on irradiated objects. The structures of 

these gels have been studied by a variety of methods including electron microscopy [2], 

atomic force microscopy [3], and magnetization tremsfer methods [4] to name a few. 

Despite the extensive analysis done on these gels there are no significant studies done to 

explore the proton magnetic resonance (MR) relaxation properties of these gels. 

In this study, we look at these gels as applied to the field of radiation dosimetry. 

The gels are manufactured, calibrated, irradiated, and then subjected to a series of 

magnetic resonance imaging (MRI) measurements in order to study the dose response of 

the gels. In this chapter, we present the background information on all aspects of this 

project from radiation biophysics, polymer chemistry, and basics of MRI, radiation 

biophysics, mathematical modeling, and radiation instrumentation. 

1.1 Radiation Biophysics and Radiation Instrumentation 

The absorbed dose, D, that the polymer material receives is defined as the energy 

absorbed from ionizing radiation per unit mass (unit for dose is a gray, Gy, where 1 Gy = 

1 J/kg). The exposure describes the output of an X-ray generator. It is the charge 
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liberated by ionizing radiation per unit mass of air. Its standard unit is a Roentgen (R), 

where 1 R = 2.58 x lO'"* C/kg. When a beam of radiation passes through a material, say 

tissue or the polymer gel material used here, energy is lost from the incident beam. Some 

of this energy is imparted to the medium and some of it leaves the volume of interaction. 

The radiation that enters the system interacts with the water in the tissue or gel as 

well as with any other Biological material in the system. The radiation interacting with 

biological tissues directly causes damage to that particular tissue. In the case of the 

water, the interaction forms water radicals and other molecular species. These products 

diffiise through the system £ind cause damage to the other components of the system 

involved. This process may involve any one of the following processes: multiple 

collision energy fransfer, photoelectric processes, bremsstrahlimg generation, and direct 

collisions. These processes cause energy transfer and energy absorbed within the system 

of interest. 

As mentioned earlier, the dose (D), is related to the energy absorbed since it is 

described as the energy absorbed per imit mass. Another quantity is the kerma (K), 

which is a measure of the energy transferred in the process such that the Kerma is the 

transferred dose per unit mass. As the photon fluence enters an absorber from another 

medium (like air), the initial kerma will be a maximum at the entry point and will 

decrease according to the laws of attenuation [5]. Dose, on the other hand, will have a 

value less than the kerma imtially, but after penetrating the material, the dose will 

eventually exceed the kerma as shown in Figure 1.1. The difference between the two 

quantities is determined by the charged particle equilibrium: for any given volume 

element, for every particle carrying an energy E out of the volume, there is another 
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particle carrying an energy E out ofthe volume [6]. The kerma just before interacting 

with the medium of interest will be determined by the mass attenuation coefficient of air 

and afterwards, by the mass attenuation coefficient of the medium of interest. Since the 

density of air is much lower, the cross sectional frequency for high kinetic energy 

electrons just before the interface will be much lower. These electrons generated and 

scattered in air will generally go in the forward direction and hence contribute little to the 

dose at the surface ofthe new medium. 

After the interface, there will be a slow build-up of fast electrons from 

interactions in the medium that will contribute to the dose at a finite distance in the 

forward direction. At some point, charged particle equilibrium is reached, where the rate 

of formation of new fast electrons is just equal to the rate of their stopping. Since the 

fluence is falling, then the kerma is falling. The dose will reach a maximum point not far 

beyond the point in at which charged particle equilibrium is achieved. Beyond this point, 

the charge will also continue to drop (see Figure 1.1). 

This property allows the dosimetrist to target specific regions of the gel or system 

of interest in which to deliver the maximum dose. This is what they describe as the Dmax 

position which is a distance used to position the patient couch prior to the eventual 

irradiation. A combination of such beemis can therefore superimpose in order to deliver a 

desired maximum dose to a specific target region within the system of interest. The 

radiation in this study is delivered using a variety of radiation treatment systems as 

detailed in the following sections. 



1.1.1 Scandiplan Irradiation (Traditional Treatment Planning System) 

Scandiplan is a conventional treatment-planning package that simulates the dose 

which would result if a user-created plan were delivered. The user inputs the parameters 

and the computer outputs a treatment plan based on those parameters. The irradiation 

was done using a Varian linear accelerator, using 6 MV X-rays with a dose rate of 400 

cGy/min, with a maximum relative dose of 10-Gy. Figure 1.2 is a diagram illustrating 

the four-field box irradiation protocol [7]. A field size of 10 x 10-cm square was used in 

the irradiation at the four angles shown in the figure. 

1.1.3 Corvus Gel (Hybrid Treatment Planning System) 

CORVUS begins the treatment planning process with the end result in mind. 

Starting with your desired dose distribution, CORVUS works to generate optimal 

delivery parameters. The Corvus gel uses a multi-leaf collimator as part of the delivery 

system but uses the traditional four-field or four-angle delivery protocol. Therefore, the 

main difference between the Scandiplan gel and the Corvus gel is that the beams from the 

Scandiplan are uniform beams from the 10 by 10-cm collimator window while the beams 

used in the Corvus irradiation come from two rows of twenty 1 x 1 cm shutters that 

deliver pencil beams to the gel. Figures 1.3 show the beam division, beam superposition, 

and the corresponding beam superposition profiles of the collimator [8] used in the 

Corvus gel irradiation. 



1.1.4 Peacock Gel Irradiation (IMRT system) 

The Peacock system (NOMOS Corporation) is a complete system that includes 

the IMRT and tiie multi-leaf collimator (MiMlC). In IMRT, the beam intensity is varied 

across the treatment field. Rather than being treated with a single, large, uniform beam, 

the patient is treated instead with many very small beams; each can have a different 

intensity. By cross firing the tumor with these beams, the physician delivers a relatively 

uniform radiation dose to the tumor, but protects sensitive, surrounding tissue from high-

dose radiation. 

This process of cross firing has been compared to computer tomographic imaging 

or CT. CT delivers a spatially imiform radiation exposure to the patient to create an 

image. In contrast, IMRT delivers a spatially non-uniform radiation exposure to the 

patient to deliver a uniform dose to the tumor. The MiMIC delivers this dose in a slice-

by-slice fashion similar to CT imaging. Previous applications of conformal radiation 

therapy were limited to the use of radiation beams of uniform intensity, whose contours 

corresponded to the "beam's eye view" of the tumor. When the tumor is not well 

separated from the surrounding organs at risk, such as what occurs when a tumor wraps 

itself around an organ, there may be no combination of uniform intensity beams that will 

safely separate the tumor from the healthy organ. In such instances, adding intensity 

modulation allows more intense treatment of the tumor, while limiting the radiation dose 

to adjacent healthy tissue. 

Because ofthe number of beams involved and the range of beam weights present, 

treatment planning for IMRT is computationally complex. As a resuh, treatment 

planning for IMRT usually requires an inverse process. Through an iterative or linear 
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algebraic process, the CORVUS Inverse Treatment Planning System generates the beams 

and beam weights needed to achieve user-defined goals. This is in dramatic contrast to 

the experience-based, trial-and-error approach common to conventional treatment 

planning, where the planning software actually does not plan (it simulates a user-defined 

set of beams and beam weights). The delivery of this system is through a 270-degree arc. 

In addition, the patient couch is moved back and forth in order to accommodate the 

current plan. 

1.2 Polymer Physics and Chemistry 

The gel used in this study is called the BANG gel which is made up of 

bisacrylamide, acrylamide, gelatin, and water. The first main ingredient is the acrylamide 

monomer. Acrylamide is a common research laboratory chemical and is a hydrophilic 

monomer with a molecular weight, Mw = 71.08 g/mol [9]. The chemical structure of 

acrylamide is shovm in Figure 1.4A. Widely used as a cross linking agent for 

electrophoresis separation procedures, acrylamide is a basic requirement for various 

biochemical techmques. BANG gel contains 3% acrylamide (by weight). 

Acrylamide is an odorless powder that exists as white crystals. In this form the 

monomer is extremely dangerous because the dust can easily become airbome and enter 

the respiratory system. Apart from the respiratory irritation that may result, the monomer 

is readily absorbed through the mucus membranes into the blood stream [10]. Direct 

contact with dissolved acrylamide may lead to an exfoliative, reddish rash and can also 

introduce the monomer into the circulation. Oral exposure is also considered a risk if the 

employee touches the face with a contaminated glove [11]. 
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The second main component is bisacrylamide (N,N'methylene bisacrylamide) 

whose structure is presented in Figure 1.4B. It is also a hydrophilic monomer with a 

molecular weight, Mw = 154.2 g/mol [9]. It is also widely used as a cross linking agent 

along with acrylamide in various biochemical applications. Like acrylamide, 

bisacrylamide is also a neurotoxin [9]. BANG gel contains 3% bisacrylamide (by 

weight). 

The third main ingredient is water which is 88% ofthe BANG gel. The structvire 

of water is presented in Figure 1.4C. The water is mixed in with the ingredient that puts 

these other ingredients together in a gel matrix or network, gelatin. BANG gel contains 

about 6% gelatin and it is the gelatin that forms the basic gel matrix containing the 

acrylamide and bisacrylamide monomers (see Figure 1.5 for structure). Gelatin is a 

protein that is not a naturally occurring substance but is derived from a parent protein 

collagen that is highly water-soluble. The collagen fiber consists of a network of 

tropocoUagen fibers (Figure 1.6) which when exposed to heat or other chemical 

processes, is transformed to water-soluble gelatin molecules [12]. 

All these ingredients are combined in an oxygen free environment. Oxygen 

inhibits the polymerization process in these gels [13]. Once the ingredients are ready, the 

gel network is formed (Figure 1.7) containing the monomers dispersed through the 

aqueous matrix. The process we take advantage of is radiation induce free-radical 

polymerization. Polymerization usually occurs in three main steps: initiation, 

propagation, and termination [14]. 

The initiation step in this process begins with the introduction of radiation into the 

system. The radiation ionizes the water in the gel causing the formation ofthe following 
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primary ionizing products: H20"̂  and e"̂ . These primary products in turn react with other 

water and hydrogen ions to create various radical species. The series of equations below 

show the formation of various radical species from each primary product. From the e"̂  

product we get: 

e^ + H20 - • H 2 O " - • H * + O H " (1.1) 

e^ + W -^H* (1.2) 

e^ + H 2 O - • e'aq. (1.3) 

From the H20"̂ , we get the following reaction: 

H20^ - • H ^ + OH*. (1.4) 

The ionized water molecule dissociates into H"̂  and OH • . The free electron reactions 

are shown above including the production of what is called the aqueous electron (e'aq), 

which is sometimes called a hydrated electron. The radicals formed are highly reactive 

and seek out other molecules in order to stabilize. These water radicals in tum interact 

with the acrylamide and bisacrylamide monomers transforming them into radicals as 

detailed in the following equations: 

Acrylamide [15] 

H2C=CHCONH2 + OH • [(CH3)COHCONH2] • (1.5) 

H2C=CHCONH2 + e'aq [(CH3)COHCONH2] • • (1.6) 

Bisacrylamide [16] 

(H2C=CHCONH)2CH2 + OH • 

[(H2C=CHCONH(CH2)NHCOCOHCH3] • (1.7) 

(H2C=CHCONH)2CH2 + e'aq 

[(H2C=CHCONH(CH2)NHCOCOHCH3] • (1.8) 
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The cases illusfrated by the equations above are also shown in Figure 1.8. This figure 

illusfrates the last stages ofthe initiation step. 

Once the initiation step is set in motion, the next step is the propagation step. In 

this step, the free radicals formed from the acrylamide and bisacrylamide monomers start 

cross-linking thereby forming polymer chains of increasing size. This process involves 

the formation of acrylamide chains cross-linked to the bisacrylamide chains as shown in 

Figure 1.8. Theoretically, this process will continue until the supply of monomers runs 

out, however, that does not happen [17]. In free radical polymerization, the entire 

propagation reaction usually takes place within a fraction of a second. Thousands of 

monomers are added to the chain within this time. The entire process stops when the 

termination reaction occurs. 

Most often the growth of a polymer chain is halted by the termination reaction. 

Termination typically occurs in two ways: combination and disproportionation. 

Combination occurs when free electrons from two growing chains that join and form a 

single chain stop the polymer's growth. Disproportionation halts the propagation 

reaction when a free radical strips a hydrogen atom from an active chain. A carbon-

carbon double bond takes the place of the missing hydrogen. Termination by 

disproportionation is shown in Figure 1.9. Disproportionation can also occur when the 

radical reacts with an impurity. This is why it is so important that polymerization be 

carried out under very clean conditions. In the case of the BANG gel, the impurity is 

Oxygen [18]. Once the polymers aggregate, there is a deformation ofthe gel matrix as 

illustrated in Figure 1.10. This basically signals the end ofthe polymerization process. 



Once the gel has been irradiated, it is subjected to a series of magnetic resonance 

imaging acquisitions. The change of the ambient proton environment due to irradiation 

allows us to quantitate the amount of dose received by specific regions of the gel. The 

next section details the extraction of information from the gel using magnetic resonance 

imaging. Magnetic resonance imaging techniques are used in this study to extract the 

useful information about the irradiated polymer gel. This is due to the change in the 

proton relaxation rates. 

1.3 Magnetic Resonance Imaging (MRI) 

1.3.1 Background 

I.I. Rabi invented the method of magnetic resonance (MR) in 1937. Rabi and 

company used the technique in atomic and molecular beam experiments to measure 

nuclear spins and moments, hyperfine structures, Zeeman and Stark effects, etc. [19] 

After World War II F. Bloch and E. Purcell, who independently invented the technique of 

nuclear magnetic resonance (NMR), extended the method to bulk samples. Most of the 

recent interesting applications of NMR are in the fields of Biochemistry and Medicine 

[20]. 

Magnetic Resonance Imaging (MRI) is an imaging technique used primarily in 

medical settings to produce high quality images of the inside of the human body. MRI is 

based on the principles of nuclear magnetic resonance (NMR), a spectroscopic technique 

used by scientists to obtain microscopic chemical and physical information about 

molecules. MRI started out as a tomographic imaging technique, that is, it was used to 
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produce an image of the NMR signal in a thin slice through the human body. It has since 

advanced beyond a tomographic imaging technique to a volume imaging technique. 

MRI works on the human body because the human body is primarily made up of 

water and fat. Fat and water have many hydrogen atoms, which makes the human body 

approximately 63%) hydrogen atoms. Each voxel of an image from the human body 

contains tissues, which contain water molecules, which in turn contain hydrogen atoms, 

and eventually protons. Protons act like little magnets due to its spin, and it is this spin 

that produces an NMR signal. For these reasons, MRI primarily images the NMR signal 

from hydrogen nuclei. However, other nuclei produce NMR signals such as H, H, P, 

'^Na,''N,'^C,and"F [21]. 

The nuclei of all elements carry a charge. When the spins of the protons and 

neutrons comprising these nuclei are not paired, the overall spin of the charged nucleus 

generates a magnetic dipole along the spin axis, and the intrinsic magnitude of this dipole 

is a fiindamental nuclear property called the nuclear magnetic moment, \i. The symmetry 

of the charge distribution in the nucleus is a function of its internal structure and if this is 

spherical (i.e. analogous to the symmetry of a Is hydrogen orbital), it is said to have a 

corresponding spin angular momentum number of 1=1/2. Examples of this situation are 

•H, ' ^C , ' H ' ^F , ^ ' P , etc. 

1.3.2 Ti and T2 Relaxation 

The return of excited nuclei from high-energy state to a low energy state or 

grovmd state is associated with a loss of energy to the surrounding nuclei. The Ti 

relaxation time or spin-lattice relaxation time is the time it takes the magnetization to 
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return to 63%) of its original length. After two Ti times, the magnetization is at 86%), at 

three Ti times, at 95%. The spins are considered completely relaxed after about 3-5 Ti 

times. Ti relaxation is fastest when the motion of the nucleus matches that of Larmor 

frequency. Higher magnetic fields are associated with longer Ti times. 

T2 relaxation or spin-spin relaxation occurs when spins in the high and low energy 

states exchange energy but do not lose energy to the surrounding lattice. This results 

macroscopically, in a loss of the transverse magnetization. In pure water, the T2 and Ti 

times are approximately the same, about 2-3 seconds. In biological materials, the T2 time 

is considerably shorter than the Ti time. For Cerebrospinal fluid (CSF), Ti=1.9 sec. and 

T2=0.25 sec [22]. For brain white matter, Ti = 0.5 sec. and T2 = 70 ms. [23]. T2 

relaxation occurs exponentially like Ti relaxation with 63% of the transverse 

magnetization gone after one T2 period. 

1.3.3 Time 

The repetition time (TR) is the time between repetitions of the basic sequence in 

an imaging pulse sequence. The echo time (TE) The time between the 90-degree pulse 

and the maximum in the echo in a spin-echo sequence. The time of acquisition for a 

conventional spin echo or gradient echo sequence is the product of the repetition time 

(TR), phase encoding steps, and the number of averages. For example, with a 1 second 

TR, 128 phase steps, and two averages, we would get an acquisition time of 1x128x2 = 

256 seconds (4 min. and 16 sec). The actual time will be slightly longer. 
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1.3.4 Pulse Sequences 

A pulse sequence is a series of radio frequency (RF) pulses and/or magnetic field 

gradients applied to a spin system to produce a signal representative of some property of 

the spin system. One of the sequences used in this study is the spin-echo pulse sequence. 

Here a 90° pulse is first applied to the spin system. Let us say that the magnetization is 

pointed in the Z direction. The 90° pulse rotates the magnetization down into the XY-

plane then fransverse magnetization begins to dephase. At some point in time after the 

90° pulse, a 180° pulse is applied. This pulse rotates the magnetization by 180° about the 

X-axis. The 180° pulse causes the magnetization to at least partially rephase and to 

produce a signal called an echo. Figure 1.11 shows a spin-echo pulse sequence. 

For the Ti measurements, and inversion recovery sequence was used. An 

inversion recovery pulse sequence can also be used to record an NMR spectrum. In this 

sequence, a 180° pulse is first applied. This rotates the net magnetization down to the -Z 

axis. The magnetization undergoes spin-lattice relaxation and retums toward its 

equilibrium position along the +Z axis. Before it reaches equilibrium, a 90° pulse is 

applied which rotates the longitudinal magnetization into the XY plane. In this example, 

the 90° pulse is applied shortly after the 180° pulse. Once magnetization is present in the 

XY plane it rotates about the Z-axis and dephases giving a free-induction decay (FID). In 

the next section we detail the mathematical models used to analyze the MR signals 

obtained from each acquisition measurement. 
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1.4 Mathematical Modeling and Data Reduction 

The irradiated gel undergoes a battery of MRI data acquisition protocols. The 

MRI data is then processed and reduced through the application of several mathematical 

models. The various models are described below. Proton MR measurements were 

performed on a 1.5 T General Electric superconducting MR imager housed at the MRI 

center at the University Medical Center (UMC). Multi-echo images were obtained using 

a Hahn spin-echo sequence with echo times ranging in value from 20 ms to 400 ms for a 

repetition time (TR) of 2000 s. A slice thickness of 5.0-mm, a field of view of 22 cm and 

a mafrix size of 256 x 256 were used to obtain the images. The resulting raw images 

obtained represent four dimensions; we have time dependent images in which every slice 

has a corresponding 12-15 images based on the number of echoes acquired, and we have 

the spatial dependence represented by the two dimensional slice (x and y) and the slice 

number (which represents z). Figure 1.12 below shows this time dependence. Figure 

1.13 shows the spatial dependence represented by each 2-D slice and 29 slice numbers. 

1.4.1 First-Order Model 

For the calculations ofthe first-order proton MR relaxation parameters, N(H), Ti, 

and T2, the intensity I ofthe normal spin-echo as a function of TR and TE is [24] 

1 (TR, TE) =N(H)e-'^^'^' X {1- (e-*™-̂ '̂ )̂̂ ' /cosh (x/Tl)) 

X [1 + e-''''^'(cosh (x/Tl) -1)]} (1.9) 

where M is the total number of echoes for a particular TR, and 2x is the time interval 

between two consecutive echoes. From equation (1.9) we can extract the equation for the 

monoexponential model. The equation is given by 

14 



I(TE) = lo e-"̂ "̂ ^̂  (1.10) 

where IQ is the Ti-weighted proton density. The main assumption of this model is the 

mono-exponential relaxation behavior of both the Ti recovery and T2 decay of the 

magnetization between pulses. For example, the components of the irradiated gel decay 

with a single exponential behavior regardless of the amount of radiation received by that 

region. 

1.4.2 Double Exponential Model 

This model assumes the existence of two non-interacting water components which 

decay independently with two different relaxation times. Here, each compartment is 

assumed to decay independently of the other hence is modeled by two independent 

exponentials. The equation below can also accommodate an altemative "exchange" T2 

relaxation model [25]. 

I (TE) = lo [as e-'̂ ^ '̂̂  + (1 - as) e-̂ ^̂ '̂̂ ] (1.11) 

where T2s and T2f are the two resolved slow and fast T2, respectively, as is the fraction of 

the slower relaxing component. 

1.4.3 Gaussian Distribution T2 Model 

This continuous Gaussian distribution model assumes the existence of several 

water compartments and each has a continuous T2 value. The decay ofthe magnetizations 

within a compartment obeys a Gaussian type of distribution. The fraction of each 

compartment obeys a Gaussian distribution as a function of T2. As with the double-
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exponential model, the water compartments defined here are assumed not to interact with 

each other [26]. 

