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ABSTRACT 

 

 Magnetic Resonance Spectroscopy and Optical Spectroscopy are both the most 

common modalities for molecular and near-cellular imaging, and they offer a new 

chance for evaluating tissue characteristic in situ. Nowadays, combining multimodality 

sensors on a single probe is an emerging and promising trend in multimodality 

approach.  

 The aim of this study is to create simulations for both MR Spectroscopy and 

Optical Spectroscopy in order to find out the effective areas of the sensors. Due to 

having MR Spectroscopy and Optical Spectroscopy on  the same dual probe, this work 

presents two separate simulations. The first simulation was created to determine the 

powerful region of the miniature RF coils of the MRS, and the second simulation was 

programmed to detect the visible field of the tissue by using Optical Spectroscopy.  

 The coil simulation was created by using the Biot Savart Law in the C++ 

environment. Additionally, two more programs were developed to test the results and 

display the images. In order to test the accuracy of the simulation and to figure out the  

optimum values for the simulation parameters, the test software was coded. With the 

help of optimum values, the effective area can be spotted for four different geometrical 

shapes of the coils. Furthermore, the software may easily be converted to evaluate any 

kind of coils. 
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 Light-induced fluorescence simulation was formed by modifying the Monte Carlo 

light simulation for Multi Layer tissues (MCML) code by using the Standard C 

programming language. The MCML code was converted to compute photon 

transportation in one layer and  to detect the fluorescence on light propagation for 

different probe geometries. Moreover, a GUI was built to create input file more easily 

and effectively, and a Matlab program was coded to display output file as a 3-D image.   

 The logic behind the simulations was explained comprehensively by introducing 

the related equations. The resulting output figures and data were presented in detail 

and the benefits and limitations of the simulations were discussed. 
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Chapter 1    INTRODUCTION  

 

 Magnetic Resonance Imaging (MRI) is one of the most crucial medical 

imaging modalities and, from the beginning of the MR imaging technology, RF coils 

have been very important devices of this system [1]. Magnetic resonance 

spectroscopy (MRS) is a noninvasive specialized technique and can be easily 

combined with MRI [2]. MRS is used to obtain biochemical information about 

the tissues in vivo [3]. 

 Fluorescence spectroscopy is a rapid and noninvasive optical technique 

which is used to determine the biochemical and morphological characteristics of 

tissue [4]. In order to overcome the limitations of the current cancer screening 

methods, several methods have been proposed. Light spectroscopy is one of these 

methods which has been investigated since the late 20th century [5].  

 This thesis is basically motivated by the recent developments in 

understanding molecular characteristic  of lesions in vivo and the latest advances in 

the molecular and near cellular level imaging techniques [6-11], which may be a new 

chance for determining the value of the malignancy of a tumor in situ [7, 11-13]. 

Since breast cancer and prostate cancer are the most common non-skin 

malignancies, and there is no single proficient technique which provides adequate 
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detection in situ, a great number of modalities have been offered to evaluate 

regional biochemistry and morphology [14-18].   

 Similar research has been done by Dr. Sonmez [19] in the Medical Robotics 

Laboratory. The aim of this thesis is to model dual modality probes that are 

concurrently collecting MR and Optical Spectra. Dr. Sonmez has created a dual probe 

that has these modalities, but in order to use this probe effectively, the effective 

areas of the sensors need to be known.  

 In light of this need, the purpose of this thesis is to create appropriate 

software for calculating the effective areas of the certain sensors. There are two 

sensors on the probe, one is a micro RF coil, and the other one is an optical sensor. 

The Biot Savart Law is used to simulate the RF coil and the Monte Carlo Light 

Simulation technique is used to model the optical sensor (Figure 1). 

 

Figure 1: The model of the probe's effective areas 
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 Even though the shape of the micro coil which is used in Dr. Sonmez's project 

is a circle, in the coil simulation part, the software has been created to be 

compatible with other shapes of coils such as; rectangle, cylinder, and solenoid. 

With a simple modification, the software can simulate any shape of the coils and 

find their respective effective areas. 

 Monte Carlo simulation was first developed by Wilson and Adam to study the 

propagation of light in tissues [20]. Ever since that time it has been considerably 

used in many projects and developed by a few groups [21-24]. In this research, the 

Monte Carlo Light Simulation is also modified and used to simulate the optical 

spectroscopy. 

 Motivated by the above reasons and potential effects, herein we describe 

the methods and system for modeling the dual modality probe for multilevel and 

multimodal imaging and spectroscopy in situ.  
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Chapter 2     LITERATURE REVIEW 

 

2.1 MAGNETIC RESONANCE IMAGING 

  Magnetic Resonance Imaging (MRI) is a significant and versatile medical 

imaging modality [25]. MRI uses the rules of Nuclear Magnetic Resonance combined 

with gradient coil elements to offer spatial encoding; as a result, it has  the ability to 

perform three-dimensional imaging of the organism [26-28]. 