I (TE) = 1 x [Io/(co V(27t))] exp [-(T2-TA)^/2(O^] exp[-(TE/T2)] dT2 (1.12) 

where lo, TA, and co are the amplitude, T2 average and half-width of the T2 gaussian 

disfribution respectively. Theoretically, the integration is from zero to infinity. If this 

model applied to this gel system, then we could speculate that there is a distribution of 

T2'S. 

1.4.4 T2 Goodness-of-Fit Model 

Besides the fitting parameters, the chi-squares (CHI) value, or T2- goodness of 

fit, for each model (mono-exponential, double-exponential and Gaussian) provides a 

sensitive parameter for testing the "T2-heterogeneity" of the gel as compared with free 

water (mono-exponential T2 decay). It has demonstrated that these goodness of fit maps 

are quite different from all other PRP maps and may represent a new means to 

characterize biological materials as well as diagnose neurological impairments [27]. The 

value of CHI is given by 

CHI = [l/(N-p)] 2 [(lex -Ith )'/ a ' ] (1.13) 

where N £ind p are the number of echoes and the number of fitting parameters 

respectively, and a is the noise ofthe pixel data, and lex and Ith are the intensity measured 

experimentally and the calculated intensity from model fitting, respectively. The 

summation is from 1 to N. 
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1.4.5 Proton MR Characterization 

Proton MR characterization of each gel was done according to the models 

enumerated above. The data for all gels is summarized in Table 1.1. The chi-square ratio 

is defined as the monoexponential chi-square (x̂ m) divided by the biexponential chi-

square and Gaussian chi-square for each ROI. The plots ofthe magnetization intensities 

vs. echo time TE for each ofthe ROI's ofthe gels Figures 1.14-1.21. The chi-square of 

each fit is then analyzed in the following statistical manner. For the ROI calculations, an 

F-test was done on the chi-square ratio. The chi-square ratio is the ratio of the 

monoexponential chi-square to the higher-order chi-square values. The critical value of F 

depends both on p and the number of degrees of freedom of each fit. In the image 

calculations, the higher order fit was accepted for any given pixel as long as the following 

conditions are satisfied: First, the minimum number of echoes with sufficient signal (4 x 

background noise) must be greater than 4. Second, the chi-square ratio must be greater 

than some threshold value. For example, for a significance of p <0.05 and for 10 echoes 

in the fit, the critical threshold (i.e., chi-square ratio) is 3.0. For the same parameters but 

with a significance of p < 0.01, the threshold is approximately 5.0. Note that the F ratio 

with an appropriate threshold does not allow us to select the appropriate model rather, it 

allows us to statistically distinguish one model from another. 

The chi-square ratios were less than 1.0 except for one measurement therefore the 

F-test criteria was not met. However, the residues map is a good semi-quantitative 

method for determining the goodness-of-fit based on the large or small differences 

between the theoretical and measured values. Based on the residual plots, the 

monoexponential fit was by far the best fit in this particular study. 
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The chi-square comparison is useful in determining if the irradiated and 

unirradiated portions of the gel exhibit a monoexponential behavior or a higher order 

behavior (biexponential, Gaussian). One ofthe results ofthe data reduction algorithm is 

the generation of a chi-square goodness-of-fit map. Each gel slice was processed using a 

monoexponential, biexponential, and Gaussian distribution model as detailed in above. 

These maps were compared with each other through the generation of a composite map 

which depicts the ratio ofthe chi-square difference (monoexponential - higher order) and 

the monoexponential chi-square. 

The result is a map showing the following possible pixel values: a negative value 

is interpreted as a pixel that behaves as a monoexponential, while a positive value is 

interpreted as a pixel that behaves as a higher order exponential or a Gaussian 

distribution. A zero value is inconclusive and can be safely taken as either 

monoexponential or higher order. The importance of this study is to justify our use of a 

monoexponential model to correlate the dose to the R2 of any specific batch of gel. This 

way, we can safely conclude that under most irradiation procedures, the resulting gel 

behaves mostly in a monoexponential way. The figures that follow are sample slices from 

each gel depicting this composite chi-square maps showing a low dose region as well as a 

high dose region. Figures 1.22-1.25 show the composite chi-square difference maps for 

the Scandiplan gel. Peacock gel, Corvus gel, and Kidney gel, respectively. Based on this 

initial analysis, the gels used in this study are mono-exponential before and after 

irradiation. This justifies the use of a monoexponential model in the chapters that follow. 

18 



1.5 Literature Cited 

I] Joosten, J.H., McCarthy, J.L., Pusey, P.N. Dynamic and static light scattering by 
aqueous polyacrylamide gels. Macromolecules. 24:6690-6699 (1991). 

2] Sellen, D.B. Laser light scattering study of polyacrylamide gels. J. Polym Sci. B: 
Polym. Phys. 25:699-716 (1987). 

3] Suzuki, A., Yamazaki, A.M., Kobiki, Y. Direct observation of polymer gel surfaces 
by atomic force microscopy. J. Chem. Phys. 104:1751-1757(1996). 

4] Morrison, C , Henkelman, R.M. A model for magnetization transfer in tissue. Magn. 
Reson. Medicine. 33:475-482 (1995). 

5] Johns, H.E. and Cunningham, J.R. The Physics of Radiology. 4"̂  ed. Charles C. 
Thomas, Springfield, Illinois (1983). 

6] Alpen, E.L. Radiation Biophysics. 2"^ ed. Academic Press, San Diego, CA. (1998). 

7] Bleier, A., Carol, M.P., Curran, B.H., Holmes, T.W., Kania, A.A., Lalonde, R.J., 
Larson, L.S., Stemick, E.S. Dose Calculation for Intensity Modulated Radiotherapy 
using Finite Size Pencil Beams Derived from Standard Measured Data, NOMOS 
Corporation, Sewickley, PA. 

8] Technical Manual. NOMOS Corporation, Sewickley, PA. 15143. 

9] Material Safety Data Sheet. Sigma-Aldrich. 

10] Acrylamide cas no. 79-06-1: Sixth armual report on carcinogens. United States 
Department of Health and Human Service National Toxicology Program 
(Web-page) http: //www.niehs.nih.gov/. 

II] Martenson, C.H., Sheetz, M.P. and Graham, D.G. In vitro acrylamide exposure alters 
growth cone morphology. Toxicology and Applied Pharmacology. 131:119-129 
(1995). 

12] Morawetz, H. Polymers: The Origins and Growth of a Science. Dover Books, New 
York. (1985) 

13] Maryanski, M.J.; Schulz, R.J.; Ibbott, G.S., et al.. Magnetic resonance imaging of 
radiation dose distributions using a polymer gel dosimeter. Phys. Med. Biol. 39: 
1437-1455 (1994). 

19 

http://www.niehs.nih.gov/


[14] Odian, G. Principles of Polymerization. 3"" ed. Wiley, New York (1991). 

[15] Buxton, G.V., Greenstock, C.L., Helman, W.P., Ross, H.P Critical-review of rate 
constants for reactions of hydrated electrons, hydrogen-atoms and hydroxyl radicals 
in aqueous-solution. Journal of Physical Chemistry RefData. 17:513-886 (1988). 

[16] Panajkar, M.S., Guha, S.N., Gopinathan, C. Reactions of hydrated electron with 
n,n'-methylenebisacrylamide in aqueous-solution - a pulse-radiolysis study. Journal 
of Macromoleclar Science, Pure and Applied Chemistry, A32: 143-156 (1995). 

[17] Flory, P.J. Statistical Mechanics of Chain Molecules. Interscience, New York 
(1969). 

[18] Case, F.H. Applications of modeling in Polymer-Property Prediction. Journal of 
Computer Aided Design. 3:369-378 (1996). 

[19] Homak, J.P. The Basics of MRI a hypertext book on magnetic resonance imaging. 

(Web-page)vvrww.cis.rit.edu/htbooks/mri (1996). 

[20] Damadian, R.V. Tumor Detection by Nuclear Magnetic Resonance. Science. 
March 19, 1971. 

[21] Handbook of Chemistry and Physics, 53 ed., ed. by R.C. Weast, Chemical Rubber 
Company, Cleveland, Ohio (1972). 

[22] Awasthi, D., Voorhies, R.M., Eick, J., Mitchell, W.T. Cerebral amyloid angiopathy 
as multicranial lesions on magnetic resonance imaging. J. Neurosurg. 75:458-460 
(1991). 

[23] Iwama, T., Yamada, H., Era, S., et al. Proton nuclear magnetic resonance studies on 
water structure in peritumorial edematous brain tissues. Magn. Reson. Med. 24:53-
63 (1992) 

[24] Urie M., Goittein M., Dopke K., et al. The role of uncertainty analysis in freatment 
planning. Int JRad Oncol Biol Phys. 21:91 -107 (1991) 

[25] Suit, H.D., Westgate, S.J. Impact of improved local control on survival. Int J Rad 
Oncol Biol Phys. \2: 453-458 (1986). 

20 



[26] Dumitresco, B.E., Armspach, J., Gounot, D., et al. Muhi-exponential analysis of T2 
images. Magn. Reson. Imaging. 4:445-448 (1986). 

[27] Shioya, S., Christman R., Ailion, D.C. An in vivo NMR determination of 
multiexponential Hahn T2 of normal lung. Magn. Reson. Med. 16:49-56 (1990). 

21 



Table 1.1. Monoexponential versus higher order parameter fits for each gel system based 
on a region-of-interest study. 

Region of 

Interest 

(ROI) 

Scandiplan 

Low dose 

Corvus 7 

Low dose 

Corvus 8 

Low dose 

Peacock 

Low dose 

Scandiplan 

High dose 

Corvus 7 

High dose 

Corvus 8 

High dose 

Peacock 

High dose 

Monoexponential 

T2 

135.7 

(0.80) 

141.4 

(1.03) 

103.0 

(0.34) 

143.7 

(0.68) 

80.9 

(0.29) 

80.2 

(0.30) 

83.0 

(0.28) 

79.6 

(0.82) 

XM 

1.83 

0.356 

1.61 

0.657 

1.90 

0.621 

3.84 

0.82 

Biexponential 

T2(l) 

130.5 

(4.9) 

139.5 

(11.1) 

91.5 

(0.40) 

143.5 

(5.29) 

76.8 

(0.07) 

73.5 

(0.43) 

85.7 

(4.7) 

80.6 

(1.2) 

T2(2) 

128.90 

(0.91) 

141.57 

(1.14) 

126.29 

(1.26) 

143.76 

(0.79) 

77.66 

(0.06) 

92.33 

(0.97) 

82.7 

(0.29) 

79.3 

(0.39) 

XM'/XB' 

0.801 

0.819 

0.837 

0.819 

0.801 

0.827 

0.803 

0.801 

T2 

128.4 

(0.78) 

137.1 

(1.03) 

102.5 

(0.37) 

141.4 

(0.71) 

80.9 

(0.37) 

79.7 

(0.30) 

82.89 

(0.14) 

79.4 

(0.09) 

Gaussian 

Tw 

3.50 

(116) 

3.71 

(118) 

14.63 

(2.59) 

3.55 

(83.7) 

2.85 

(0.74) 

8.61 

(3.52) 

2.42 

(0.06) 

2.16 

(0.04) 

XM'/XG' 

0.237 

0.058 

0.935 

0.041 

0.901 

0.927 

0.897 

0.897 
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Figure 1.1. Dose versus Kerma. The figure illustrates how the kerma is initially 
maximum at the interface and greater than the dose. The dose eventually becomes 
greater than the kerma within the new medium. The dose maximum shown occurs 
shortly after the system achieves charged particle equilibrium. 
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Figure 1.2. Scandiplan Four-Field Box. The figure shows a typical four-field box delivery 
with Si - S4 representing the four angles ofthe delivery. 
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Figure 1.3. Multi-Leaf Collimator Pencil Beams. Panel A: The division of 2 x 20 cm^ 
beam into 40 1 x 1 cm^ finite sized pencil beams . The finite-size pencil beam (FSPB) 
profile shown directly from a collimator view in (Panel B) and the corresponding plot of 
the superposition profiles ofthe beams in (Panel C). 
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Figure 1.4. The chemical structure of the main ingredients of BANG gel. The size and 
shape of acrylamide, bisacrylamide, and water are shown in this figure. These 
components make up 94% ofthe BANG gel. 
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Figure 1.5. The chemical structure of gelatin. Gelatin is used to form the gel matrix of 
the BANG gel. The gel is made up of about 6% gelatin (by weight). 
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Figure 1.6. TropocoUagen Fibers. A rendering of the gelatin tropocoUagen fibers is 
shown in the figiue along with its dimensions. (Image courtesy of Yves de Deene, Gent 
2000). 

28 



Polypeptide N.N'-rnelhyleen-bis-acrylamide 

Figiu-e 1.7. The BANG gel network. This figure is a rendering ofthe BANG gel network 
showing the main components (acrylamide and bisacrylamide) and the tropocoUagen and 
polypeptide framework formed by the hydrated gelatin. (Image courtesy of Yves de 
Deene, Gent 2000). 
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Figure 1.8. Polymerization Propagation Step. The water radicals break the monomers 
into free-radicals of acrylamide and bisacrylamide which combine to form polymer 
chains. 

30 



H H H H 

(R)-CH,d^ + .CCH.--(R) (R)-CHi--H + C-CH-(R) 

X X X X 
Figure 1.9. Termination by disproportionation. Here, the chain is terminated either by an 
impurity or by a free radical stripping a hydrogen atom from an active chain. 
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Figure 1.10. Matrix deformation and aggregate formation. The termination of the 
polymerization sequence ends with the formation of a polymer aggregate and the 
deformation ofthe gel matrix. (Image courtesy of Yves de Deene, Gent 2000). 
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Figure 1.11. The Spin-echo Pulse Sequence. The protons in the sample act like little 
magnets. Once the sample is placed in the imager, they align parallel or anti-parallel to 
the magnetic field and the magnetization vector can represent the sum of these magnets. 
The magnetization is hit with a 90° pulse causing the magnetization to collapse into the x-
y plane causing the individual magnetization vectors to dephase. An 180 pulse follows 
causing the vectors to rephase and an echo is observed as the magnetization vector goes 
back to its original position. 
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Figure 1.12. The temporal dependence ofthe gel slice #14 ofthe Scandiplan gel where 
each slice is an image representing an echo time ranging from 20 ms to 400 ms. 
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Figure 1.13. The Spatial Dependence ofthe Peacock Gel. Each slice represents an axial 
cut ofthe spherical gel. 
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Figure 1.14. Magnetization and Residues ofthe Scandiplan Gel low dose ROI. Plots of 
the magnetization intenshies (A), panel A, and residues, panel B of the low dose ROI of 
the Scandiplan gel. Both are plotted versus the echo time (TE). In A, the theoretical 
curves are generated by the monoexponential fit ( ), biexponential fit ( ), and 
the distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.15. Magnetization and Residues ofthe Corvus07 Gel low dose ROI. Plots ofthe 
magnetization intensities (A), panel A, and residues, panel B of the low dose ROI of the 
Corvus07 gel. Both are plotted versus the echo time (TE). In A, the theoretical curves 
are generated by the monoexponential fit ( ), biexponential fit ( ), and the 
distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.16. Magnetization and Residues ofthe CorvusOS Gel low dose ROI. Plots ofthe 
magnetization intensities (A), panel A, and residues, panel B of the low dose ROI of the 
CorvusOS gel. Both are plotted versus the echo time (TE). In A, the theoretical curves 
are generated by the monoexponential fit ( ), biexponential fit ( ), and the 
distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.17. Magnetization and Residues ofthe Peacock Gel low dose ROI. Plots ofthe 
magnetization intensities (A), panel A, and residues, panel B of the low dose ROI of the 
Peacock gel. Both are plotted versus the echo time (TE). In A, the theoretical curves are 
generated by the monoexponential fit ( ), biexponential fit ( ), and the 
distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.18. Magnetization and Residues ofthe Scandiplan Gel high dose ROI. Plots of 
the magnetization intensities (A), panel A, and residues, panel B ofthe high dose ROI of 
the Scandiplan gel. Both are plotted versus the echo time (TE). In A, the theoretical 
curves are generated by the monoexponential fit ( ), biexponential fit ( ), and 
the distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.19. Magnetization and Residues ofthe Corvus07 Gel high dose ROI. Plots of 
the magnetization intensities (A), panel A, and residues, panel B ofthe high dose ROI of 
the Corvus07 gel. Both are plotted versus the echo time (TE). In A, the theoretical 
curves are generated by the monoexponential fit ( ), biexponential fit ( ), and 
the distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.20. Magnetization and Residues of the CorvusOS Gel high dose ROI. Plots of 
the magnetization intensities (A), panel A, and residues, panel B ofthe high dose ROI of 
the CorvusOS gel. Both are plotted versus the echo time (TE). In A, the theoretical 
curves are generated by the monoexponential fit ( ), biexponential fit ( ), and 
the distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.21. Magnetization and Residues ofthe Peacock Gel high dose ROI. Plots ofthe 
magnetization intenshies (A), panel A, and residues, panel B ofthe high dose ROI ofthe 
Peacock gel. Both are plotted versus the echo time (TE). In A, the theoretical curves are 
generated by the monoexponential fit ( ), biexponential fit ( ), and the 
distribution fit ( ). The residues, or differences between experimental data and 
predicted fit data, are shown in B with the same legend. 
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Figure 1.22. Scandiplan Off-axis and Central Slice Chi-square Comparisons. Panel A is 
the mono-exponential chi-square map for an off-axis slice ofthe Scandiplan gel (Z = 100 
mm) while panel D is the chi-square map for the central slice (Z = 65 mm). Panels B and 
E show the biexponential versus mono-exponential comparison while panels C and F 
show the Gaussian versus mono-exponential comparison. The figures show that the 
Scandiplan gel behaves mono-exponentially. 
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Figure 1.23. Corvus Off-axis and Central Slice Chi-square Comparisons. Panel A is the 
mono-exponential chi-square map for an off-axis slice ofthe Corvus gel (Z = 100 mm) 
while panel D is the chi-square map for the central slice (Z = 65 mm). Panels B and E 
show the biexponential versus mono-exponential comparison while panels C and F show 
the Gaussian versus mono-exponential comparison. The figures show that the Corvus gel 
behaves mono-exponentially. 
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Figure 1.24. Peacock Off-axis and Central Slice Chi-square Comparisons. Panel A is the 
mono-exponential chi-square map for an off-axis slice ofthe Peacock gel (Z = 100 mm) 
while panel D is the chi-square map for the central slice (Z = 65 mm). Panels B and E 
show the biexponential versus mono-exponential comparison while panels C and F show 
the Gaussian versus mono-exponential comparison. The figures show that the Peacock 
gel behaves mono-exponentially 
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Figure 1.25. Kidney Gel Chi-Square Comparisons. The figure shows Kidney gel Z = 20 
mm and Z = 110 mm. Panels B and E show the biexponential versus mono-exponential 
comparison while panels C and F show the Gaussian versus mono-exponential 
comparison. The figures show that the Kidney gel behaves mono-exponentially 
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CHAPTER 2 

ON-SITE INTERNAL NORMALIZED CALIBRATION PROTOCOL 

FOR 3-D MAGNETIC RESONANCE GEL DOSIMETRY 

IN A CLINICAL SETTING 

2.1. Introduction 

Polyacrylamide gel is a class of very usefiil and versatile polymeric materials with 

a number of applications in biomedical research such as drug delivery systems, 

electi-ophoresis, and gel permeation chromatography [1]. Lately, they were used in the 

field of three-dimensional radiation dosimetry [2-7]. Previous studies have established 

the effectiveness of polymer gel dosimetry using magnetic resonance imaging [2,3]. A 

big part of its effectiveness is due to the tissue-like characteristics ofthe gel and its ability 

to simulate the response of real tissue to radiation exposure. What this method utilizes is 

the process of radiation-induced free radical chain polymerization. The gel is composed 

of a collection of monomers dispersed through an aqueous gel matrix and, upon 

irradiation, these monomers cross-link to form regions of varying degrees of 

polymerization. The degree of polymerization is proportional to the amount of dose 

deposited to the gel and causes a change in the ambient water proton environment thereby 

affecting the proton T2 relaxation rates of water in various regions of the gel. Therefore, 

the T2 relaxation maps of the irradiated gels will allow one to calculate the dose 

deposition ofthe gels [2,3]. This MR gel dosimetry promises to provide accurate three-

dimensional dose verification of advanced conformal radiation therapy such as intensity 

modulated radiation therapy [2] and, perhaps, proton therapy [4]. 
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The important factors that determine the usefulness of a MR gel dosimeter are the 

accuracy of the dose calibration protocol used for a particular batch of gels, and its 

consistency, reproducibility and usability in a clinical setting. The major issue that needs 

to be addressed is whether the dose sensitivity and calibration remain consistent and 

useable under a variety of clinical settings. Many ofthe previous studies [1,2,6,13] were 

performed in extremely controlled environments or laboratory settings and the resuhs of 

these sttidies are very promising. However, in a clinical setting, the gel is manufactured 

at a remote site, then shipped to the clinical site where the gel usually sits on the shelves 

for a significant fi:action of its shelf life, and then undergoes a sequence of CT scans, 

irradiations, and finally, MRI data acquisitions. As a result, will the dose sensitivity and 

the manufacturer calibration be affected by a multitude of clinically relevant 

environmental factors such as temperature variations, exposure to low levels of radiation 

(mostly optical), shelf life and even low levels of oxygen contamination? If so, how do 

we compensate for the uncontrollable and, sometimes, harsh clinical conditions and still 

be able to take fiiU advantage of the polymer gel dosimeter? To study the effects of the 

above environmental factors on the polymer gel dosimeter, we performed a series of 

irradiation and imaging studies using three different calibration procedures. These 

calibration studies are based on Type 1 and Type 2 calibration protocols [2,3,5,6]. Type 

1 protocols involve small gel volumes irradiated with a known dose, whereas Type 2 

protocols involve calibration experiment done using large volume dosimeters. 

In this gel dosimeter study, we irradiated four gels in identical spherical flasks and 

used two computer treatment-planning systems along with three different radiation 

delivery methods to deliver the radiation. A hypothetical cylindrical shaped lesion of 5-
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cm length and 5-cm diameter located at the geometric center of each spherical gel was 

planned for irradiation. In addition, a series of calibrated doses were delivered to the four 

external tube gels for our on-site Type 1 calibration, and three stripe fields with calibrated 

doses were delivered to a single spatially inhomogeneous cylindrical gel for our own on-

site Type 2 calibration. Once the treatment plan was implemented and the dose 

calibration protocols were completed, the gels were subjected to a series of MRI 

acquisitions in order to acquire four-dimensional (volume and echo time) T2-weighted 

multi-echo images of the spherical and cylindrical gels. Subsequently, three-dimensional 

proton transverse relaxation rate map R2 (=1/T2) of each gel was determined. Bulk R2 

values of the irradiated tube gels and control were obtained separately. Using three 

different calibration protocols, dose maps and their upper and lower boundaries of the 

spherical and cylindrical gels were generated. 

In this study, the first calibration procedure is the off-site extemal manufacturer 

calibration protocol using calibration coefficients supplied by the manufacturer with each 

batch of gel shipped to our radiation site. The second calibration procedure is the on-site 

extemal tube calibration protocol which was based on our own on-site measured R2 

parameters of the tube gels. The third calibration procedure is the on-site intemal 

normalized calibration protocol which is based on calibrating the deposited dose based on 

the intemal maximum and minimum relaxation parameters of each individual spherical 

and cylindrical gel performed on-site. 

Previous studies [1,2] performed with BANG gel dosimetry system showed some 

variations in the calibration curves obtained. Based on these variations, it is difficuU to 

accept the validity of calibration curves obtained from either extemal off site or extemal 
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on-site calibration. In addition, some internal calibration methods may be heavily 

dependent on knowing what the absolute maximum and the minimum doses are delivered 

to the dosimeter and the environmental conditions during the irradiation. The normalized 

calibration protocol proposed in this paper does not have these problems. It only relies 

on the minimum and the maximum R2 data points that are measured directly within the 

gel volume of each gel dosimeter. As a result, this normalized intemal calibration 

protocol presents a more consistent means of obtaining three-dimensional dose 

distributions in any kind of dosimetric analysis in a clinical setting. 

2.2 Materials and Methods 

2.2.1 Tube, cylindrical and spherical gel dosimeters 

Type 1 and Type 2 calibration protocols have been proposed to calibrate MR gel 

dosimeters [2,3,5,6] Type 1 calibration protocols employ small containers, usually test 

tubes, filled with a gel [3,6] Type 2 calibration protocols use a larger volume of gel, 

typically a large cylindrical or spherical flask [2,5]. In this study, Pyrex glass tubes (95-

mm length and 25-mm outer diameter) and a Pyrex glass cylinder (18-cm length and 9.0-

cm diameter) with four hollow tubes (18-cm length) symmetrically placed inside, filled 

with gels were used as our own on-site extemal Type 1 and Type 2 calibration gels, 

respectively. The gels manufactured for this study were homogeneous. It is difficult to 

create a viable heterogeneous gel system practical for clinical use. As a result, we 

incorporated four tubes into the cylindrical phantom in order to introduce heterogeneity 

into the experiment and to determine if these heterogeneous regions greatly affect the 

accuracy of the planned dose depositions. In addition, these tubes could be filled with 
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various materials to mimic body fluids such as cerebral spinal fluid, or just filled with air 

in order to mimic various cavities such as the nasopharynx and throat. MGS Research 

Inc (Guilford, CT) provided all the gels used in this study. The polymer gels are made of 

3% N, N'-methylene-bisacrylamide, 3% acrylic acid, 1% sodium hydroxide, 5% gelatin, 

and 88% water, all percentages are by weight [5]. The gels are called BANG2 gel 

dosimeters, named after its main components. These gels have a measured density of 

1.05 +/- 0.005 g/cm^, which is quite comparable to the density of human muscle tissue 

[6]. The gels are homogeneous and are contained in Pyrex glass containers with a density 

of about 2.2 g/cm and around 4-mm thick [7]. The spherical gels and the tube gels came 

fi-om the same batch of BANG gel that was manufactured with a sensitivity of up to 15 

Gy. The cylindrical gel was manufactured from a different batch of BANG gel that has a 

sensitivity of up to 25 Gy. 

2.2.2. Irradiation and R2 Imaging Protocols 

2.2.2.1 Tube Gels 

The tube gel dose calibration was performed using five tube gels. A Siemens 

linear accelerator (Siemens Medical Systems Inc., Concord, CA) was used for the 

irradiation. One gel was not irradiated and served as the zero dose point, while the other 

gels were each irradiated with a unique known dose of increasing magnitude. The tube 

gel was inserted into a cylindrical Lucite phantom to obtain an equilibrium condition. 

Initially, the dose delivered to the center of the phantom was measured by an ionization 

chamber (NE 2581, Framer type. Nuclear Enterprises LTD, UK) placed at the same 

location of the tube gel. Once the dose to each tube was determined, the next step 
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involved obtaining the T2 value for each tube using the Varian 2.0 Tesla MR imager 

(Varian Scientific Instruments, Palo Alto, CA.) at the Petroleum Engineering MRI center 

at Texas Tech University (TTU). The bulk T2's were acquired for all five tubes using a 

CPMG pulse sequence. The T2 and T2-uncertainty (aT2) measurements of each tube were 

obtained fi-om the Varian imager software using a monoexponential fit procedure. Each 

T2 value was converted into a relaxation rate, R2 (= I/T2) and the uncertainty in R2, or 

UR2, was given by aT2/T2 .̂ 

2.2.2.2 Cylindrical Gel 

The same Siemens linear accelerator was used to deliver three stripe fields with 

calibrated doses to the spatial inhomogeneous cylindrical gel as described above. The 

dose to each stripe was calibrated with an ionization chamber (IC-10, Wellhofer North 

American, Bartlett, TN). A glass vessel of identical geometry as the cylindrical gel but 

filled with water was used for the calibration measurement. The water-filled vessel was 

marked with three rectangular stripes, 3-cm width and 6-cm length each, set by the 

collimator jaws. The accelerator delivered a stripe field of a different intensity to each 

stripe in the vessel. The dose, direct or leeikage, received by each stripe was measured by 

the ionization chamber located at the center of the stripe. The dose to each stripe was 

measured by an ionization chamber located in the center of the stripe while the measured 

stripes were irradiated with a given amount of MU. In order to retain a large zero dose 

region, stripe 2 (medium dose region) and stripe 3 (high dose region) were slightly 

overlapped. In addition, this overlap allows us to mimic or simulate the clinically 

53 



relevant situation of over-irradiation due to accidental overlap and inadvertent patient 

movement. 

Proton MR measurements were performed on a whole-body 1.5 Tesla Philips 

(Philips Medical Systems, Shelton, CT.) superconducting MR imager located in the MRI 

center at the University Medical Center (UMC). The gel was left in the scanning room 

for over 24 hours in order for the gels to achieve thermal equilibrium. The ease, 

accuracy, and reproducibility of image-derived relaxation times using a typical 1.5 Tesla 

medical imager have already been established [8,9]. Therefore, the protocols we used in 

this study can be used in any medical center that has a medical MR imager. MR Data 

was acquired using a Hahn spin-echo sequence. Twenty-nine axial slices of Ti-weighted 

multi-echo images, covering most of the gel volume, were obtained. Sixteen T2 echo 

images with echo time (t) ranging from 20 to 400 ms and with a repetition time (TR) of 

2000 ms were used. Each slice has a thickness of 5.0-mm, a field of view of 22 cm and a 

matrix size of 256 x 256. The four dimensional, i.e., volume and echo time, raw multi-

echo images I(x, y, z, t) were processed and reduced into R2 (x,y,z) and UR2 (x, y, z) 

images by a image calculation program written in C generated by the Biophysics team at 

TTU. The program was based on a nonlinear least squares Levenberg-Marquardt data 

reduction procedure'" using a monoexponential T2 decay fitting. This decay fitting 

equation can be written as 

Iix,y,z,t)==, ix,y,z,t)e-"^''''''" (2.1) 

where Io(x,y,z) is the Ti weighted proton density. Since the maximum R2 of each stripe 

was found to be very distinct, we performed a region-of-interest (ROI) analysis on the 
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high R2 to obtain the average R2 along with the standard deviations (aR2) from each stripe 

for the purpose of calibration. 

2.2.2.3 Spherical Gels 

Three fiducial markers were placed on each gel to define the iso-center. A CT 

scan was obtained in 5 mm spacing and these images were subsequently transferred to the 

respective tieatment planning computer system. Two treatment-planning systems were 

used, namely the Scandiplan System developed by the University of Michigan, and the 

CORVUS system (NOMOS Corp., Sewickley, PA). Scandiplan is a conventional CT-

based treatment planning system, whereas CORVUS is an inverse planning system 

specially designed for intensity modulated radiation therapy (IMRT). A hypothetical 

lesion with a cylindrical shape of 5.0-cm diameter and 5.0-cm length was planned using 

these two treatment-planning systems. With Scandiplan, a traditional four-field box 

technique was used to cover the cylindrical lesion. The gantry angles of the four fields 

were 0°, 90°, 180°, and 270°, with uniform beam intensities at a field size of 6-cm x 6-cm, 

6MV photon energy. With Corvus, the same four gantry angles and beam energy but 

non-uniform beam intensities were used. The profiles of the non-uniform beam 

intensities were determined by the planning system through its optimization routine. The 

plan was delivered using the conventional muhi-leaf collimator (MLC) in the same 

Siemens linear accelerator. A different plan, called Peacock, using a special muhi-vane 

collimator (NOMOS Corp. Sewickley) attached to the linear accelerator was also 

generated by Corvus. This plan was delivered with four 270° arcs. The treatment couch 

was manually moved to an increment of 1.66 cm between arcs along the z-axis. 
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Identical MRI data acquisitions, covering the entire gel volume including the neck 

region of the flask, as described above were performed on all the spherical gels. For 

consistency, the marks on the flask were used for the indexing the CT scan, irradiation 

and MRI acquisition identical data reduction procedures as described above were used. 

This is done in order to maintain consistency within each experiment. 

2.2.3 Dose Calibration Protocols 

2.2.3.1. Off-site Manufacturer Calibration Protocol 

All gels shipped for use in this study includes a data sheet containing the dose 

calibration curve. This calibration was based on a type 2 irradiation of a large flask of 

polymer gel. The dose response curve was obtained by irradiating five circular fields 

shaped by a stereotactic cone [12]. Known doses are delivered to each maximum dose, 

Dmax position and from the relaxation times obtained from each cone, the dose calibration 

curve is obtained. The calibration curve we received with each batch of gel was in the 

form of a linear equation with no uncertainty in the measurements. This equation has the 

form R2 = aD + b where D is the dose (in Gy), and a and b are fitting coefficients 

obtained from linear regression. From this calibration curve, we generate the normalized 

dose, nD (in percentage), calibration curve, which is given by nD = CR2 + d where c = 

(l/a)[100/Dmax] and d = -[100/ Dmax](b/a). The Dmax represents the maximum delivered 

dose value and was obtained from the treatment planning systems. Using this normalized 

dose calibration curve, the normalized dose maps nD(x,y, z) and their discrete contours 

fi'om the calculated R2(x, y, z) maps were generated. In addition, the normalized upper 

limit dose maps nDuL(x, y, z) and the normalized lower limit dose maps nDLL(x, y, z), 
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were generated fi-om the R2(x, y, z) and uR2(x, y, z) maps using standard en-or 

propagation method. 

2.2.3.2. On-site Extemal Tube and Internal Cylindrical Gel 
Calibration Protocols 

This protocol is applicable to both the extemal tube gels (Type 1) as well as the 

intemal cylindrical band gel (Type 2). Bulk and ROI R2 data points were obtained for the 

irradiated tube gels and cylindrical gel, respectively. From these R2 data points and the 

corresponding calibrated dose on each tube or each band, we generated the dose 

calibration curve in the form of R2 = (a ± aa)D + (b ± cn,), where a and b as well as their 

uncertainties, CTa and (j^, were generated from linear regression. From these calibration 

curves, we generated D(x, y, z), nDuL(x, y, z), and nDLL(x, y, z) and their discrete 

contours from the R2 and UR2 maps using nD = CR2 + d, and standard error propagation 

methods. 

2.2.3.3. On-site Intemal Normalized Calibration Protocol 

The new on-site intemal normalized calibration protocol, proposed in this study, 

is based on accurately measuring the maximum and minimum R2 values, i.e., R2,max and 

R2,min, of cach spccific gel. This is applicable to the cylindrical and spherical gels. The 

new normalized R2 map (in percentage), or nR2 (x,y,z), was generated from each gel 

using the following normalization equation. 

nR,(x,y,z) J^^^^Ml-^xm (2.2) 

^ -'^2,max •'^2,niin ^ 
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If one expresses R2, R2,max and R2,min in terms of D, Dmax and Dmin (minimum dose) using 

the linear relationship of R2 and D, i.e., R2= aD + b, Equ.(2.2) can be transformed into 

nR^{x,y,z) = 
( D{x,y,z)-D^„ 

V max min J 

xlOO (2.3) 

From Equ.(2.3), it is clear that nR2(x,y.z) is identical to nD(x,y,z). Therefore, without 

any knowledge of the actual maximum and minimum dose delivered to each gel, one can 

obtain the normalized dose distribution solely based on the measured R2,max and R2,min 

within the gel. As long as these are carefully measured and identified within each 

dosimeter used. 

2.2.4. Dose Comparison Protocols 

In order to compare and verify the validity of different calibration protocols used 

in this study, the following methodology was used. First, the standard dose versus R2 

curves, i.e., R2 = aD + b, were generated in order to identify the differences between off-

site and on-site calibration protocols. The second comparison involved a two-

dimensional comparison of the dose contour plots generated from each calibration 

protocol. Because of the noise in the data, a 2-Dimensional Gaussian smoothing mask 

(3-pixel width, 1 pixel sigma) was applied to all calculated R2 images using post-image 

processing software Transform 3.3 (Fortner Software Inc., Sterling, VA), prior to the 

generation of the calculated dose contours. This smoothing mask basically averaged out 

the noise fluctuations within each image in order to obtain a smoother version of the 

image without compromising the data contained within each pixel. The calculated dose 

contours were digitally compared using a difference map method which is a direct 
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comparison of the planned versus calculated images. This difference map generates a 

composite image based on a pixel-by-pixel difference taken as calculated minus planned 

value. These maps are color coded in the following way: increasing red means an over 

delivered dose (based on the planned dose), increasing blue means under delivered dose, 

and white means no difference between the plans. A final comparison was achieved by a 

one-dimensional comparison of the dose from the central axis of each slice used in this 

study. Due to the magnitude of data generated in this 4-year study, we focused our 

comparisons on the irradiated gel from Corvus and the irradiated cylindrical gel. 

Comparisons of irradiated gels from the Corvus and Peacock plans will be presented in a 

second manuscript. 

2.3 Results 

2.3.1. Off-Site Manufacturer Calibration Curves 

The previous calibration protocols relied heavily on the two main assumptions. 

The first assumption is that the batch of gels used in the calibration vessels have a dose 

response similar to that of the vessel which was to be used in the eventual dosimetric 

measurement, that is, to within 1-2% perhaps. The second assumption is that we know 

with absolute certainty the value ofthe maximum dose delivered to the dosimetric gel. If 

one or both of these assumptions fail, the result would translate to a significant difference 

in the experimental and theoretical dose profile of the gel. The on-site intemal 

normalized calibration protocol does not rely on any such assumption. The question of 

consistency in the generation of calibration curves is crucial to effective dosimetry using 

the gel dosimeter. Ideally, within the same batch of gel used, it is desirable to obtain 
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reproducible results. Otherwise, if the calibration sensitivity changes upon exposure to 

various extemal conditions then an effective means to account for these changes must be 

established. As a result, we present external data from previously done controlled and 

semi-confrolled calibration studies. Included in this comparison are the off-site extemal 

manufacturer generated calibration protocols obtained from MGS for the two different 

batches of BANG gel used in this study. Within these results, there is a variation in the 

dose calibration curves generated. Two types of calibration have been done. Type 1 is 

the small gel irradiation protocol and Type 2 is the large gel irradiated with regions of 

known dose protocols [11]. 

The Type 1 calibrations are shown in Figure 2.2A. The first calibration curve 

shown was generated from data obtained by Maryanski et al. (1994) [6]. In this 

experiment, BANG gel was used in which five data points were obtained between 0 Gy 

and 8 Gy. The second curve was generated from data obtained by Ibbott et al. (1997) [2]. 

In this experiment, BANG2 gel was used and five test tubes were irradiated with Gamma 

knife. The Type 2 calibrations are shown in Figure 2.3A. The first was obtained by 

Maryanski et al. (1996) [2], using BANG2 gel. A large cylindrical flask was irradiated 

with five spoke irradiations with a 2-cm circular stereotactic cone. The remaining two 

curves were generated by Oldham et al. (1998) [12]. The first curve was done on BANG 

gel with an increased percentage of acrylamide. This irradiation was done on a large 

cylindrical flask and six data points were obtained. The second curve was obtained from 

BANG gel irradiation which obtained 161 data points in a 10 x 10 cm^ depth dose 

regression. 
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Two off-site manufacturer generated calibration curves were obtained in this 

study. Both calibration curves were generated and provided by the manufacturer of the 

gels, MGS Inc. Each batch of BANG gel shipped to our facility contained a data sheet 

about the particular batch of gel used. Within this data sheet is a calibration curve which 

varies depending on the desired sensitivity of gel. All four ofthe spherical gels as well as 

the tube gels we received came with exactly the same data sheet. This calibration curve, 

which did not come with uncertainty values in the measurements, is given by R2 = 0.48 D 

+ 6.00 which is plotted in Figure 2.2B. The calibration curve provided for the cylindrical 

gel irradiation, which came from a completely different batch of gel, is given by R2 = 

0.75 D + 4.13 which is plotted in Figure 2.3B. This batch of gel had a completely 

different sensitivity range than the BANG gel used in the spherical gels. 

2.3.2. On-Site Extemal Tube Gel 

This calibration curve was calculated from the tube gel calibration study. Once 

the T2 was measured and converted into R2, a linear regression fit was done in order to 

obtain the dose calibration curve for these tube gels. The calibration curve obtained is 

given by R2 = (0.198 +/- 0.004) D + (7.20 +/- 0.034). This calibration is shown in Figure 

2.2B which shows the experimental data points, error bars, and the confidence limits 

representing the 95% confidence used in the linear fit. In this same figure, the 

manufacttirer calibration curve for this batch of BANG gel is also shown. The 

differences between the two calibration curves can be cleariy seen. The main difference 

is the R2 value corresponding to the zero dose point. The manufacttirer zero dose point is 
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6.00 s"' while tiie tube gel calibration value is 7.197s"'. Other differences include 

different slopes (0.198 versus 0.48) and consequentiy, a different dynamic range. 

2.3.3. On-Site Extemal Cylindrical Calibration 

This calibration curve was calculated from the large cylindrical gel calibration 

study. Three dose bands were obtained for this calibration along with a zero dose point. 

In addhion, the overlap between stripe 2 (medium dose) and stripe 3 (high dose) yielded a 

fifth dose point corresponding to an over delivered dose that happen frequently in a 

clinical setting. Figures 2.4A-C shows the dose contours overlaid on the raw nR2 image. 

As expected, the number of dose contours increases as we go from Figure 2.4A -2.4C 

(low dose, medium dose, and high dose slice). Figure 2.4D summarized the results of a 

ROI study from each slice plotted as R2 versus z (in mm). From the average value of 

each dose stripe (shown in the figure as a solid black line), a linear regression fit was 

done in order to obtain the precise dose curve for these particular gels. The calibration 

curve obtained is given by R2 = (0.212 ± 0.013)D + (3.60 ± 0.048). This calibration is 

shown in Figure 2.3B which shows the experimental data points, error bars, and the 

confidence limits representing the 95% confidence used in the linear fit. In the same 

figure, the off-site extemal manufacturer calibration curve for this batch of BANG gel is 

also shown. The differences between the two calibration curves can be clearly seen and 

just like the on-site extemal tube gel calibration, the main difference is the R2 value 

corresponding to the zero dose point. The manufacturer zero dose point is 4.13 s" while 

the tube gel calibration value is 3.599s''. Other major differences include different slopes 
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(0.75 versus 0.212) and consequently, a difference in the dynamic range represented by 

each curve. 

2.3.4. On-Site Intemal Normalized Calibration Protocol 

Once the R2 data is obtained for each gel, the entire 3-dimensional volume ofthe 

gel is screened in an attempt to find the R2 maximum and minimum values. The R2 for 

the unirradiated areas were measured based on the assumption that within the volume of 

the irradiated gel there are areas where the dose is approximately zero within 

experimental uncertainty. The unirradiated region of each gel was located at both the 

neck and the base of the spherical container. For these regions, a 5 x 5-pixel area was 

analyzed. This region-of-interest (ROI) area was chosen due to a limitation in the size of 

the gel used as well as to minimize spatial variations of R2. For this ROI, the average R2 

was obtained along with the uncertainty in the measurements, which corresponds to R2 

variations within the ROI. The same analysis was performed to look for the maximum R2 

limit. The high dose region of these particular gels was located in the geometric center of 

the spherical volume. A larger 10 x 10-pixel area was analyzed. From this ROI, the 

average R2 was obtained along with the uncertainty based again on the spatial variations 

ofthe R2. The uncertainties ofthe R2,max and R2,min agree favorably with the full-width 

half max (FWHM) values ofthe peaks in the high dose and low slices as shown in Figs. 