 An essential benefit  of MRI usage in clinical areas is that MRI only uses 

powerful magnetic fields and radiofrequency energy pulses; MRI does not produce 

or use the harmful ionizing radiation that  the other medical imaging modalities such 

as X-Ray and CT use [25]. Additionally, when it is compared with the other medical 

imaging modalities, such as ultrasound (US), Computed Tomography (CT), or X-Ray  

imaging, MRI offers better resolution and more diagnostic information [19]. 

 When MRI was first introduced, it was used for diagnostic imaging goals 

rather than using it in the interventional applications; however, since then MRI has 

been used for many groups to develop an interventional technique [29-31]. MRI 

compatible robots are examined by Tsekos [32] and many other groups [33-35].  
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2.2 MOLECULAR IMAGING 

 Molecular imaging is a promising area, and the information provided by this 

technology might allow for noninvasive or minimally invasive molecular diagnostic 

capabilities and better clinical risk stratification. With the use of molecular imaging, 

information about molecular composition, biochemical content, and quantification 

of tissues can be easily gathered [19, 36, 37].  

 Molecular imaging is an emerging modality in the cancer detection 

investigative field [38].  Modern clinical cancer treatments are only effective when 

the location of the tumor, size of the tumor, and the biochemical structure of the 

tumor are well-known, and molecular imaging is one of the best solutions for this 

challenge [39].  

 

2.3 MR SPECTROSCOPY 

 Recent advances in biomedical technology have allowed the clarification of 

the molecular mechanisms of the disease. Spotting the differences in these 

molecular mechanisms allows us to diagnose neoplasia earlier, and to recognize its 

effective area [19]. Early detection and monitoring of the effect of the cure are vital 

parts of cancer therapy. Thanks to the ever-evolving imaging modalities and the 

ability of evaluating the malignancy of a tumor [40], the significance of the  

molecular and near-cellular modalities is growing  [7, 12, 17]. 
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 In today's technology world, MRS is an effective and beneficial method for 

determining the characteristics of the biochemical substance and metabolic 

structure of tissue in vivo and in situ [41]. MRS localized to the tumor offers a great 

opportunity to detect cancer in the early stages and to supply effective and useful 

information about the tumor phenotype [42].  

 Even though MRI is a significant technique to identify and characterize the 

tumor, MRS offers a great opportunity to gather information about molecular 

composition and the biochemical content of the tissue [19]. Due to the fact that 

cancer cells have different chemical fingerprints compared to healthy cells, cancer 

detection via MRS level is significant [43-48].  

 In vivo, MRS provides valuable data for the detection of metabolite 

concentration and ratio. For instance, to evaluate the malignancy of the breast 

tissue, water-to-fat ratio and choline-containing compounds (tCho) concentrations 

are the two substantial parameters [19, 49-51].  

 

2.4 MICRO COILS FOR MRS 

 RF coils have a vital place in MRI, since they are used for both exciting the 

tissue and receiving signal from the tissue [52]. The sensitivity of MRS mostly 

depends on three  major factors: the magnetic field, the size and fill factor of the 
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receiver coil, and the noise amount [53]. Recent research  shows that a reduction in 

the diameter of the receiver coil increases the signal-to-noise ratio (S/N) [54-56].  

 The shape of the micro coil is a crucial factor in the MRS; different shapes of 

the coils are designed for the various research areas [57, 58]. Numerous geometrical 

coil shapes are used for the specific aims. The most common micro coil shapes  are; 

single circle [59, 60], single-layer cylindrical [61],  planar [62], solenoid [53, 63, 64], 

cylinder [65], needle [66], rectangle [59], cone [67], spiral [68], and arbitrary shaped 

coils [69].  

 In the dual probe created by Dr.Sonmez in the Medical Robotics Laboratory 

[19] , the circle-shaped coil was used (Figure 2). 
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Figure 2: The micro coil that is used in  Dr. Sonmez's dual probe  

 

2.5 OPTICAL SPECTROSCOPY 

 The interplay of light within tissue has been used to identify affliction for a 

long time. Visualizing the tissue by using the light is one of the most commonly used 

imaging modalities both in medicine and medical research [70]. The recent 

achievements of small light sources, detectors, and fiber optic probes offer  

numerous opportunities to diagnose the biochemical, structural, or physiological 

characteristics of the disease [71]. Due to the fact that the functional state of tissue 
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influences its optical properties, in today's medical world optical spectroscopy is a  

well known, promising, and widely used modality in medicine [72]. 

 As an emerging technique, optical modalities have been used for  

noninvasive, real-time diagnoses of benign and malignant lesions in human tissue 

[73]. Thanks to the potential of analyzing different aspects of biochemical and 

morphological characteristics of tissues, optical spectroscopy can be used to detect 

pre-cancers and cancers in vivo or in situ [74]. 