2.5A and D, respectively. What we obtained are two limiting values of R2, (R2, max ± <JR2, 

max) a n d (R2, min ± CrR2, min)-
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The data analysis detailed above is the first step in an attempt to create a self-

consistent calibration protocol, which led to the investigation of an internal normalized 

calibration protocol. This protocol is based on actual measurable R2 values within each 

gel dosimeter ratiier than scaling the R2 values to the expected maximum dose delivered 

to the dosimeter. The first step is to analyze each R2 image in an attempt to measure the 

maximum and minimum R2 values within each gel volume. Table 2.1 summarizes this 

the R2 maximum and minimum data obtained from each gel, including the cylindrical gel 

which was manufactured from a completely different batch of BANG gel. What is 

evident from this table is that there is a variation in the R2 values for each gel despite the 

fact that the same batch was used for the first four gel dosimeters listed in the table. In 

the table, the measured R2 maximum and minimum values are shown along with the 

predicted R2 maximum and minimum values obtained from the manufacturer generated 

calibration and from the knowledge ofthe maximum dose delivered to the gels (11 Gy). 

There is quite a discrepancy within each gel system but the discrepancy is most evident in 

the cylindrical gel comparison which is also reflected in Figure 2.8 panel C. These 

discrepancies translate to a difference in the range of 10% to 30% ofthe manufacturer 

predicted minimum, and about 5% to 16% ofthe manufacturer predicted maximum. 

2.3.5. 1-D and 2-D Comparison ofthe Three Calibration Protocols 

The CorvusOS gel was selected for the calibration comparison. Indexing of the 

gel is such that z = 0 is the bottom of the spherical flask. The slices selected for the 

comparison are the central axial slice (z = 65 mm) and one ofthe off-axis slice (z = 100 
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mm). This selection of slices was done in order to highlight a high dose region (central 

slice) and a low dose region (off axis slice). 

Figures 2.6 and 2.7 show the difference map comparisons generated from all three 

calibration protocols, off site manufacturer (panel A), on-site extemal tube (panel B) and 

on-site intemal normalized (panel C), for z = 100 mm and z = 65 mm, respectively. The 

maximum dose delivered to each gel was 11 Gy according to the treatment planning 

computers. This value was used to generate the dose percentages for the off-site 

manufacturer as well as the on-site extemal tube calibration profiles. These figures 

dramatically highlight the differences between the calibration protocols used. Based on 

these figures, it is evident that the best comparison is achieved with the normalized 

calibration protocol since it shows the least variation between planned and calculated 

dose. 

By drawing a horizontal line across the percentage dose map, a 1-dimensional 

profile of percentage dose from each protocol was generated and directly compared with 

the planned dose which are represented by discrete triangles as shown in Figure 2.8. 

Both upper and lower limit boundary profiles were obtained from the upper and lower 

limit dose maps. Comparisons on the same two slices (z = 65 mm and z = 100 mm) as 

above are shown. The differences among -the three calibration profiles are further 

emphasized by these figures. The on-site extemal tube profile is way off, which is 

demonstrated by the maximum values of over 200% of maximum dose. This translates to 

differences of nearly 200% over the maximum achieved by the normalized calibration 

profile. The extemal manufacturer profile fared much better although it reached a 
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maximum of up to 130% which is between 30% and 40% over the on-site internal 

normalized dose profile. 

The 1-dimensional comparison obtained from the on-site cylindrical calibration 

experiment is shown in Figs.2.8E-F. The solid bands shown in Fig.2.8E represent the 

dose sfripes corresponding to 3.4 Gy, 6.9 Gy, 12.6 Gy (overiap region), 9.6 Gy (planned 

maximum dose), and 0, respectively. The percentages were calculated based on the 

planned maximum dose, i.e., 9.6 Gy, in order to simulate the occurrence of hot spots 

during clinical irradiation. The dose boundaries generated from the off-site manufacture 

protocol are shown as dotted lines in the figure, the solid lines represent the on-site 

intemal normalized calibration boundaries, and the triangles represent the average nR2 

obtained from the ROI analysis. The normalized calibration boundaries and the 

corresponding ROI data points match very well with the planned dose bands while the 

manufacturer dose boundaries were very low with a maximum value of approximately 

30% ofthe plarmed maximum dose. 

2.4 Discussion 

That the BANG gel dosimeter is effective there is not much doubt as evidenced 

by the numerous experiments that demonstrate this fact [1-6]. This is particularly true in 

a basic controlled laboratory setting in which time, temperature, and oxygen 

contamination are carefully monitored. However, in a real live clinical setting, there is 

no time to monitor all the condition so precisely as to maximize the potential of the gel 

dosimeter. Figures 2.2 and 2.3 alone highlight the fact that each calibration experiment 

yields different results under different sets of controlled experiments. This does not mean 
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that the gel system must be abandoned due to the vast variations in sensitivity resulting 

from various conditions. What is needed is a means of consistently achieving the best 

calibration for tiie specific batch of gel dosimeter used in the study. This desired 

calibration protocol would be based solely on measurable quantities without making 

assumptions regarding maximum doses delivered to the gel volume. 

The experiments detailed here provided a qualitative and quantitative comparison 

of various calibration protocols. The first protocol is based on the calibration curve 

provided with each gel. Based on the results of the experiments performed in this study, 

there was a difference ranging between 10% to 40% over the maximum dose predicted by 

the freatment-planning computer. The main conclusions from this protocol study are 

obvious. First, we cannot solely rely on the provided calibration curve due to the various 

conditions that the gel must undergo between manufacture and MR data acquisition. 

Previous studies have already studied the effect of oxygen contamination and thermal 

changes on the sensitivity of the gel [14]. Second, we cannot know with absolute 

certainty what maximum dose was delivered to the gel volume. This uncertainty, 

coupled with the uncertainty generated by the conditional changes could translate to large 

variations. In this experiment alone these variations range between 10% and 40%. 

The second protocol is based on an extemal calibration performed on tube gels. 

One major problem with this protocol is the fact that the gels in the tubes and the gels in 

the large dosimeter, though from the same batch of polymer gel, may have different 

responses to environmental changes due to volume size. In addition, we must be 

extremely careful to expose both systems to exactly the same conditions. Finally, this 

protocol is again based on the knowledge ofthe absolute dose delivered to the dosimeter. 
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The results detailed in the previous section show that all of these problems could translate 

to a variation of up to 200% over the maximum theoretical dose values. Clearly, this 

protocol is severely flawed because it is affected greatly by too many extemal factors. 

The results indicate that the on-site internal normalized calibration protocol is 

superior to the other protocols used in this study. One of the main reasons is that the 

problem of dose response uniformity is removed since the two extreme points are 

contained within the gel being studied. In addition, the problem of knowing the absolute 

maximum dose is irrelevant because the normalized R2 maps are identical to the dose 

maps 

What makes this protocol different is that it is completely based on measured R2 

values within each irradiated gel dosimeter. Unlike other similar protocols, this 

normalized protocol does not rely on prior knowledge of the maximum dose delivered to 

the system, thus eliminating one more source of experimental error. In addition, all 

measurements are performed post-irradiation, which means that by the time a 

determination of the calibration curve is done, all extemal factors have already been 

taken into account. Thus, they do not contribute to the experimental error of this 

protocol. The only source of experimental error is from the measurement of the 

maximum and minimum values of R2. There is no assumption at all as to the low R2 

being a zero dose point because the entire protocol is a relative determination of dose 

based on the maximum and minimum value of the R2. The sensitivity of the dosimeter 

may change due to various extemal conditions. Therefore, the only assumption we make 

is that these changes case a linear shift in the sensitivity ofthe dosimeter. Therefore, this 
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does not change the generated dose profiles since they are relative profiles not absolute 

profiles. 

This protocol is by no means perfect as evidenced by some minor spatial shifts in 

the dose locations seen in both the 1-dimensional and 2-dimensional comparisons shown 

in Figures 6 - 8 . However, this protocol is based on the fewest number of assumptions 

and has only one major source of experimental error. It is also consistent, reproducible, 

and very practical to do in a clinical setting. This protocol should allow for a faster, more 

accurate, and more effective means of dosimetry in a fast paced clinical setting. What 

remains to be improved is a means to minimize the spatial variations seen in this 

protocol. This may be achieved by studying various different BANG gel compositions 

and mixtures. 

Another important feature of this study was obtained from the cylindrical gel 

experiment. In this experiment, an overlap of two radiation stripes was done in order to 

mimic an overdose situation which can occur in a clinical situation. In this study, the 

location of the planned high dose was known and the maximum R2 was obtained from 

this region, not from the overdose slice. This was done in order to demonstrate the fact 

that these gel systems can be used to detect regions which receive more radiation than 

what was in the treatment plan. This was evident in Figure 2.8E where an hot spot region 

corresponding to nearly 40% over the plarmed maximum dose. This last result adds 

another feattire to the gel dosimetry system by adding one additional piece of information 

to the study. This additional piece of information, which can be accurately obtained from 

the treatment planning computers, is the location of the planned maximum dose withm 

the 3-dimensional gel volume. With this information, the location of hotspots can be 
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readily located within the irradiated volume. Knowledge of the hotspot magnitude and 

location is important in determining the soundness of any treatment plan that will be 

eventually used on a patient. 

In conclusion, our results indicate that the internal normalized calibration is an 

effective and consistent means of calibrating gel dosimeters as compared with other off-

site and on-site calibrations in a clinical setting. In a separate manuscript, we will present 

comparison studies using this normalized calibration technique to verify the conformal 

capabilities of various treatment planning and radiation delivery systems. Future 

experiments have been planned to test the limits of the calibration procedure as well as 

the gel dosimeter. These experiments involved more complicated dose distribution target 

volumes and off-axis dose targets. In addition, we have performed limited investigations 

on using modified BANG-type gels doped with either ferrous or copper ions of different 

compositions and in the absence of nitrogen purging, an important oxygen reduction step 

in manufacturing BANG-gels, during our gel preparation. The dose response of those 

doped gels shows no dependence of oxygen contamination and may have the right 

sensitivity, consistency and linearity to use as gel dosimeters in a clinical setting. 
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Table 2.1. Summary ofthe maximum and minimum R2 values and their uncertainties 
obtained from each gel used in this study. The numbers in parenthesis are the minimum 
and maximum R2 generated from the manufacturer provided calibration. (*The 
cylindrical gel is from a different batch than the other gels). 

GEL 

Scandiplan 

Corvus07 

CorvusOS 

Peacock 

Cylindrical Gel* 

MINIMUM R2 

(1/s) 

6.78 +/- 0.28 

(6.00) 

7.53+/-0.17 

(6.00) 

7.40+/-0.16 

(6.00) 

6.87+/-0.12 

(6.00) 

3.60 +/- 0.05 

(4.13) 

MAXIMUM R2 

(1/s) 

12.46+/-0.19 

(11.3) 

12.29+/-0.20 

(11.3) 

12.45+/-0.18 

(11.3) 

13.19+/-0.21 

(11.3) 

5.66 +/- 0.09 

(11.41) 
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Figures 

Raw?4-dimensional (volume, time) 
MRI data I(x. y, z, t) 
29 slices X 16 echoes/slice = 464 raw 
images per spherical gel. 

i 
Oflf-site Manufacturer 
Calibration Protocol 
(Type 2) 

I 
Calibration Curve 

R2 = a D + b 

I 
Dose map: 

nD(x, y,z)=D(x,y,z)/D„ 
29 Slices (upper limit, 
average; and lower limit 
maps per slice) 

Non-linear regression using; 
I(x, y, z, t) = Io(x, y, z) exp[-Rj(x, y, z)t] 

I 
Calculated R̂  images and uR^ 
images (uncertainty maps) 
3-dimensional dataRj(x, y, z) 

29 Rj images per gd 
29 uRj images per gd 

I 
On-site Tube Calibration 
Protocol 
(Typel) 

I 
Calibration Curve 

= (a ± OJD + (b ± q,) 

I 
Dose map: 

nD(x,y,z)=D(x,y,z)/D„„ 
29 Slices (upper limit, 
average; and lower limit maps 
per slice) 

1 
On-site Intemal 
Normalized Calibration 
Protocol (modified Type 2) 

»R^ = 

Calibration Curve 
1^2 - •^JjDil ) 

I'f'ajMit "J j i in 

;̂ 100 

I 
Dose map: 

D(x, y, z) = nR^ (x, y, z) 
29 Slices (upper limit, average, 
and lower limit m ^ s per slice) 

Figure 2.1. Dose Calibration Flowchart. The flow chart summarizes the data reduction 
procedure used in this calibration study. The raw MR images are reduced to 29 dose 
maps based on each calibration procedure. 
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Figure 2.2. Off-Site Extemal Calibration Protocols, Type 1 and Manufacturer Generated. 
(A) The figure shows type 1 data obtained by Maryanski et al. in 1994 and by Ibbott et al. 
in 1997. The data from Maryanski was plotted on the R2 versus dose curve given by R2 = 
0.253D + 1.27. The data from Ibbot was plotted based on R2 = 0.377D + 1.69. 
(B) The lines shown here were generated from the on-site extemal Type 1 tube 
calibration and the corresponding manufacturer generated calibration curve (MGS) for 
the batch of BANG gel used in the tube experiment. The MGS line was generated from 
the equation R2 = 0.48D + 6.00. The Tube gel line was generated from the five data 
points and fitted to the line given by R2 = 0.19SD + 7.20. These two calibration curves 
were plotted together to highlight the differences between each curve generated from the 
same batch of BANG gel. 
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Figure 2.3. Type 2 BANG Gel Calibration Curves performed off-site in controlled but 
non-clinical settings and on-site in a clinical setting. Panel A: The figure shows type 2 
data obtained by Maryanski et al. in 1996; and data obtained by Oldham et al. in 1998 
(Oldhaml and 01dham2). The Maryanski data was plotted based on R2 = 0.334D + 1.45. 
Oldhaml was based on R2 = 0.57SD + 1.39 and 01dham2 was based on R2 = 0.233D + 
1.11. All measurements were obtained from experiments using large volume dosimeters 
under controlled non-clinical laboratory settings. Panel B:The on-site extemal Type 2 
cylindrical calibration protocol is plotted with the manufacturer generated calibration 
curve (MGS) for the same batch of BANG gel. The MGS curve was based on the 
calibration supplied in the technical specifications and is given by R2 = 0.75D + 4.13. 
The on-site Type 2 curve is shown plotted with the measurement error bars and 
confidence limits based on the curve generated by a linear regression: R2 = 0.212D + 
3.60. The differences are evident for the two curves generated for the exact same batch 
of BANG gel. 
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Figure 2.4. Type 2 BANG Gel R2 images and Calibrated Dose depositions. Panels A-C 
represent axial slices of the three dose stripes delivered to the cylindrical dosimeter. The 
dose contours are superimposed on the raw R2 images. Panel (A) represents z = 10 mm, 
and Di = 3.439 Gy. Panel (B) shows z = 50 mm and D2 = 6.89 Gy. Panel (C) shows z = 
85 mm and D3 = 9.695 Gy. Panel (D) is a plot ofthe average R2's and their imcertainties 
generated from the ROI analysis of each slice of the cylindrical dosimeter. The contour 
levels represent percentages of maximum dose with 100%, 90% and 80% shown as red, 
orange, and yellow respectively. The green contours represent 70%, 60% and 50% (light 
green, medium green and dark green, respectively). Finally, the dark blue contour 
represents the 40% dose range. The four circular regions in the gel are the four tube 
inserts. 

77 



1 i 1 1 T 

20 35 Sfl «.5 iJH IS 1]JO 1231*0 

Figure 2.5. Representative R2 and uR2 maps and Determination of R2,max and R2,min The 
R2 (panel B)and uR2 (panel C) maps of the low dose slice at Z =70 mm and then R2 
(panel E) and uR2 (panel F) maps ofthe high dose slice at Z = 120 mm ofthe Peacock 
are shown. For seeing the dynamic range of the uncertainties, the UR2 maps were 
magnified lOOx. Panels A and D show the histograms of low R2 values (ROI size = 5x5 
-cm^) at Z= 70 mm and high R2 values (ROI size = lOxlO-cm^) at Z=120 mm, 
respectively. The maximum and minimum values of R2, i.e., R2,max, Ri.min and their 
uncertainties, i.e., aR2,max and aR2,min, used in our on-site intemal normalized protocol 
were obtained from the ROI averages and standard deviations of high dose and low dose 
slices, respectively, as shown here. 
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Figure 2.6. 2-D Dose Verification of Corvus-S gel based on different calibration 
protocols at the central zone (z = 65 mm). This figure represents strong evidence to 
support the normalized calibration as being superior to the other two methods. The 
panels on the left are the difference maps generated from each calibration comparison 
and the panels on the right are the corresponding ROI histograms. Panels A and B 
represent the off-site manufacturer calibration protocol contours, panels C and D 
represents the on-site extemal calibration. These images represent over fit calculations 
since they are mostly red. The normalize calibration, panels E and F, yielded a slightly 
under fit image but with more pixels within acceptable difference ranges. 
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Figure 2.7. 2-D Dose Verification of Corvus-8 gel based on different calibration 
protocols at the off-central zone (z = 100 mm). This figure represents strong evidence to 
support the normalized calibration as being superior to the other two methods. The 
panels on the left are the difference maps generated from each calibration comparison 
and the panels on the right are the corresponding ROI histograms. Panels A and B 
represent the off-site manufacturer calibration protocol contours, panels C and D 
represents the on-site extemal calibration. These images represent over fit calculations 
since they are mostly red. The normalize calibration, panels E and F, yielded a slightly 
under fit image but with more pixels within acceptable difference ranges. 
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Figure 2 8 (A-B) 1-D dose verification of Corvus-8 gel based on different calibration 
protocols (z = 65 mm). The figures show the percentage dose profile, or versus x (in mm) 
curve (Panel A) and the raw R2 image ofthe slice showing the line region from which the 
dose profile was obtained (Panel B). The curves that go beyond the 200% dose represent 
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Figure 2.8. Continued 
the on-site extemal tube calibration profile, the curves between 100% and 140% 
represent the off-site manufacturer calibration profile, while the curves between 0 and 
100% represent the on-site internal normalized calibration profile. The triangles 
represent the planned dose. 
(C-D) 1-D dose verification of Corvus-S gel based on different calibration protocol (z = 
100 mm). The figures show the normalized Dose versus x (in mm) in Panel C and the 
raw R2 image of the lice showing the region from which the dose profile was obtained 
(Panel D). The curves that go beyond the 200% dose represent the on-site extemal 
calibration protocol, the curves between 100% and 140% represent the off-site 
manufacturer calibration protocol, while the curves between 0 and 100% represent the 
on-site intemal normalized calibration protocol. The triangles represent the UCSF 
theoretical dose. 
(E-F) A coronal 1-D dose verification of cylindrical gel based on different calibration 
protocols. The figures show the normalized Dose versus Z (in mm) (Panel E) and the raw 
coronal R2 image of the slice showing the line region from which the dose profile was 
obtained (Panel F). The five horizontal bars or bands in panel E represent the average 
plarmed dose delivered to the stripes of the gel along with the average nR2 values 
(friangles) obtained from a 10 x 10 pixel ROI analysis ofthe maximum nR2 region of 
each slice. The solid and dotted lines represent dose boundaries generated by the on-site 
intemal normalized and off-site extemal manufacture calibration protocols, respectively. 
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CHAPTER 3 

COMPARISONS OF DOSE DISTRIBUTIONS OF 3D CONFORMAL 

RADIATION THERAPY BASED ON 3D MR GEL DOSIMETRY 

WITH ON-SITE INTERNAL CALIBRATION PROTOCOL 

USING DIFFERENCE MAPS 

3.1 Introduction 

In radiotherapy, the main goal is to deliver a tumourcidal dose envelope that 

conforms to the size and shape of a target volume while minimizing the amount of 

radiation exposure to the surrounding normal tissues. Hence, conformal radiotherapy 

ideally means that the dose envelope delivered must absolutely conform to the size and 

shape of the target volume of interest. A better conformation leads to a reduced amount 

of radiation delivered to the normal tissue surrounding the tumor. The target volume 

refers to the tumourcidal area as well as any marginal spread of the disease. It is also 

sometimes referred to as biological target volume (BTV). The safety margin extends 

from the BTV to the mobile target volume (MTV) [1]. It is very surprising that so little 

of radiotherapy, particularly conventional radiotherapy completely achieves this goal and 

the reasons are easily identified. The main reasons include difficulties in determining the 

three-dimensional target volume, in designing appropriately shaped and oriented 

radiation ports, in calculating the dose distribution from complex superpositions of 

radiation fields in inhomogeneous tissue, in verifying the three-dimensional radiation 

plan, and in establishing that the patient is correctly positioned at the time of treatment 

delivery [2]. All of these difficulties work against a radiotherapist to defeat the basic 

83 



aims of radiotherapy. There are several groups working to try to correct at least some of 

tiiese problems in radiotherapy. In the meantime, current radiotherapy ranges from using 

very old techniques and machinery for treatment, to very complex and complicated new 

protocols and techniques, plus a wide array of varying techniques in between. 

Studies [3] have estimated that improved local control of radiotherapy is so 

important that improving the physical basis of radiotherapy could save thousands of lives 

per year. This is what drives the efforts to achieve conformal radiotherapy. There are 

many groups in the field that voice concerns about how new technologies should be 

evaluated [4]. In their view, many authors have not reported quantitative evaluations of 

the real clinical importance of their physics developments. In particular, while claims 

that conformal radiotherapy reduced the dose to normal tissues, it is feh that it is 

necessary to prove that the tissue, otherwise irradiated in non-conformal therapy, was 

actually clinically damaged. Conformal techniques should be compared with the best 

available non-conformal techniques. 

The non-conformal technique is called conventional or classical approach to 

treatment planning. Before the advent of computerized tomography (CT) in 1972, the 

tumor volume was estimated from planar radiographs. Basically, the patient was placed 

in a simulator and exposed to a few selective radiation fields in order to get an image on 

film. From this film, the tumor volume will be estimated in order to plan for the actual 

radiation. From this plan, lead blocks are made in order to protect certain vital organs, 

and various beam positions were used in order to try to get maximum radiation to the 

target volume. With the advent of CT technology, the process has improved 

considerably. Yet the question of better dose delivery remains. While accurately 
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outlining the target volume with CT is a considerable improvement, how can the current 

technologies conform to that particular volume? How can they verify that the current 

plan is indeed being delivered to the target volume? 

In this study, we addressed the question of conformation by comparing systems 

ranging from non-conformal to conformal. We use the polymer gel dosimeter to capture 

a snapshot of a planned radiation protocol and verify this plan through a series of 

magnetic resonance imaging acquisitions. We investigated three different planning and 

freatment systems in this study and planned identical BTV's for each system and 

irradiated the identical gels. The first system is what we call the Scandiplan system. This 

system is what would now be referred to as a conventional radiotherapy system despite 

the fact that it is a major improvement over the classical methods. Essentially, this 

system uses a forward planning algorithm. The tumor volume is identified through a CT 

scan. The medical physicist then determines the maximum dose to be delivered to the 

BTV and creates a plan to deliver that dose. The entire process is essentially done by 

frial and error. Several plans are created and compared and the best plan is selected and 

eventually executed. The delivery of the dose is achieved by using a standard linear 

accelerator which delivered the dose at four main gantry angles, namely 0, 90, 180, and 

270 degrees. 

The second system is what we would call a hybrid system, a combination of 

traditional and new delivery system with a new computer planning system. This system 

uses the reverse algorithm method for calculating the dose. In this system, the medical 

physicist conforms the isodose curves to the BTV, then the computer works backwards in 

order to create the treatment plan to achieve that isodose curve scenario. It is not always 
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possible to create a plan, so some adjustments will have to be made now and then in order 

to create a feasible plan. The treatment delivery uses the same standard linear accelerator 

but with an attached multi-leaf collimator (MLC). This collimator has many shutters 

which open and close in order to deliver small pencil beams of radiation to the target 

volvune. It is this opening and closing of the shutters that will help this system deliver a 

more conformal treatment to the BTV. 

The third system is the Peacock system (NOMOS Corporation) which is a 

complete system that includes the IMRT and the multi-leaf collimator (MiMIC). In 

IMRT, the beam intensity is varied across the treatment field. Rather than being treated 

with a single, large, uniform beam, the patient is treated instead with many very small 

beams; each can have a different intensity. By cross-firing the tumor with these beams, 

the physician delivers a relatively uniform radiation dose to the tumor, but protects 

sensitive, surrounding tissue from high-dose radiation. 

IMRT delivers a spatially non-uniform radiation exposure to the patient in order 

to deliver a uniform dose to the tumor. The MiMIC delivers this dose in a slice-by-slice 

fashion similar to CT imaging. Previous applications of conformal radiation therapy 

were limited to the use of radiation beams of uniform intensity, whose contours 

corresponded to the "beam's eye view" of the tumor. When the tumor is not well 

separated from the surrounding organs at risk- such as what occurs when a tumor v^aps 

itself around an organ- there may be no combination of uniform intensity beams that will 

safely separate the tumor from the healthy organ. In such instances, adding intensity 

modulation allows more intense treatment ofthe tumor, while limiting the radiation dose 

to adjacent healthy tissue. 
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Because ofthe number of beams involved and the range of beam weights present, 

freatinent planning for IMRT is computationally complex. As a result, treatment 

planning for IMRT usually requires an inverse process. Through an iterative or linear 

algebraic process, the beams and beam weights needed to achieve user-defined goals are 

generated by the CORVUS Inverse Treatment Planning System. This is in dramatic 

contrast to tiie experience-based, trial and error approach common to conventional 

freatinent planning, where the planning software actually does not plan (it simulates a 

user-defined set of beams and beam weights). The delivery of this system is through a 

270-degree arc. In addition, the patient couch is moved back and forth in order to 

accommodate the current plan. 

The generation of experimental dose contours is based on what is called an on-site 

intemal normalized calibration protocol. This protocol is based on normalizing the dose 

to tiie maximum value of R2 found within the gel volume. From the minimum and 

maximum R2, a relative dose profile is generated. This protocol has been found to be 

superior to the manufacturer provided dose curve and extemal tube gel calibration 

protocol [5]. 

3.2 Materials and Methods 

3.2.1 Gel formulation 

MGS Research Inc (Guilford, CT) manufactured the gels we used in this study. 

The gels came in the form of spherical flasks with an outer diameter of 180 mm The 

polymer gels are made of 3% N, N'-methylene-bisacrylamide, 3% acrylic acid, P/o 

sodium hydroxide, 5% gelatin, and 88% water, all percentages are by weight [5]. The 
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gels are called BANG2 gel dosimeters, named after its main components. The gels have 

a measured density of 1.03 +/- 0.005 g/cm^ which is quite comparable to the density of 

human muscle tissue [6]. The gels are homogeneous and are contained in Pyrex glass 

containers with a density of about 2.2 g/cm^ and around 4-mm thick. 

3.2.2. Irradiation Protocols 

Four identical spherical gels were used in two separate irradiation experiments. 

Irradiation 1 consisted of the Scandiplan gel and the Corvus07 gel, and irradiation 2 

consisted of tiie CorvusOS gel and the Peacock gel. Once the gels were acquired, they 

were prepared for scanning and irradiation. The initial step in the process is the 

acquisition ofthe CT images using a Philips CT scanner (Philips Medical Systems North 

America, Milford, CT). Since the gels are identical, only Gel 1 was subjected to a CT 

scan in order to minimize the use of time and hospital resources. The CT images were 

acquired with a slice thickness of 5-mm and sent to the various treatment planning 

computers in order to create a treatment plan for a cylindrical lesion located at the 

geometric center of the gel. The treatment planning systems used are the Scandiplan 

system and the CORVUS System (NOMOS, Pittsburgh, PA). 

The treatment planning computers treated each gel in the same way. The plan 

was to deliver an optimum radiation treatment field to a BTV in the shape of a small 

cylinder (5.0-cm length and 5.0-cm diameter) located near the geometric center of the 

spherical gel. The treatment plan for the Scandiplan gel was generated by the Scandiplan 

system. This system is a traditional treatment planning system that generates a radiation 

protocol essentially through trial and error. The operator adjusts the parameters of the 



radiation plan until the best-case scenario is achieved. The remaining three gels had their 

plans generated by the CORVUS system. The CORVUS system generates a plan in 

reverse. The user starts of with the optimum radiation scenario, and the computer works 

in reverse to generate the radiation protocol that will generate this optimum scenario. It 

uses an inverse calculation method. 

The delivery of the dose was done in three ways. The first method is what is 

referred to as a more traditional method. The Scandiplan gel was irradiated the 

fraditional way using a four-field box in which the linear accelerator delivered dose to the 

gel at the following angles: 0, 90, 180, and 270 degrees. The radiation delivered was 

uniform throughout the filed of view. The second method is a hybrid method which 

combines a traditional delivery method with a multi-leaf collimator. The Corvus07 and 

CorvusOS gels were irradiated using a linear accelerator at the same four angles used for 

the Scandiplan gel. The only difference was that this accelerator delivered the dose with 

the use of a multi-leaf collimator (MLC) which delivered the dose in the form of small 

pencil beams rather than a single shot. The last method is a completely new method. 

The Peacock gel was irradiated using the IMRT system with MIMiC multi-leaf 

collimator. The delivery is over a 270-degree arc over four different couch poshions. 

Irradiation was done at the Radiation Oncology department at the University of 

Califomia in San Francisco. 

A fifth gel was irradiated in an attempt to focus on the problem of accurate 

indexing during any irradiation run. This particular gel was in a cylindrical vessel (18-

cm. Length and 9.0-cm diameter) with four air tubes inserted near the perimeter of the 

vessel to simulate built in heterogeneity. The theoretical plan was for a BTV near the 
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upper half of the cylinder, while the actual irradiation, was spatially shifted so that the 

BTV was located closer to the geometric center ofthe vessel. Irradiation was done using 

the IMRT system. This spatial shift, as seen in Figure 1, was approximately 2.00 cm. 

3.2.3. MRI Proton Relaxation Rate Image Acquisition 

Once the gels were irradiated, they underwent and intensive regimen of magnetic 

resonance imaging data acquisition. In this study, a Philips 1.5-T whole body MRI 

(Philips Medical Systems North America, Milford, CT) located at the University Medical 

Center of Texas Tech University was used. For this set of MRI data acquisitions, we used 

the Hahn spin-echo sequence. The gels were left in the scanning room for over 24 hours 

in order for the gels to achieve thermal equilibrium. The following acquisition 

parameters were used in this acquisition: TR = 2 s, and 16 echo times (TE) were selected 

between 20 ms and 400 ms. For all the images, the field of view was 24-cm, the matrix 

was 256 X 256, and the slice thickness was 5 mm. A total of 29 slices per gel was 

acquired. These 29 slices covered the entire gel volume including some of the neck of 

the flask and some of just the air inside the imager. For consistency and accurate 

indexing, the marks on the gel for the CT scan and irradiation were used to position the 

gel for the MRI data acquisition. All of the gels were indexed for axial scans in both CT 

and MRI acquisitions. 

3.2.4. MRI Data Reduction 

A total of 29 axial slices of Ti-weighted multi-echo images, covering most ofthe 

gel volume, were obtained. Sixteen T2 echo images with echo time (t) ranging from 20 to 
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400 ms and with a repetition time (TR) of 2000 ms were used. Each slice has a thickness 

of 5.0-mm, a field of view of 22 cm and a matrix size of 256 x 256. The four-

dimensional, i.e., volume and echo time, raw multi-echo images l(x, y, z, t), were 

processed and reduced into R2 (x,y,z) and uR: (x, y, z) images by a image calculation 

program written in C generated by the TTU Biophysics team at Texas Tech University 

(TTU). The program was based on a nonlinear least squares Levenberg-Marquardt data 

reduction procedure [7] using a monoexponential T2 decay fitting. This decay fitting 

equation can be written as 

l(x,y,z,t) = lo(x,y,z,t)e-' '2^' ' ' ' ' '^ ' (3.1) 

where lo (x,y,z) is the Ti weighted proton density. Using the on-site intemal normalized 

calibration protocol [8], each R2 and UR2 image was converted into a normalized R2 map, 

nR2. These nR2 images provide us with the percentage dose calculated for each pixel of 

every slice. 

3.2.5. Data Comparison using Difference Maps 

After the experimental normalized R2 maps are generated, the last step in the 

analysis involves a direct comparison of these maps with the theoretical maps obtained 

from the treatment planning computers. To do this comparison, we generated colored 

difference maps. The difference map is generated by performing a pixel-by-pixel 

difference between the theoretical maps and the experimental maps: difference = 

theoretical - experimental. Each theoretical and experimental map is converted into a 

percentage map; thus each pixel value can range from 0 to 100. The maps are then 

spatially matched, then converted into a percentage map. If a pixel difference is zero, h 
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has a white color. When the experimental value is higher than the theoretical value (over 

fit), then the pixel receives a blue color. The darker blue hues indicated large negative 

differences between the experimental and theoretical values (poor match), while the 

lighter blue hues indicate a better match. Similarly, the redder the pixel, the more 

positive the difference between the two maps (under fit), with light pink indicating a 

good match, and red indicating a poor match. Each slice was compared and an ROI 

histogram, average, and standard deviation were obtained for each slice. The ROI is 

selected to avoid the over or under fit that occurs at the glass-gel boundary. 

3.3 Resuhs 

The main purpose of this study was to study the conformal capabilities of each 

radiation treatment and planning system. In addition, we could use the overlaid 

comparisons and difference maps as a tool for effective quality assurance (QA) of each 

treatment system. To accomplish this purpose, each treatment planning system used 

(CORVUS and Scandiplan) generated treatment plans to deliver dose to a small 

cylindrical lesion (5.0-cm length and 5.0-cm diameter) at the geometric center of the 

spherical gel. Once the plan was generated, each treatment delivery system (Scandiplan, 

Corvus, and Peacock) delivered the plan to three identical gels. One gel was irradiated 

using the tradhional method (Scandiplan gel), one gel was irradiated with a hybrid system 

(Corvus gel), and the last gel was irradiated with the IMRT system (Peacock gel). The 

comparison ofthe results was done using difference maps. 

The difference map comparison works only if we obtain a dose cloud from the 

various treatment planning computers. A dose cloud is basically a continuous 
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distribution of dose deposited to the entire gel volume. Unfortunately, the Scandiplan 

system is a traditional system from the mid-SOs to early 90s and does not have the 

capability of generating a dose cloud. Because of this restriction, the Scandiplan gel 

comparisons were performed by directly overlaying the theoretical and experimental 

contour maps. The radiation plans for the other gels systems were generated by the new 

generation freatment planning computers; hence, we were able to generate the 

corresponding difference maps. 

3.3.1. Conformal Comparisons 

The conformal comparison is done by overlaid contours onto a figure that shows 

the desired lesion size and shape generated from the Corvus system. The comparison 

shown in Figure 3.1 presents three different views ofthe gel system: axial (x-y plane), 

coronal (x-z plane), and sagittal (y-z) plane. The Corvus system generated a target lesion 

that has a circular axial cross-section and a rectangular coronal and sagittal cross-section. 

The contours overlaid onto the planned targets are the planned contours. Even with this 

plarmed contour overlay, it is evident that Scandiplan exhibited the worst conformal 

capability while Peacock showed the best conformal capability. The Peacock gel plan 

was generated with the Corvus system and irradiated with the IMRT system. Also 

noteworthy is the improvement between the Scandiplan and the Corvus gels. This 

improvement shows that the muhi-leaf collimator improves on the conformal capabilities 

ofthe more traditional systems. 
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3.3.2. Contour Overlay Comparisons 

The contour overlays are generated by a direct superposition ofthe digital images 

obtained from the treatment planning computers and the TTU upper and lower limit 

contours (experimental contour boundaries). Panels A, B, and C of Figures 3.2-3.5 are 

the fraditional contour overlay comparisons of the Scandiplan gel, Corvus Gel, and 

Peacock Gel respectively. Figure 3.2 is an axial cross-section of an off-central slice (Z = 

100 mm) and Figure 3.3 is an axial cross-section ofthe central slice (Z = 65 mm). What 

stands out most in each figure is that the off-central comparison is not as good as the 

cenfral slice comparison. Figures 3.4 and 3.5, coronal and sagittal cross-section 

comparisons, also highlight the poor comparison of the off-central slice. The problem 

shown in the off-central slice can be attributed to indexing and algorithm problems at the 

steep curvature ofthe spherical gel. 

3.3.3. Difference Map Comparisons 

The difference map comparisons are based on a direct comparison of the 

normalized theoretical and experimental dose clouds. The difference is obtained per 

pixel as plarmed percentage dose minus delivered percentage dose. Based on this, we 

have color coded the figures such that increasing red means an under fit and increasing 

blue means an over fit. Panels D and E of Figures 3.2-3.5 are the difference map 

comparisons for the Corvus and the Peacock gels respectively. The Scandiplan system 

does not have the capability of generating dose clouds, hence we were unable to generate 

Scandiplan difference maps. Panels F and G are the corresponding ROI histograms for 

each slice shown in the figure. Table 3.1 lists the average values as well as the standard 

94 



deviations obtained from each ROI obtained by using NIH Image software. From the 

table, one can see that the off-central slice has the worst average and standard deviation 

of all the slices. In addition, this is seen for each gel system. These figures, coupled with 

tiie information in Table 3.1 reinforce the fact that there is a problem in the off-central 

slices of each gel system. In addition, they also highlight the fact that the Peacock gel 

irradiation exhibited the best conformation and computational comparison of all the gels 

used in this study as evidenced by the low averages and deviations ofthe ROI. 

The main information that may be obtained from this Table 3.1 is the location of 

the best fit within each gel volume. The outer fringe slices are consistently show higher 

averages and standard deviations which indicates an unfavorable comparison between 

experimental and theoretical data. On the other hand, the high dose central slices 

consistently show lower averages and standard deviations which indicate that these 

regions exhibit better comparison between experimental and theoretical data 

3.3.4. Spatial Mismatch Sensitivity 

The difference map is a powerful tool to help us determine if an irradiation 

experiment was done properly from a computational standpoint as well as from a patient 

indexing standpoint. The latter is demonstrated in an additional experiment performed on 

a fourth gel. This cylindrical gel was built with air tubes to simulate heterogeneous 

regions within the homogeneous gel system. The treatment plan for this gel was 

generated by the Corvus system and radiation was delivered by the IMRT system. The 

planned target system was for a prostate cancer irradiation protocol. The prostate gland 

and the surrounding sensitive auxiliary organs are shown in Figure 3.6. The main 
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concern ofthe medical physicist is to maximize the dose to the prostate while minimizing 

the dose received by the highly sensitive surrounding organs and tissues. In Figure 3.7, 

the kidney-shaped prostate gland target volume is shown such that the boundary of the 

prostate gland is highlighted. In Figure 3.8, the optimum planned dose distribution is 

presented for four different views of the target volume. Panels A and B are different 

indexed axial slices showing a dose deposition of no less than 50% ofthe maximum dose 

targeted to the prostate gland boundary. As a result, the prostate organ itself receives the 

majority ofthe radiation. Meanwhile, the same figures show that the central axis ofthe 

urethra is not to receive more than 20% of the radiation. Panels C and D of Figure 3.8 

show a coronal and sagittal cross-section of the same system highlighting the amounts of 

radiation to the prostate and the urethra. 

In this experiment, we demonstrated the importance of extremely accurate 

indexing by delivering the dose with is a 2.0-cm shift in the y-axis. This shift is used to 

highlight the value of the difference map as well as stress the importance of extremely 

accurate patient indexing. Figure 3.9 shows a selection of axial slice contour overlays 

highlighting the shift in the y-axis, while Figure 10 shows more a more quantitative 

version ofthe spatial shift. From the figures, one can see that the planned target volume 

was located above the central axis ofthe gel. However, the radiation was delivered to the 

central portion ofthe gel due to the deliberate spatial shift. As a resuh, one expects most 

of the upper region to be under fit (represented by increasing red) while tiie central and 

lower regions ofthe gel should be over fit (represented by increasing blue). Figure 3.10 

panels A, B, and C show the axial comparisons, while panels D, E, F and G, H, I show 

the coronal and sagittal comparisons, respectively. The first panel in each row is a 
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traditional overlay, while the second and third panels are the difference map and 

histogram respectively. The most prominent feature of all the figures shown is the high 

amount of dose received by the urethra which in a real clinical situation could cause 

irreparable damage 

3.4 Discussion 

The issue of conformal accuracy of a treatment modality can be easily seen by the 

overlaid comparisons shown in Figures 3.1-3.5. The desired scenario for a treatment plan 

is that the lesion receives the majority ofthe radiation, a range of about 60% to 100% of 

the incident radiation. It is also desired that the dose be minimized to the surrounding 

healthy tissues. While the Scandiplan system and delivery is accurate within the bounds 

of the generated plan, we can qualitatively see that it is the least conformal of all the 

systems used in this project. There is considerable size and shape mismatch between the 

isodose curve shapes generated by the treatment-planning computer when compared to 

the desired size and shape of the lesion. This is most evident in the axial slice 

comparisons. Based on the Scandiplan irradiation, both planned and delivered, the 

healthy tissue regions are receiving high amounts of radiation (in the 50%» and 60%» 

range) hence defeating the purpose of conformal radiotherapy. 

The Corvus irradiation presented an improvement over the Scandiplan system. A 

similar four-field irradiation was used but with a multi-leaf collimator. The micro-beams 

of radiation from the collimator improved the conformal capability of the standard linac 

system as seen in Figures 3.1-3.5. The most notable difference is the smaller rectangular 

high dose contours that are much closer to the target volume. However, there is still an 
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inordinate amount of healthy tissue receiving higher doses of radiation. We can conclude 

that while tiiis system is an improvement over the Scandiplan system, the results are still 

unacceptable within the definitions of an effective treatment plan. The Peacock system 

presents tiie best conformation to the size and shape ofthe planned lesion. The delivered 

dose contours are circular in the axial plane, and rectangular in the sagittal plane. In 

addition, the high dose contours are more effectively confined to the target volume as 

well as the target boimdary region. 

The previous discussion was fairly qualitative. However, radiation therapists 

would like a more quantitative means to determine the effectiveness of their particular 

plans, specially when the systems are driven to the limits of treatment planning and 

treatment delivery. This is where the difference maps come in. Radiation dosimetrists 

and physicists in the field have previously dismissed the usefulness of what they call the 

dose cloud. As mentioned earlier, a dose cloud is a continuous distribution of the dose 

delivered to the system of interest. They prefer the isodose contour (2-D) and even the 

line profile comparison (1-D) over the dose cloud which has 3-D capabilities. What we 

present in this paper is an effective and novel way to use the dose cloud in radiation 

dosimetry. We have discovered two important uses ofthe dose cloud used in a difference 

map. The first use is to determine the accuracy of the delivery by comparing the 

computer generated dose distribution with the experimentally deposited dose distribution. 

Using this system, we can identify if our plan is accurate, we can identify hot spots, and 

we can determine if too much radiation is being delivered to healthy tissues. The second 

use ofthe difference map is as an important quality assurance (QA) tool. Using this map, 

the following information can be extracted: (1) we can extract information about 
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mismatched indexing along any axis; and (2) we can determine how good the treatment-

planning computer generates the model for the dose distribution. 

The both issues were addressed in this study both directly and indirectly. The 

direct indexing mismatch irradiation on the Kidney gel shows how effective and sensitive 

the difference map as a QA tool. This belies the importance of accurate indexing and the 

minimization of patient and couch movement during any radiation delivery. The 

difference maps and associated contour plots show how a slight spatial mismatch could 

cause an over exposure to sensitive organs causing irreversible damage. An indexing 

mismatch can occur due to the number of systems involved in a typical irradiation. The 

gel must be initially indexed for a CT scan. Once the gel is prepared and the plans are 

generated, the gel is indexed again for the irradiation. Finally, the gel is indexed for the 

MRI data acquisition. It is difficult to maintain accurate indexing when three different 

systems are to be used. This indexing problem is partly responsible for the planned 

versus delivered mismatch of the off-central slice (Z = 100 mm), particularly when 

comparing Corvus and Peacock. The Corvus off-central slice, while still exhibiting large 

variations, still appears to have a better fit than the corresponding Peacock slice. This 

could be due to the nature of the Peacock system which involves a manual couch 

movement between each 270'̂  arc delivery. Even very slight mismatches during tiie four 

couch movements could translate to large differences in the dose received by this off-

central slice. The differences are even more evident in the coronal and sagittal difference 

maps. 

The computer algorithm effectiveness is shown indirectly in the Corvus gel 

irradiations. The important feature of the Corvus and Peacock difference maps are the 
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under fit and over fit around the central portion of each gel. For the Corvus gel, this 

shows up as lines across the central region, while in the Peacock gel, this shows up as 

circles. It is widely known that the Corvus treatment-planning system does not 

rigorously calculate the penumbra region of the delivered dose. This penumbra region is 

where the dose curve starts to sharply drop off from the maximum dose plateau. For the 

Corvus irradiation plan we performed, the penumbra region just so happens to be where 

the beams enter the gel while for the Peacock gel it is in the central circular region of the 

arc delivery. This inadequate penumbra calculation is clearly seen in all the difference 

maps and confirms the fact that CORVUS treatment planning computer does not 

rigorously calculate these regions. The computer program does not use enough iterations 

in this region resulting in a slight over fit or under fit when compared to the 

experimentally deposited dose. 

What we have done in this study is to confirm that the single homogeneous beam 

and four-field box irradiation protocol should be rendered obsolete. The multiple small 

beam modality presented by IMRT and even the newer micro-lMRT systems provides 

the best means for effectively and aggressively attacking cancer tissue when irradiation 

must be used. The 270-degree arc and multi-leaf collimator system is definitely the way 

to go for better treatment delivery. In addition, we studied the effects of a slight spatial 

mismatch between planned and delivery sensitive tissues and organs may be fatally over 

exposed to radiation particularly when the target volume has a difficuh conformal shape. 

Basically, very accurate indexing cannot be taken for granted in a real clinical setting 

since there is a possibility of slight spatial mismatches in all three directions. This sttidy 

also introduced the use of the difference map as an effective QA tool. This anafysis tool 
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is based on the dose cloud that most dosimetrists and medical physicists do not use at all. 

But as we have shown, it has a strong potential to be used as a QA tool for both hardware 

and software. 
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Table 3.1. The average ROI difference per slice is shown along with the corresponding 
standard deviation in parenthesis. The upper number in each cell corresponds to the 
lower limit slice average (and standard deviation) while the lower number in each cell 
corresponds to the upper limit (and standard deviation). 

Z (mm) 
40 

45 

50 

55 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

Corvus 7 
30.2(15.1) 
21.5(15.9) 
10.6(12.2) 

1.16(12.4) 
8.71 (12.1) 
1.13(11.7) 
6.33(13.1) 
-3.58(13.8) 
7.59(13.8) 
-2.12(14.3) 
6.17(10.6) 
-3.23(11.0) 
4.19(7.90) 
-5.41 (8.32) 
7.08(8.41) 
-2.63 (8.74) 
9.98 (9.41) 
0.S9 (9.47) 
8.47 (8.90) 
-1.32(9.21) 
8.61 (10.9) 
-0.93(11.3) 
9.38(12.2) 
-1.44(13.1) 
6.91 (10.5) 
-2.87(11.2) 
4.15(10.1) 
-6.19(11.0) 

Corvus 8 
10.4(9.15) 
8.13(9.23) 
9.99 (8.94) 
1.66(9.99) 
9.28 (8.96) 
1.10(9.04) 
8.27 (9.55) 
-0.07(7.81) 
7.18(7.39) 
-1.05(7.67) 
8.13(7.46) 
0.02 (7.55) 
9.39 (9.33) 
1.24(9.32) 
4.81 (7.39) 
-3.91 (7.73) 
7.40 (8.80) 
-1.10(9.13) 
7.65 (9.55) 
-0.96 (10.0) 
6.68(10.8) 
-1.71(11.2) 
8.06(12.6) 
-0.88(13.3) 
8.58(11.6) 
-0.81 (12.1) 

6.82(12.3) 
-1.77(12.9) 

Peacock 
19.4(12.6) 
14.6(12.3) 
3.20 (7.S9) 
-2.50 (7.74) 
4.06(6.21) 
-1.49(6.74) 
7.14(6.69) 
1.62(6.19) 
4.28(7.10) 
-1.45(6.87) 
5.45 (6.48) 
-0.19(6.25) 
7.56 (7.32) 
1.79(6.74) 
3.72 (7.47) 
-2.14(7.36) 
1.77(6.13) 
-4.10(5.98) 
6.36 (6.91) 
0.33 (6.54) 
5.54 (9.02) 
-0.32 (8.70) 
3.00 (8.93) 
-2.59(9.11) 
0.68 (8.96) 
-5.06 (9.41) 

1.53(8.40) 
-4.83(7.81) 
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Figures 
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Figure 3.1. Axial Slice Conformal Comparisons. This figure contains the planned iso
dose lines overlaid onto the CORVUS generated rendering of the axial cross-section of 
the cylindrical lesion. Panels A, B and C are the axial comparisons of the Scandiplan, 
Corvus, and Peacock gels, respectively. Panels D, E, and F represent the coronal cross-
section'of the same gels, and panels G, H, and 1 represent the sagittal cross-section. 
There is increased improvement in going from Scandiplan to Corvus case, but the 
Peacock case shows the best conformational comparison. 
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Figure 3.2. Off-Central Axial Slice Conformal Comparisons. The Z = 100 mm off-
central axial slice is presented here in the form of a traditional contour overlays (Panels 
A, B, and C) representing Scandiplan, Corvus, and Peacock, respectively. Panels D and 
E are the corresponding Corvus and Peacock difference maps with an overlay of the 
planned dose while panels F and G are the corresponding ROI histograms. 
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Figure 3.3. Central Axial Slice Conformal Comparisons. The Z = 65 mm central axial 
slice is presented here in the form of a traditional contour overiays (Panels A, B, and C) 
representing Scandiplan, Corvus, and Peacock, respectively. Panels D and E are the 
corresponding Corvus and Peacock difference maps with an overiay ofthe planned dose 
while panels F and G are the corresponding ROI histograms. 
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Figure 3.4. Coronal (XZ-plane) Conformal Comparisons. The coronal comparisons are 
presented here in the form of a traditional contour overiays (Panels A, B, and C) 
representing Scandiplan, Corvus, and Peacock, respectively. Panels D and E are the 
corresponding Corvus and Peacock difference maps with an overiay ofthe planned dose 
while panels F and G are the corresponding ROI histograms 
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Figure 3 5 Sagittal (YZ-plane) Conformal Comparisons. The sagittal comparisons are 
presented here in the form of a traditional contour overiays (Panels A, B and C) 
representing Scandiplan, Corvus, and Peacock, respectivefy. Panels D and E are the 
corresponding Corvus and Peacock difference maps with an overlay ofthe planned dose 
while panels F and G are the conesponding ROI histograms 
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Figure 3.6. Prostate Cancer Plan. The figure shows the target prostate gland volume and 
the highlighted irradiation boundary. The region represented by the cleft region is the 
urethra. 
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Figure 3.7. The Prostate Gland. The figure shows the prostate gland and the surroimding 
sensitive structures, particularly the urethra. This view is a Coronal cross-section similar 
to the cross-section shown in Figure 3.9 C below. 
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Figure 3.8. Multiple view ofthe computer generated plan. Panels A and B are two axial 
slices ofthe planned dose showing the 20% contour in the urethra region and at least 50%) 
on the prostate gland. Panels C and D show a coronal and sagittal cross-section. 
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Figure 3.9. Calculated Cross-Section Comparisons. The panels show the axial (A, B, C), 
coronal (D, E, F), and sagittal (G, H, 1) comparisons of the panned and calculated dose. 
The first column are the contour overlays ofthe 90%), 50%) and 20%) dose contours while 
the second and third columns are the difference maps and ROI histograms, respectively. 
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Figure 3.10. Kidney Gel Contour Comparisons. Panels A and B represent the 60% and 
10% isodose curves and panels C and D are the 70%) and 20%) curves. The colored 
contours are the experimental contours and the black contours are the theoretical 
contours. Panels A and C are for the slice at Z = 105 mm and panels B and D are for the 
slice at Z = 110 mm. The spatial shift is very apparent in each of these figures. 
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CHAPTER 4 

FUTURE INVESTIGATIONS 

The results and discussions of the previous sections allude to the accuracy and 

potential of the normalized calibration protocol based on contour comparison analysis 

and difference map calculations. However, we also noted that there are certain things 

that may still be done with the current gel system and calibration protocol in order to 

push the use of polymeric type into the forefront of quality assurance and patient 

plarming. The first type of investigation would be to push the limits of the calibration 

protocol as well as the gel system by performing experiments with unusual dose shapes 

and sizes. This study, if successful, would certainly bring the normalized calibration 

protocol into the forefront of polymer gel dosimetry. The second investigation involves 

looking at different polymer chemistries that would eliminate bothersome effects due to 

thermal fluctuations and oxygen contamination to name a few. Finding an altemative to 

the BANG gel are easier to manufacture and that can withstand severe environmental 

fluctuations would certainly be a great advantage in the field of radiation oncology and 

dosimetry. To address these issues, we performed some preliminary investigations which 

we present in the next two sections. These investigations will form the basis for fiittire 

work to be done with the polymer gel dosimeter. 
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4.1 Experiments with Complicated Dose Distributions 

4.1.1 Two Lesion Gel 

We have obtained data with complicated dose configurations that we have 

qualitatively analyzed. The first experiment was performed in conjunction with the 

Southwest Cancer Center in Lubbock, TX. This experiment involved an irradiation 

experiment with two lesions of different size located away from the main axis ofthe gel 

dosimeter. The rendering in Figure 4.1 was obtained from the CORVUS treatment 

planning computer. This figure shows a view of the two lesions within the gel volume 

and an axial cross-section of the lesions clearly showing that the lesions are off the 

cenfral axis ofthe gel. The treatment plan was done with a CORVUS computer and the 

irradiation was done using the IMRT system. 

The gel formulation, gel irradiation, calibration, and data analysis protocols are 

detailed in Chapter 1 and Chapter 2. The only difference is that the spherical gel used 

here has an outer diameter of 180 mm, about 20 mm larger than the previous spherical 

gels. Unfortunately, we were unable to obtain the necessary dose clouds from our 

collaborators at the Southwest Cancer Center due to unforeseen and unexpected problems 

with the collaboration. As a result, we are only able to present the data in a qualitative 

way. What we present is a side-by-side visual comparison ofthe theoretical contours and 

the experimental contours obtained by using the normalized calibration procedure 

developed in Chapter 2. The experimental images shown were generated from the 

average normalized R2 maps. 

The data shown is presented in two figures. Figures 4.2 and 4.3. The left panels 

are the theoretical contours superimposed on the CORVUS generated axial slice, and the 
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right panel is the experimental contour superimposed on the raw average normalized R2 

image. Since we have no accurate indexing information, the slices are referred to as slice 

A through slice H (low dose to high dose regions of the gel). Despite the qualitative 

nature of the data, it is evident that the normalized calibration worked well with this 

system. The isodose features are very similar if not totally identical from one image to 

the other. This qualitative result is promising for both the normalized calibration protocol 

as well as for the use of the BANG gel dosimeter as an effective three-dimensional 

dosimefric tool. It also bodes well for the conformation capabilities ofthe IMRT system. 

Hence, future quantitative investigation of a study just like this one can confirm the 

viability of the BANG gel dosimeter when used in conjunction with the normalized 

calibration protocol. 

4.2 Doped Gel Preliminary Investigations 

The ferrous and Copper Sulfate study was done as an investigation on altemative 

types of gel to be used in a gel dosimetry study. The results presented here are very raw 

and serve only as a preliminary investigation as to the effects and sensitivity of these 

altemative gels to a variety of irradiation scenarios. In addition, these preliminary 

investigations are used to determine if a complete study might be necessary if the 

preliminary data is promising. Clearly further study is necessary to make concise 

recommendations regarding the applicability of these gels. 
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4.2.1 Ferrous Gels 

4.2.1.1 Materials and Methods 

The gels used in this study were manufactured in the Biophysics laboratory at 

Texas Tech University. These gels were manufactured such that they have ingredients 

from BANG gel that help maintain a stable gel matrix, and they also had elements from 

the Fricke solution [1] in order to react when irradiated even in the presence of oxygen. 

For stability ofthe gel matrix, we used equal amounts of acrylamide and acrylic acid (3% 

each by weight). In addition, we used 1 mM NaCl, 0.05 M sulfiiric acid, and 1 mM 

ferrous ions (Fe^ ) from ammonium ferrous sulfate. All chemicals were of analytical 

reagent grade and distilled water was used. 

We used five tube gels in this calibration study. Tube 1 was not irradiated and 

used as a zero dose point. The other gels were irradiated with increasing amounts of 

radiation, namely, 100, 200, 300, and 500 cGy respectively. The irradiated tubes, (2.0-

cm outer diameter, and 10-cm length) were placed in a Lucite phantom and poshioned on 

the patient couch such that the central portion of the tube gets to receive the maximum 

absorbed dose. Once the tubes were irradiated, they were put through a serious of bulk 

T2 MRI measurements performed at the TTU Petro-Physics imaging laboratory using a 

Varian 2.0-Tesla imager. 

4.2.1.2 Results and Discussion 

Once the imaging data is collected, the T2's obtained were converted into R2 (= 

I/T2) and plotted against absorbed dose. In previous studies [2,3], it was shown that the 

Fricke chemical dosimeters exhibited linear behavior up until 400 cGy, at which point the 
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curve seems to level out for a certain range of radiation. The same type of behavior can 

be seen in Figure 4.4, which shows the 500 cGy point deviate from the apparent linearity 

of tiie other four points. This figure shows the dose versus R2 (=1/T2) for the ferrous-

doped gels (Ti was not measured for these gels). 

The sensitivity of the ferrous gels is greater than the BANG gels. For example, 

for 1 Gy (100 cGy), the R2 is approximately 10s"' for the ferrous gel. For each ofthe 

calibrations above, 1 Gy corresponds to an R2 low value of less than 4s"', to an R2 high 

value of less than Ss" . This corresponds to an improvement ranging from 1.5 to 2.5 

times more in sensitivity. This particular type of gel warrants more study since the gels 

are not only more sensitive, these gels are also easier to manufacture since they do not 

require oxygen purging. BANG gels require extensive purging of oxygen since oxygen 

affects the sensitivity ofthe gel [4,5]. This purging process adds anywhere from 2 - 3 

hours to the manufacturing process of the gels. In addition, consistency in the oxygen 

levels in the gels is difficult to maintain from one batch of gel to another. With the 

ferrous-doped gels, this is not a problem at all. 

4.2.2 Copper Sulfate Gels 

4.2.2.1 Methods 

The copper sulfate doped gels were analyzed in a different way. The same gel 

matrix used for the ferrous-doped gels was used in this case. The only additional 

ingredient was the copper sulfate solution in each tube gel. Copper sulfate concentrations 

of 0, 2%), 4%), 6%), and 8% (by weight) were added into separate tubes of gel. The gels 

were then irradiated with 200-cGy-radiation dose. The tubes were once again placed 

118 



inside a Lucite phantom and positioned in such a way as to deliver maximum dose to the 

cenfral region of the tube. Once irradiated, the tubes were subjected to Ti and T2 

measurements on the same 2.0-Tesla imager. Only bulk measurements were extracted 

for each tube. 

4.2.2.2 Results and Discussion 

Plots ofthe R2 (=1/T2) and R, (=1/Ti) are shown in Figure 4.5. At this dose (200 

cGy), the Ri curve is linear with concentration but the R2 curve is not linear, rather 

almost a higher order polynomial behavior as a function of dose. The dynamic range and 

sensitivity of these gels are better than the BANG tube gel measurements in Chapter 2, 

but not quite as good as the ferrous doped gels. The results of this preliminary study are 

promising. Therefore, fiirther investigation is warranted for these gels in order to study 

their dose versus relaxation parameter in order to determine their usability as dosimeters. 
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Figures 

Figure 4.1. Computer-Generated Two Lesion Plan. This figure was obtained from the 
CORVUS treatment-planning computer. Panel A shows a side view of the spherical gel 
and the two irregular shaped lesions within the gel. Panel B shows an axial cross-section 
ofthe same gel. 
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Figure 4.2. Overlay Comparison ofthe Two Lesion Gel (low dose Slices). Panels A, C 
and E are scans of the theoretical contours superimposed onto the planned lesion 
stmcture. Panels B, D, and F are to corresponding experimentally generated contour 
overlays. These experimental contours were generated using the normalized calibration 
protocol from Chapter 2. Upon visual inspection, it is evident that the isodose shapes, 
sizes and locations are very similar even in this lower dose region ofthe gel. 
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Figure 4.3. Overlay Comparison ofthe Two Lesion Gel (high dose Slices). Panels A, C 
and E are scans of the theoretical contours superimposed onto the plarmed lesion 
structure. Panels B, D, and F are to corresponding experimentally generated contour 
overlays. These experimental contours were generated using the normalized calibration 
protocol from Chapter 2. There is also a favorable comparison between theoretical and 
experimental contours even in the higher dose slices. 



Figure 4.4. Ferrous Doped Gels. This graph shows the R2 data of the ferrous doped gel 
system. The main point in this figure is the large dynamic range. Between D = 0 emd D 
= 3 Gy, there is a range of approximately 40 s" which speaks to the potential of this gel 
system. 
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Figure 4.5. Copper Sulfate Gels. The figures show the Ri(= 1/Ti) and the R2 versus 
concentration in this gel system. The sensitivity and dynamic range is slightiy better than 
the BANG tube gels but not quite as good as the ferrous doped gels. 
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APPENDIX A 

SELECTED DIFFERENCE MAPS 

This appendix shows additional difference maps of the Peacock gel and Corvus 

gel. The purpose of presenting this appendix is to supplement the figures presented in 

Chapter 3 so that the reader may have a more global view of the difference maps 

highlighted in this dissertation. 

126 



100 

125 

ISO 

0 

100 

125 

150 

0 

25 

50 

150 

0 

100 

125-

6 2 5 -

5 0 0 -

3 7 5 -

2 5 0 -

1 2 5 -

1 0 0 0 -

8 0 0 -

6 0 0 -

4 0 0 -

2 0 0 -

1 5 0 0 -

1 2 5 0 -

lOGO-

7 5 0 -

5 0 0 -

2 5 0 -

1 5 0 0 -

1 2 5 0 -

1 0 0 0 -

7 5 0 -

5 0 0 -

2 5 0 -

B 

D 

F 

H 

i„.A 

i 

1 
.III 

j 

1 

l l J 

III 
111 ii I, 

III 

1 
L .|, 

llllllllLi 

1 

I 
imnd 

ll,kt!. 

-100-75 -50 -25 0 25 50 75 100 

Figure A-1. Corvus 7 Difference Maps. Panels A, B, and C represent the low dose slice 
(Z = 100 mm) where panel A is the lower limit difference map and panel B is the 
corresponding histogram. Panels C and D correspond to the upper limit difference map 
and histogram, respectively. Panel E is the lower limit difference map and panel F is the 
corresponding histogram. Panels G and H correspond to the upper limh difference map 
and histogram, respectively. This slice represents z = 65 mm and is one of the higher 
dose slices. 
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Figure A-2. Corvus 8 Difference Maps. Panels A, B, and C represent the low dose slice 
(Z = 100 mm) where panel A is the lower limit difference map and panel B is the 
corresponding histogram. Panels C and D correspond to the upper limit difference map 
£md histogram, respectively. Panel E is the lower limit difference map and panel F is the 
corresponding histogram. Panels G and H correspond to the upper limit difference map 
and histogram, respectively. This slice represents z = 65 mm and is one of the higher 
dose slices. 
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Figure A-3. Peacock Difference Maps. Panels A, B, and C represent the low dose slice 
(Z = 100 mm) where panel A is the lower limit difference map and panel B is the 
corresponding histogram. Panels C and D correspond to the upper limit difference map 
and histogram, respectively. Panel E is the lower limit difference map and panel F is the 
corresponding histogram. Panels G and H correspond to the upper limit difference map 
and histogram, respectively. This slice represents z = 65 mm and is one of the higher 
dose slices. 
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APPENDIX B 

HIV PUBLISHED MANUSCRIPT 

The purpose of this appendix is to highlight the additional research I had worked 

on as a graduate student at Texas Tech University. This particular document is a 

manuscript of the semi-quantitative two-year study on the dmg therapy and its effects on 

the brain lesions of an HIV infected patient. This work was published in Neuroradiology. 
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Abstract MRI was used to study 
the effects of introducing cidofovir 
(HPMPC, Vistide) to the antiretro-
viral therapy of a 33-year-old vifhite 
man diagnosed as having progres
sive multifocal leukoencephalopa
thy (PML) secondary to AIDS. In 
response to combined cidofovir and 
antiretroviral therapy he showed 
significant chnical improvement. 
MRI showed a decrease in extent of 
existing lesions, without new ones. 
Blood chemistry information ob
tained indicated some involvement 

of immunologic mechanisms: the 
CD4:8 ratio showed improvement 
from an average of 0.08 before 
treatment to 0.13 during therapy. 

Key words Human immunode
ficiency virus infection • Cidofovir • 
Progressive multifocal leukoen
cephalopathy • Magnetic resonance 
imaging 

liAvduction 

Progressive multifocal leukoencephalopathy (PML) is 
an opportunistic infection caused by a human papovavi-
rus, JC. It develops in approximately 4 % of patients 
with AIDS [1] and is characterized by selective destruc
tion of white matter [2]. Reactivation of the papovavirus 
results in a demyehnating process and directly infects 
the oligodendrocytes [3]. Initially, the chnical manifesta
tions are nonspecific, with limb weakness and head
aches. Pathologically, the disease is characterized by 
areas of demyelination and reactive gliosis without ne
crosis. PML is progressive and usually fatal within 
6 months of diagnosis. 

Areas of high signal intensity are seen in white matter 
on T2-weighted images in several disorders. Although 
they most commonly involve the occipital and parietal 
lobes, any region of the brain may be affected. The le
sions are devoid of mass effect and generally show no 
contrast enhancement. PML may also occur in the gray 
matter (cortex, basal ganglia) or posterior cranial fossa. 

Cidofovir is an acychc nucleoside phosphonate with a 
broad spectrum of activity against DNA viruses. Its 

mechanism of action is based on the interaction of its ac
tive intracellular metabolite with the viral DNA poly
merase [4]. Cidofovir therapy has been very effective in 
treatment of cytomegalovirus (CMV) encephaUtis [5] 
and other lesions such as AIDS-related retinitis. 

Case report 

A 34-year-oId white man with known cryptococcal meningitis sec
ondary to AIDS had an uneventful course until he was seen wan
dering the streets in an extremely agitated state. He was acutely 
confused, had difficulty communicating verbally, and was weak 
on the right side. In addition, he was vomiting. Lumbar puncture 
revealed elevated protein, with a negative Indian ink preparation 
and cryptococcal reactive antigen. Toxoplasma serology was neg
ative and there was no evidence of CMV or cryptococcal infec
tion. No polymerase chain reaction (PCR) was performed on 
the cerebrospinal fluid (CSF) to detect the JC virus. The diagno
sis of PML was made after other focal brain diseases had been 
eliminated, and supported by MRI. The patient was started on 
Nevirapine, a protease inhibitor which crosses the blood brain 
barrier and has some effect on the JC virus. There was some im
provement, but 12 h later, the patient's condition rapidly deterio
rated. 
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Table 1 Blood analyses before 
cidofovir therapy Days before 

treatment 

0 
109 
221 
300 

Viral load (copies/ml) CD4 (ceUs/mm )̂ CDS (cells/mm^) CD4/8 ratio 

30,000 
43,500 
26,900 

106,000 

35 
36 
25 
36 

476 
414 
300 
414 

0.07 
0.09 
0.08 
0.09 

Table 2 Clinical and imaging findings on cidofovir and antiretroviral therapy 

Days on Viral load CD4 CD4/8 ratio Clinical status 
treatment) (copies/ml) (cells/mm-') 

MRI 

0 

109 

->-}-^ 

300 

1,133 

1300 

1,000 

2,008 

55 

138 

99 

63 

0.11 

0.14 

0.12 

0.14 

Psychomotor slowing, memory 
impairment, behavioral changes 
Improved motor and verbal 
skills, better physical and mental 
state 

Near-normal physical and mental 
state, except for irids 

Iritis improved, great physical 
and mental improvement 

Extensive areas of signal change 
without mass effect 
No new lesions; improvement 
in cerebellum 

No new lesions; improvement 
in cerebellum 
Not done 

He was admitted for repletion, further diagnostic studies, and 
supportive care. On admission he was severely dehydrated, and 
had no bowel movement for 4 days. Laboratory tests included a 
white count of 4,500 cells/ml on admission (and '2,300 cells/ml at 
discharge). Hemoglobin was 11.4 g/lOOml on admission (and 9.9 g 
by discharge) reflecting the dehydrated state. C I supported the 
suggestion that the patient had PML. At this time, HPMPC or ci
dofovir was introduced into the patient's therapy. 

Blood was drawn for CD4 and CDS counts, CD4:8 ratio, and vi
ral load, to indicate whether the cidofovir and antiretroviral thera
py affected the patient's immune status. Table 1 lists the blood 
chemistry information prior to the cidofovir and antiretroviral 
therapy. During the time specified in the table, the patient was on 
acyclovir (antiviral), fluconazole (for cryptococcal meningitis), ri-
fambutin (for tuberculosis), dapsone (for Pneumocystis carinii 
pneumonia), and hivid (antiretroviral). AZT was not given be
cause it causes severe anemia. 

MRI was performed at 1.5 T. Spin-echo images were obtained 
before and after intravenous injection contrast medium. 

Before cidofovir and antiretroviral therapy, the patient was dis
oriented and confused with difficulties in communicating verbally. 
He was unable to utter any phrase containing long Os. There was 
marked weakness of the right aim, with gross tremor. He showed 
severe dysequilibrium and inabihty to walk without staggering. 
He was admitted to hospital and placed on cidofovir. 

Table 2 is a summary of blood chemistry, neurological, and neii-
roradiological assessment while he was on : antiretrovirals and ci
dofovir. The only change in was the introduction of cidofovir after 
the initial MRI. On this treatment, the patient showed marked 
overall improvement. He is currently doing very well with mmor 
neurological abnormalities. The dose of cidofovir had to be de
creased after 9 months due to intraocular inflammation. 

The first MRI, obtained prior to the introduction of cidofovu-
(Figs. 3 a, 44, 5 a), demonstrated extensive abnormal high signal 
on T2-weighted images in the white matter of the left firontal lobe 
extending into the anterior limb of the intemal capsule and the 
subinsular area. An additional rounded focus of high signal was 

identified in the posterior Umb of the right intemal capsule. An 
elongated high-signal focus extended from the subthalamic area 
downward into the left cerebral peduncle. Further subcortical foci 
were identified in the parietal lobes. There was a confluent zone 
of increased signal in the center of the right cerebellar hemisphere, 
extending into the brachium pontis, and a smaller one in the center 
of the left cerebellar hemisphere. 

When the patient has been on cidofovir for 3 months MRI 
(Figs. 3 b, 4 b, 5 b) showed overall improvement. The abnormal 
foci had all decreased in size and there were no new lesions. 

When the patient had been on cidofovir for 6 months, MRI 
(Figs 3 c, 4 c, 5 c) still showed increased signal in the white matter 
of the left frontal lobe, unchanged since the previous study. The ex
tent of abnormal signal in other areas had decreased, especially in 
the cerebellum. No new lesions were identified. 

Fig.l T2-weighted images showing asymmetric white-matter le- • 
sions without mass effect 

Fig.2 The same sections as in Fig.l, after intravenous contrast 
medium, showing little or no contrast enhancement 

Fig. 3 A Before cidofovir treatment, there is a high-signal lesion in 
the white matter of the left frontal lobe extending into the anterior 
limb of the intemal capsule and into the subinsular area; another 
focus is seen in the posterior Umb of the right intemal capsule. 
B The same region 3 months later, showing improvement, particu
larly in the size of the elongated lesion. The smaller lesion has 
also decreased in size. C After 6 months the lesions are still pre
sent, but remain rather stable 

Fi<'.4A-C Other sections from the examinations shown in Fig. 3 
demonstrate a rather extensive lesion in the right cerebral hemi
sphere, which shows remarkable improvement with treatment 
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Fig. 5 A-C Further sections from the examinations shown in Fig. 3 
demonstrate a rather extensive white-matter lesion which also 
shows dramatic decrease in size, and is almost invisible in C 

Discussion 

This case indicates the effectiveness of cidofovir and an
tiretroviral therapy on PML, and should serve as a pre
lude to more quantitative studies. 

The improvement seen on MRI was paralleled by re
markable improvement in the physical and neurological 
state of the patient, and by improvement in his immune 
status, as evidenced by the CD4:CD8 ratio. The dose of 
cidofovir had to be decreased due to the appearance of 
intraocular inflammation, a not uncommon side-effect; 

iritis and hypotony have been observed in patients on 
cidofovir treatment [6]. It would appear that a combi
nation of cidofovir and antiretroviral therapy has poten
tial for the treatment of PML. However, it is not clear if 
cidofovir alone or the combined therapy was responsi
ble for the improvement. Not aO of the lesions disap
peared completely during the study. However, the 
remaining lesions appeared stable. In a similar study 
with cidofovir and cjrtosine arabinoside, the patient 
completely recovered from the effects of PML [7]. 
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APPENDIX C 

PHYSICS EDUCATION PREPARED MANUSCRIPT 

The purpose of this appendix is to highlight the additional research I was involved 

with as a graduate student at Texas Tech University. This particular document is a 

manuscript of the Physics Education research done while I was teaching introductory 

lecture courses as a graduate student. The paper highlights the results of a two-year 

quantitative study on the effects of online homework on the understanding the basic 

concepts of introductory physics. 
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Abstract 

A decrease in the number of graduate students assigned to assist in large introductory courses at 

Texas Tech University made it unfeasible to continue grading homework. Online homework was 

introduced as a viable alternative to ungraded homework. We report the results of a comparison 

of students' understanding of physics concepts with and without interactive online homework, as 

measured by the Force Concept Inventory. We compared students in large introductory courses 

taught by interactive engagement methods and non-interactive engagement methods both with 

and without interactive online homework and students in different letter grade subgroups. The 

increase in the average Force Concept Inventory normalized gain was statistically significant for 

all students taught with interactive online homework. The gain was significantly higher for those 

students taught with interactive engagement methods together with interactive online homework. 
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Introduction 

In recent years, the number of physics graduate students has steadily declined [1]. At Texas Tech 

University (TTU), there are not enough Teaching Assistants (TA's) to help in teaching the large 

Introductory Physics courses. Most of the TA's are assigned to teach the introductory physics 

laboratory classes, whicii are separate from the lecture courses. It is therefore almost impossible 

to have one or more TA's to grade homework assignments or to setup structured tutorial sessions 

to help students with homework or exam preparation in large multi-section introductory physics 

courses. The solution to this problem has been either not to grade the homework at all or 

to grade only a very small percentage of selected problems, depending on the instructor. 

Weekly in-class quizzes with problems similar to the assigned, but not graded homework 

problems, were given. With no significant increase in TA availability foreseen in the 

future, a solution other than the conventional homework system was sought. 

We decided to investigate the use of an interactive online homework system as a viable 

altemative to our present system and to evaluate the difference in students' understanding 

in the two cases. 

The goals of our study of interactive online homework implementation were as follows: 

Goal 1: Examine whether or not the implementation of interactive online homework in 

introductory physics classes, compared to classes in which homework is assigned, but not graded, 

leads to an improvement in students' understanding of physics concepts, as measured by the 

Force Concept Inventory (FCl) [2,3]. 

Goal 2: Examine the FCI scores broken down by letter grade subgroup (A, B, C, etc.) to 

determine if one subgroup benefits more from interactive online homework than the other letter 

grade subgroups, based on their FCI scores. 

Goal 3: Determine whether or not the use of interactive engagement (IE) teaching methods make 

a difference in the student's understanding of physics concepts, compared with the use of non-

interactive engagement (NIE) teaching methods, in the presence or absence of interactive online 

homework. 
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In order to achieve these goals, the Force Concept Inventory (FCI) was given as a pre- and a post-

;test to students who were taught with and without interactive engagement methods, with 

assigned, but ungraded homework, in 1999 and to students taught with and without interactive 

engagement methods with online interactive homework in 2000. 

Using a 2-tail / test of unequal variances, our results indicate that the use of interactive online 

homework significantly enhances the students' understanding of physics concepts, when 

compared to students with ungraded homework, especially in classes taught by IE teaching 

methods. 
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Methods and Resources 

Structures and Student Profile of Introductory Physics Course at TTU 

A multi-section calculus-based Introductory Physics course, PHYS 1308, was involved in this 2-

year study. The course covers kinematics, force, momentum, energy and waves and is taught by 

different instructors each year. The class size is around 250 students, with section sizes ranging 

from 35-80 students. The course runs for 14 weeks in the Spring and Fall semesters, and consists 

of 2.5 hrs./week of lecture. (There are no recitation sections and there is a separate laboratory 

course.) The course is also taught in the summer. The summer course runs for 21 days, 1.83 

hrs./day, all lecture. A total of 16 sections from 1999 and 2000 were involved in this study. 

Some instructors taught more than one section in this study. The department chairperson selected 

one of the instructors in each semester as the course coordinator. This coordinator was 

responsible for ensuring a commonality in the pace of materials covered, levels of difficulty and 

quality of exams, and was the local administrator of the web servers which provided internet 

services for the online homework, course management and the FCI test as described below. In 

1999, the Total Grade ofthe course was calculated from the scores ofthe exams (80%) and the 

weekly in-class quizzes (20%). In 2000, the online homework counted 10% and in-class quizzes 

counted 10%), whereas, the exams still counted 80%. A common final exam was given to all 

sections both years. The questions in the exams were divided into conceptual (20-30%) and 

problem-solving (70-80%) in all semesters. The cutoffs for the letter grades A, B and C were set 

at 85, 74 and 60, respectively. 

Most ofthe students were majoring in engineering. However, some ofthe students were majoring 

in one ofthe physical sciences, the life sciences, e.g., biology and agriculture, or mathematics. A 

survey of the student's mathematics background revealed that the majority of them had at least 

Calculus I, a pre-requisite of this course. Most of them had had a high school physics course. 

Teaching Pedagogy and Selection of NIE and IE Groups 

Instructors involved in this study used different teaching methods, IE and NIE. The IE methods 

involved direct participation of students during the lectures by posting short questions with 

possible answers provided [4]. Students were encouraged to predict the correct answers. The 

questions involved were both quantitative and qualitative. The NIE methods involved minimal or 

no participation of students during the lectures. 
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In order to examine the effects of teaching methods, NIE and IE, on the student's learning of 

physics concepts, the answers of students on the pre/post FCI tests were pooled into four major 

groups as shown below. 

1. NIE-1999 (7V=136): 5 sections taught by 3 instructors using NIE methods in 1999. 

2. IE-1999 (N=76): 3 sections taught by 2 instructors using IE methods in 1999. 

3. NIE-2000 (N=86): 4 sections taught by 4 instructors using NIE methods in 2000. 

4. IE-2000 (N=121): 4 sections taught by 1 instructor using IE methods in 2000. 

Internet Technology Implementation 

Internet Technology was implemented starting in 1999. Online pre/post FCI tests were 

implemented in 1999, with continued use in year 2000, and online web-based course tool 

(WebCT) and interactive online homework were implemented in year 2000. 

1. Online pre/post FCI tests: For the Spring and Fall semesters, all students took the pre- and 

post- FCI tests online. The online FCI test was administered by the Harvard Physics 

Research Group. It was given as a pre-test during the first week of class and was given as a 

post-test after the lecture had covered kinematics and momentum. The normalized gain was 

calculated based on the formula of (post-test - pre-test) / (100 - pre-test) x 100. The post-test 

and pre-test scores were all normalized to a maximum of 100. A written version ofthe FCI 

was given to the students in the Summer 2000 and Fall 2000 in classes. A total of 212 

students and 207 students participated in the pre/post FCI tests in 1999 and 2000, 

respectively. The FCI scores from those students who had dropped the course before the final 

exam or missed the FCI pre- or post-test were discarded. About 20-30% of the registered 

students dropped the course before the final exam in the Fall and Spring semesters. 

2. OidinS^g&fafaflak'Jn ^eant^QSf vCETdied WdbOF pK)videSVtebusSllielh thatfroHEtbcareidiltgiteY 

telecommunicafion modules. We used the Online Grade Book module for posting of online 

homework, in-class quiz and exam scores. Online Chat module, also called Cyber-office 

hours by us, for interactive communication with students, and online quiz/survey module for 

posting practice quizzes and questions. The interactive Online Chat was used almost daily in 

the Summer 2000 section taught by the IE method. However, it was used much less 
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frequently in other sections taught by either IE or NIE methods. WebCT was also used as a 

centralized internet resource where hyperlinks were provided for the students to access the 

FCI, online homework and other internet-based resources, like lecture notes, worksheets and 

keys to quizzes and sample problems. Since more students in the Summer 2000 section than 

any other sections in 2000 all actively participated in the use of WebCT, our Summer 2000 

class is considered a demonstration class in our ongoing internet technology implementation 

project in the physics department at TTU. 

3. Online Homework: In year 2000, we used an interactive online homework service provided 

by the University of Texas at Austin as a supplement to classroom teaching at TTU. This 

interactive online homework system allows instructors to select questions, numeric or 

multiple choice, from a databank of several thousand physics questions. Most ofthe questions 

in the databank have multiple parts and are algorithmic, which means that the given 

numerical variables in the questions are generated randomly with defined upper and lower 

limits. Therefore each student in the course had a different numerical "version" ofthe same 

question with unique solutions based on the randomly assigned variables. About 10-15 

online questions were assigned to the students each week. About 10-20% ofthe questions 

assigned each week were conceptual. Each student had to logon to the online homework 

server to download the questions. Instant feedback from the server for right or wrong answers 

ofthe submitted questions is provided online. Before the due date ofthe homework, students 

could enter the answers as many times as they wanted. Negative points were assigned for any 

wrong attempt. The interactive online homework constituted 10% of their total grade. More 

than 75%) of the students in each selected NIE or IE group submitted weekly online 

homework regularly. However, close to 100% ofthe students in the IE group of Summer 

2000 submitted online homework. 

Other Supplementary Resources 

Other forms of supplementary instructional resources were also available in 1999 and 2000. 

These supplementary resources were voluntary help sessions sponsored by the engineering school 

and by the physics department at TTU. The instructor for the help session sponsored by the 

engineering school was an engineering undergraduate senior, who conducted two regular 2-hour 

sessions per week for each Spring and Fall semester in 1999 and 2000. The instructor for the help 

session sponsored by the physics department xsas a phxsics graduate student. This graduate 
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student conducted one 2-hour session per week for Spring 1999, but was discontinued due to the 

lack of participation of students and financial resources. However, the physics department 

provided centralized TA office hours (4-5 hrs./day during the weekday) to help students in both 

1999 and 2000. TA's were asked to be present during certain assigned time slots each day in a 

designated TA office where students could walk in and ask questions. No particular tutorial 

training or structured instructions were given to the undergraduate or graduate students in this 

study. 

The participation in any ofthe above help sessions was very poor with no more than 10 students 

showing up for the regular two-hour sessions in 1999, except those sessions before the exams. 

Only a handful of students showed up regularly at the centralized TA office. However, there was 

a significant increase in the number of students attending the help sessions, as well as seeking 

help at the centralized TA office, in 2000. The number was around 30-50 per help session and a 

continuous flow of students was evident at the centralized TA office. In the Summer 2000 

section, all of the above Supplementary Resources were not available. The instructor offered 

online Cyber-office hours, in addition to regular office hours, in lieu of centralized TA office 

hours and help sessions used in the long semester. 
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Results 

Comparisons of FCI Scores in 1999 with those in 2000 - All Data 

The distributions ofthe FCI scores in 1999 and 2000 are shown in Figs.lA and B, respectively. 

The normalized gain is plotted vs. the pre-test score. In order to visualize all three FCI scores 

simultaneously, the post-test score is visualized according to its location in one ofthe four post-

test zones, 0-20, 20-60, 60-85 and 85-100. The post-test zones are demarcated by three 

boundaries or contour lines, which intercept the >-axis (normalized gain) at 20, 60 and 85 as 

shown. The students from different letter grade subgroups are also identified by different 

symbols. A cross on the FCI plot indicates the average, with the length of the cross arms 

indicating the standard deviation each direction. 

The average FCI scores for pre-test, post-test, and normalized gain were 42.4 ± 13.2, 55.8 ± 15.6, 

and 23.9 + 19.2, respectively, in 1999 (TV =212) compared with 44.9 ± 15.1, 71.8 ± 15.4, and 50.9 

± 22.4, respectively, in 2000 (A'=207). Using a 2-tail /-test with unequal variances [5], the 

difference between the pre-test of 42.4 in 1999 and that of 44.9 in 2000 is statistically 

insignificant with P{t < = t*) = 0.158 which is greater than the threshold value oiP{t*) = 0.05. 

The difference between the post-test score of 55.8 in 1999 and that of 71.8 in 2000 is statistically 

significant with significance probability P{t < = t*) = 2.9 xlO"'\ and the difference between the 

normalized gain of 23.9 in 1999 and that of 50.9 in 2000 is also statistically significant with P(/< 

= t*) = 6.3 xl0"24, where t* is the critical / value at a 95% confidence level. 

To facilitate cross-comparisons ofthe levels of statistical significance of FCI scores in different 

groups, the significance probability P{t < = t*) is also represented by a new Significance Level 

parameter defined as - log,o(/'(^ < = t*)). The Significance Level threshold (-log,o(/'(/*)) is 1.30 

at a 95% confidence level. It is clear that this Significance Level parameter increases with 

increasing level of statistical significance between two comparing population averages. In 

addition, the difference between two population averages is significant only if this Significance 

Level is greater than 1.30. With this new detniition, the levels of statistical significance ofthe 

differences between the averages of any two comparing sample populations can directly be 

plotted and cross-compared on linear histograms as shown in Figs.2-4. For example, the 

Significance Level parameters between the FCI score averages in 1999 and those in 2000 were 
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0.81 (< 1.30), 16.5 (> 1.30) and 23.2 (> 1.30), for the pre-test, post-test and normalized gain, 

respectively, and are shown in Figs.2A, B and C, respectively. 

Comparisons of FCI scores in 1999 with those in 2000 - letter grade subgroups 

Whether or not the observed increase in the FCI scores upon implementation of online homework 

was different for students in different letter grade subgroups was examined. The students in 1999 

and 2000 were pooled into different letter grade subgroups. Table 1 summarizes the population 

size, averages and standard deviations of post-test and normalized gain of all students and 

students in each letter grade subgroup. The pre-lest score in 1999 was similar to that in 2000 for 

each subgroup. However, the post-test and normalized gain scores were higher in 2000 than in 

1999 for each letter grade subgroup as shown in Fig.2 and Table 1. Also of significance is the 

number of students in each letter grade subgroup. The percentage of A, B and C students rose 

dramatically from 1999 to 2000 and the percentage of D students decreased, as shown in Table 1. 

Using the same 2-tail /-test with unequal variances, the statistical significance ofthe difference 

between the average of each FCI score in 1999 and that in 2000 for each letter grade subgroup 

was represented by the Significance Level parameter. It is evident that the Significance Level 

parameters ofthe pre-test in all letter grade subgroups were all lower than the threshold value as 

shown in Fig.2A. This indicates that there are no significant differences between the averages of 

pre-test scores in 1999 than those in 2000 in all letter grade subgroups. On the other hand, the 

Significance Level parameters of either post-test or normalized gain scores were higher than the 

threshold value as shown in Figs.2B and C, respectively. 

Comparisons of FCI scores in 1999 with those in 2000 for both NIE and IE groups 

Comparisons ofthe FCI scores from the two group pairs, (NIE-1999, NlE-2000) and (IE-1999, 

IE-2000), allowed us to separately evaluate the role of interactive online homework in the FCI 

scores of students taught by IE and NIE methods. 

Again, there was no significant difference in the pre-test scores of students taught in 1999 vs. 

students taught in 2000. For either the NIE or IE group, the post-test and normalized gain in 2000 

was higher than that in 1999 as shown in Table 1. However, for all the students in the IE group, 

the Significance Level parameters ofthe post-test (Fig.3E) and the normalized gain (Fig.3F) were 

much higher than the identical parameters for all the students in the NIE group (Figs.3B and C). 
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Among the letter grade subgroups in the NIE group (Figs.3B-C), the Significance Level 

parameters ofthe post-test for the A subgroup and the normalized gain ofthe A and B subgroups 

were only slightly higher than the threshold value. In contrast, for all letter grade subgroups in 

the IE group (Figs.3D-F), all Significance Level parameters ofthe post-test and normalized gain 

were higher than the threshold. Also, the Significance Level Parameters of post-test and 

normalized gain for the C subgroup in the IE group were several times higher than those for the 

other subgroups within the IE group and all subgroups in the NIE group. 

Comparisons of FCI scores in NIE groups with those in IE groups from 1999 and 2000 

Comparisons ofthe FCI scores from the two group pairs, (NIE-1999, IE-1999) and (NIE-2000, 

IE-2000), provided information about the role of teaching methods, NIE and IE, in the FCI scores 

of students in those sections without and with online homework, respectively. 

Again, there was no significant difference in the pre-test scores of students taught by IE and NIE 

methods, as shown in Figs. 4A and 4D. In 1999, the Significance Level parameters of FCI scores 

for all students and different grade level subgroups were all lower or near the threshold as shown 

in Figs.4B and C, showing no difference in the IE and NIE scores. In contrast, the Significance 

Level parameters ofthe post-test and the normalized gain ofthe C subgroup were significantly 

higher than those ofthe A, B and D subgroups in 2000 as shown in Figs.4E and F. 
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Discussion 

Although it is widely assumed that doing homework is an important aspect of the learning 

process in physics and other science subjects, we have found no evidence in the literature that this 

assumption has been tested in introductor> physics classes. There is evidence [6], however, that 

students that use online homework compare favorably in understanding with students whose 

homework is graded by hand. One \\a> to interpret the results of this study, is that graded 

homework is a significant factor in increasing students' understanding of physics concepts. In 

addition, IE teaching methods in this study did not have the effect of increasing students' 

understanding of concepts when it was not coupled with graded homework. The coupling of 

graded homework (in this case, interactive online homework) and IE methods raised students' 

level of understanding much higher than the addition of graded (interactive online) homework to 

NIE methods, although there was a significant change in that case also. 

Conclusions 

The implementation of an interactive online homework system resulted in a statistically 

significant increase in the students' understanding of physics concepts as measured by the FCI 

when compared with an ungraded homework system. There was a statistically significant 

increase in the average normalized gain in 2000 (with interactive online homework) compared to 

1999 (with ungraded homework). Our results provide evidence (1) for the significance of graded 

homework as a factor in students' understanding of physics concepts, (2) that the coupling of 

graded homework with IE teaching methods has a greater effect on students' understanding of 

physics concepts than NIE methods with or without graded homework, and (3) that interactive 

online homework is a viable solution to achieving graded homework at universities where it is 

unfeasible to grade homework manually. 
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Table 1 Summary of FCI Post-test and Normalized Gain in 1999 and 2000 

The averages of FCI post-test and normalized gain (in parentheses) of students in 1999 and 2000 

as a whole, in IE and NIE groups, and in letter grade subgroups are shown. The population size 

(AO of each group or subgroup is also given. The ratings of the TTU FCI Normalized Gain 

scores, i.e., low-gain (0-30), medium-gain (30-70) and high-gain (70-100), based on the recently 

published extensive FCI survey by Hake [7] are indicated by *, **, and *** respectively. The FCI 

scores of Summer 2000 section, a subset of the IE group in 2000 and our Internet Technology 

Demonstration Class at TTU, are also shown. 

Year Teaching 

Methods 

1999 

All 

NIE 

IE 

2000 

All 

NIE 

IE 

All letter 

grades 

55.8 ± 11.2 
(23.9 ± 18.9) 
A'=212 

* 

56.8+ 14.7 
(25.7 ±17.8) 
A^=136 
* 

54.0 ± 16.8 
(20.5 ±21.2) 
N=16 

* 

71.8 ± 15.4 
(50.9 ±22.4) 
N=201 

** 

65.5 ± 16.6 
(40.4 ± 22.2) 
A^=86 

** 

76.39+ 16.5 
(58.2 ±19.7) 
N=\2\ 

** 

75.5+15.8" 
(59.9 ± 15.6f 

A subgroup 

71.4± 11.2 
(43.0 ±20.0) 
A'=39 

** 

68.6+ 11.8 
(38.3 ±20.7) 
N=25 

** 

76.7 ±7.6 
(51.2± 16.5) 
N= 14 
** 

86.0 ±9.8 
(67.5 ±21.2) 
N=56 

** 

80.4 ± 11.8 
(58.0 ±23.9) 
A'=22 

** 

89.6 ±7.2 
(73.7+ 17.4) 
/V=34 

** * 

91.7+3.9' 
(80.7 ±3.3)' 
yv= 6" 

B subgroup 

59.2+ 11.2 
(25.5 ±20.4) 
A'=61 
* 

58.8+ 13.5 
(26.5 + 17.9) 
A' = 49 
* 

60.6 ±21.2 
(21.1 ±30.2) 
N= 12 
* 

73.0 ± 12.7 
(50.6 ±20.4) 
N=61 

** 

61.6 ± 13.6 
(40.1 ± 19.4) 
N=28 

** 

76.9 ± 11.2 
(58.2 ± 17.4) 
N=39 

** 

85.5+6.7" 
(64.0+12.6)" 
N= 14" 

C subgroup 

54.9 ±13.1 
(20.6 ± 16.3) 
N=57 

* 

56.7 ± 13.5 
(22.0 ±16.6) 
A'=35 
* 

52.0 ± 12.0 
(18.2+15.3) 
N=22 

* 

63.4 ± 14.6 
(42.0 ± 19.3) 
7V=68 
** 

55.1 + 15.7 
(30.0+19.0) 
N=32 

** 

70.7 ± 10.6 
(52.0 ± 14.0) 
A'=36 

** 

64.2 ±7.7" 
(46.6 ±11.4)" 
N= 11" 

D subgroup 

41.9111.5 
(11.9+ 14.1) 
N=55 

* 

42.3 ± 13.1 
(17.4 ±14.3) 
N=21 

* 

41.5 ± 10.0 
(6.67 ± 12.4) 
/V=28 
* 

53.6 ± 13.1 
(32.0112.1) 
N=16 

** 

51.8 ± 13.3 
(27.9 ± 11.8) 
N=4 

* 

54.21 13.2 
(33.3 111.9) 
N= 12 
+ * 

53.3 ±10.0" 
(41.9 ±16.0)" 
N=2" 

FCI scores of Summer 2000 section. 
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Figure 1: Plots of FCI data of TTU students in 1999 and 2000 

Plots of FCI Normalized Gain versus Pre-test Score of TTU students in 1999 (panel A) and 2000 

(panel B). The final letter grades A, B, C and D ofthe students are represented by solid circle •, 

open circle o, solid triangle •*• and open diamond O, respectively. Post-test score zones are 

created by three post-test zone boundaries or contour lines that intercept the y-axis at 20, 60 and 

85. Notice that normalized gain is identical to post-test when pre-test is zero. The 4 post-test 

zones are 0-20, 20-60, 60-85 and 85-100 that are below the 20-contour, bound by the 20- and 60-

contours, bound by the 60-85 contours, and above the 85-contour, respectively. The averages and 

standard deviations (bars) ofthe pre-test and normalized gain for 1999 and 2000 are also shown 

for comparison purpose. The averages of the FCI scores (pre-test, post-test, normalized gain) 

were (42.4 1 13.2, 55.8 1 15.6, 23.9 1 19.2) for students in 1999 (number of population iV=212) 

and (44.9 1 15.1, 71.8 ± 15.4, 50.8 ± 22.4) for students in 2000 (N=207). 

Figure 2: Comparisons of FCI Statistics of TTU students in 1999 with those in 2000 

Quantitative comparisons of FCI statistics, pre-test (Panel A), post-test (Panel B) and Normalized 

Gain (Panel C), of students in 1999 (white bars) with those in 2000 (shaded bars) are shown in 

histograms. The scores from all students, as well as those with the final letter grades of A, B, C 

and D or lower, are pooled and compared. Vertical lines on the top of the histogram bars 

represent the standard deviations. The Mesl significance level (•) and 95% significance, or 

a=0.05, threshold (dotted line) are given. The significance level is defined as -log(P(t<=t*)), 

where P is the probability and t and t* are the calculated t value from the sample and the critical t 

value for a=0.05 using a 2-tail t-test with unequal variances analysis. 
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^'2»«-e 3: Comparisons of FCLltatistics of TTU students taught by non-interactive 

engagement teaching (NIE^ methods with those by interactive engagement teaching (IE) 

methods in 1999 and 2000 

Quantitative and cross comparisons of FCI statistics, pre-test (Panel A or D), post-test (Panel B or 

E) and normalized gain (Panel C or F). oi" students in 1999 (white bars) with those in 2000 

(shaded bars) taught by NIE (left panels) and IE (right panels) methods are shown in histograms. 

The scores from all students, as well as those with the final letter grades of A, B, C and D or 

lower, are pooled and compared. Vertical lines on the top ofthe histogram bars represent the 

standard deviations. The t-test significance level (•) and 95% significance, or a=0.05, threshold 

(dotted line) are given and explained in the legend of Fig.2. 

Figure 4: Comparisons of FCI Statistics of TTU students taught by non-interactive 

engagement teaching (NIE) methods with those by interactive engagement teaching (IE) 

methods in 1999 and 2000 

Quantitative and cross comparisons of FCI statistics, pre-test (Panel A or D), post-test (Panel B or 

E) and normalized gain (Panel C or F), of students taught by NIE (white bars) with those taught 

by IE methods (shaded bars) in 1999 (right panels) and 2000 (left panels) are shown in 

histograms. The scores from all students, as well as those with the final letter grades of A, B, C 

and D or lower, are pooled and compared. The numbers of all students and those from letter 

subgroups are given in the legend of Fig.3. Vertical lines on the top ofthe histogram bars 

represent the standard deviations. The Mest significance level (•) and 95% significance, or 

a=0.05, threshold (dotted line) are given and explained in the legend of Fig.2. 
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APPENDIX D 

CALCULATION LOG 

The purpose of this appendix is to show the basic procedures used in the analysis 

of the data used in this study. Included in this document are the batch files used for 

processing, the names and locations of the raw data, the names and locations of the 

various programs used as well as the final output products of each analysis step. 
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GEL PROJECT CALCULATION LOG 
CALCULATION STEP 1: Raw data into R2 
Purpose: 

To process raw binary image files into 256 x 256 pixel R2 image files. 

Program Used: 
R2MRI_3a.c 

Procedure: 
This program takes each two-dimensional slice (x,y spatial dimensions) along 

with the time domain (t) and converts the raw intensity reading firom the (x,y,t) data into 
R2 data using the Levenberg-Marquardt algorithm. Placing all the slices together gives us 
a 3-d (x,y,z) image ofthe calculated R2 data. 

Sample Batch file: Cor8_02d.txt 

numte(8)= 
min_frame_no= 
noise_no= 
bit_resol= 
vari= 

NH_max= 
NH_min= 
NH_mag= 
T2_max= 
T2_min= 
T2_mag= 
D2_max= 
D2_min= 
D2_mag= 
CH_max= 
CH_min= 
CH_mag= 

calib_l= 
calib_2= 

11 60 i64410.mrge 
11 75 i64439.mrge 
11 90 i64468.mrge 
11 105 i64497.mrge 
11 120 i64526.mrge 
11 135 i64550.mrge 
11 150 i64579.mrge 
11 165 i64608.mrge 
11 180i64637.mrge 
11 200 i64664.mrge 
11 245i64691.nirge 
11 300 i64720.mrge 
11 400 164747.mrge 

6.0 
0.48 

8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 
8432 

13 
3 
4 
1 
11 

5000.0 
0.0 
1.0 
65000.0 
0.0 
10.0 
65000.0 
0.0 
100.0 
65000.0 
0.0 
100 
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Based on this sample batch file, we can see that we process the 13 echoes into the 
following images: NH, Chi-square, T2, and R2 as well as the map UR2 which is the 
uncertainty m R2 map. The pixels are magnified in order to be able to see the dynamic 
ranges of each pixel. The other factors like D2 are just remnants of previous versions of 
this calculation. 

CALCULATION STEP 2: R2 Data into Normalized Image fdes 
Purpose: 

To process the R2 data into Normalized image data. 

Program Used: 
R2_NR_MRI_l.c 

Procedure: 
This program takes the R2 and the UR2 maps and converts it into the normalized 

R2 maps (nR2) which basically is equivalent to the relative dose maps of each gel slice. 

Sample Batch File: 

number_of_files 1 
D2_MAX 65000 
D2_min 0 
D2_mag 100.0 
cal_a_delta 11.28 0.0 
cal_b_delta 6.00 0.01 
m r2 08d.binmur2 08d.bin 

This file shows the necessary input files, the magnifications, and the vuicertainty values 
for the maximum and minimum R2 values. The result of this calculation: lnr_*.bin, 
nr_*.bin, and unr_*.bin. The Inr files are the lower Ihnit images, the nr files are the 
average images and the imr files are the upper limit unages all based on the input 
uncertainties in the measurements. 

CALCULATION STEP 3: CONTOUR MAP GENERATION 
Purpose: 

To generate dose contours that represent the 100% (maximum dose ) to 10% dose 
contours deposited in the gel. 

Program Used: 
TRANSFORM 
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Procedure: 
1) Open the files up with transform and set is at BINARY as shown in the figure 

below. 

'B'^' .^drt MaurO.. rjirip 

Impoit File Foimat 

Select the format of the file: 

Inf_m_r2 16d.bin 

Binarv Matrix Q 

OK 

Cancel 

2) Click OK then fill out the fields or boxes exactly as shown ui the figure below. 

Binaiy Matrix 

Filename: Inr m_r2_18d.bin 

- D intensions 

. S.kip Bites 

L i v S i E l 

RowsfY) 

Cduriin-s (X) 

0 

258 

256 

f 3D Matrix 

OK 

Cancel 

View File , 

NumberXype |Unsigned Short "^1 

Actual length . 131072 Bytes 

Trying to read 131072 Bytes 

. HU~ 
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3) Once you click OK, the data is smoothed out. First, reset the maximum value of 
the data to 10,000 which corresponds to a 100% dose (see panels below). The top 
panel is what it looks like before, and the bottom panel is what it looks like after. 

SjJS D'e Edit Image Numbers Macros lools V^mdows Help 

Selection Min: i 0.00 

Max:! 0.00 

Data Min: 

Max: 

0.00 

48211.00 Hdl 
1.0 2 . 0 3 . 0 

0 .0 
1.0 
2 .0 

7 .0 
8 .0 
9 .0 

10.0 
11 .0 
12 .0 

0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
O.DO 
0 .00 

0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
O.GO 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 

0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 

0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 

^ Tfans(oiin-(lni_m_i2_16d_bin] 

g l : fJe £dJ Image Numbers Macros Jods Windows Help 

Data Min: Selection Min: 

Max: 

0.00 

0.00 Mas: 

1.0 2 . 0 

O.OG 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 

0 .00 
0 .00 
0 .00 
0 .00 

00 
00 
00 

0 .00 
0 .00 
0 .00 

G.OO 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 
0 .00 

00 
00 

0 .00 
0 .00 

00 
00 
00 
00 
00 

0 .00 

4 . 

o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 
o.oc 

O.Oi 

O.Oi 

O.Oi 

O.OI 

O.OI 

O.OI 

O.OI 

O.OI 

O.OI 

O.OI 

4) The reason I smoothed the data is to get defmite contour values per dose level. 
The UCSF tiff files are smoothed images as well in order to achieve the same 
effect. Basically this makes the contours levels discrete rather than semi-
continuous. 
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moMmsmmsm 
.'w. £ile £dit I image Numbers Macros Icob !i/indows Uelp 

Rows-1 Generate Image 

Cols: 
Interpolated Image 

L'me Siapti 

s Surface Plot 

Verloi F]-,i 

Histogram 

Image Size... 

S.O 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 

Data Value: 0.00 

1.0 

O.GO 
G.OG 
O.OG 
0 . 0 0 
0 . 0 0 
O.OG 
0 . 0 0 

O.GO 
0 . 0 0 
0 . 0 0 
0 . 0 0 
O.OG 
G.OO 
0 . 0 0 
G.OO 
0 . 0 0 
O.GO 
O.GO 
0 . 0 0 

GO 

GO 

00 
00 
GO 

GO 

,00 
,00 
,00 
00 
00 

G.OO 
O.GO 
O.GO 
O.GO 
O.GO 
0 . 0 0 

0 . 0 0 
0 . 0 0 
0 . 0 0 

GO 

GO 

1 2 . 0 G.OG O.GO O.GO 

5), The smoothing level I used-for each slice is 3. 
' • ^^ r r -^TTT^ 

Edit itrtaas 'Kurubets M-ic 

',i I w»:);iM}im>^w5-\»'WI|p?iyM 

S e l e c t i o n M in: I 0 . 0 0 

Smooth D a t a 

N.tjTiber of smoothing passes 

Data Mm: 0.00 

x l 10000.00 

:| 

OK . . 0 -

Cancel 

-sTtr 
4 . 0 
5 .0 
6.0 
7 .0 
8 .0 
9 .0 

0 . 0 0 

G.OO 

O.GO 

0 . 0 0 

0 . 0 0 

G.OO 

G.OO 

M S O ' 
2 . 0 3 . 0 

10 

)0 

10 

-rrroo 
0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

G.OO 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

0 . 0 0 

6) After you click OK, you need to set the contour levels as shown below. The 
contour levels to show all 10 contours is as shown below. To show partial 
contours, say 100% and 50%, set the values @ 10000, 5000 (instead of 1000 as 
shovra). 

158 



a.'7?>iLMillii)B:W»J('S_'!BU(Uiia,3?\.')'t'«J!HWry 

^ i Efe £ * Imogs rlurwer; Macro; roterabifc: 

Data Value: Dashes < 0.00 

Conloui Levels 

0:10000@1000 iJ 

'z\ 

OK 

Cancel 

Automatic. 

0.00 10000.00 

200-

2 5 0 -

D 
so 100 

—\ 1— 
ISO 2 0 0 250 

c o l 

This procedure is done three times for every slice of every gel (lower, average, 
and upper limit. This same procedure is done for each UCSF digital tiff image as 
detailed in the READ_ME files in each folder in the Biophysics server. 

CALCULATION STEP 4: CONTOUR MAP OVERLAY 
The best way I found to create the overlay images is to save the files as bitmap 

files. The theoretical and experimental files are spatially matched (making sure they have 
the same size) which is not big problem since we have digital images of both files. Once 
they are matched up, I digitally overlay one on top ofthe other like a transparency over a 
printed page. This works well with bitmaps because I cam make them essentially 
transparent. This is done for every slice of every gel. 
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