 The fluorescence spectroscopy is suggested to discriminate between normal 

and benign tissues by Lycette and Leslie [75]. Subsequently, numerous groups have 

studied fluorescence spectroscopy for cancer detection. Light-induced fluorescence 

(LIF) spectroscopy has displayed a vital potential for discriminating between benign 

and malignant tissues [76-78].  

 In the dual probe which is created by Dr.Sonmez [19], the LIF technique was 

used as a limited-FOV modality (Figure 3).  
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Figure 3: The LIF probe that is used in Dr. Sonmez's dual probe 

  

2.6 DUAL MODALITY PROBES 

 Combining multimodality sensors on a single probe is a promising and 

popular technique. All of the single-imaging modalities have their own unique 

strengths and weaknesses; thus, it is not possible to gather structural, functional, 

and molecular information simultaneously from the tissue by using a single probe 

[79].  
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 The benefits in the minimally-invasive research areas cannot be obtained by 

simply acquiring each technique with stand-alone methods [80].  One of the most 

essential profits of dual modality imaging probes is that there will not be 

complications arising from the tissue movement between the exams performed with 

the individual probes [19, 81].  

 Numerous dual modality probes are developed to combine information from 

multiple microsensors [82-84].  Dr. Sonmez combined MRS and LIF modalities in one 

probe, and created different phantoms to perform experiments [19]. On the probe 

for the limited-FOV there are two sensors: a miniature RF coil and a three optical-

fiber endoscopic sensors (Figure 4).  

 

Figure 4: Dual modality probe created by Dr.Sonmez that includes a miniature RF coil and a three optical-fiber 
endoscopic sensor 

 

2.7 BIOT SAVART LAW 

 The Biot Savart Law is an important equation in physics to calculate the 

magnetic field created by an electric current [85]. Thanks to this equation, the 
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magnetic flux density of the  direct currents in a complete circuit, or a segment of 

the circuit, can be calculated [86]. In order to compute the resultant magnetic field 

B, the  position r and the current I need to be known [87]. 

 Using the Biot Savart Law to calculate the magnetic field of the coils is a 

common and useful technique. A wide range of researchers prefer this equation to 

simulate the magnetic field of the coils [88-90].    

 

2.8 MONTE CARLO LIGHT SIMULATIONS 

 In the field of laser-tissue interactions, Monte Carlo simulations were first  

used  by Wilson and Adam [20]. Ever since that time, the Monte Carlo technique has 

been used widely and modified to improve the effectiveness by several groups [21, 

23, 24, 91, 92].  

 A photon's wavelength, weight, and direction can be changed by the 

fluorescence. Dr. Liu and his colleagues examine the effect of fluorescence when the 

absorption coefficient and scattering coefficient is constant. Moreover, they 

investigate the effect of fluorescence on light propagation for different probe 

geometries [93]. The Monte Carlo simulation part of this study is inspired from Dr. 

Liu's paper. 
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  Even though a significant number of research groups have implemented the 

Monte Carlo light simulations by using different programming languages, in this 

project we modified the code which is created by using Standard C [22].  The 

primary program models the basic factors involved in light transport such as 

absorption coefficient, scattering coefficient, refractive index, and anisotropy. In this 

thesis, it is extended to simulate the effect of fluorescence on light transport. 

 

 

 

 

 

 

 

 

 

 

 



14 
 

 Chapter 3 METHODOLOGY & PROJECT  

 

3.1 MRS 

 In order to find out the magnitude of the tissue that can be reachable by 

using the RF coil, the Biot-Savart law is used to compute the magnetic field intensity 

in the volume surrounding the coil. It is assumed that there is a cube volume and the 

coil is centered inside the cube.  

 This part of the project has three software; the main software is a magnetic 

field simulator that calculates the magnetic field of the coil in an imaginary cube. 

The simulation tester computes the magnetic field of the single circle by using a 

different equation in order to test the accuracy of the magnetic field simulator and 

determine the optimum values for it. The last software is an image displayer that is 

coded to show and process the resulting data. The magnetic field simulator and the 

simulation tester were coded in C++, and the image displayer was coded in MATLAB 

environment. 

3.1.1 The Magnetic Field Simulator 

 The aim of this software is to compute the magnetic field that is created by a 

coil in a fictional cube and create a text file which includes the data of the magnetic 
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field. It is assumed that the coil is in the middle of the cube and divided by the 

certain number of the points on the coil.  

 The program first calculates the coordinates of the points that are on the coil 

by considering the given values (Figure 5). Afterwards, the Biot Savart law is applied 

to these points to acquire the magnetic field.  The output of this program is a text 

file that includes the magnetic field of each point in the cube.  

 

Figure 5: The Magnetic Field Simulator 
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3.1.1.1 Biot Savart Law 

 The Biot Savart Law is the one of the methods used to calculate the magnetic 

field created by an arbitrary coil shape. The equation which is used in the software 

is;  

 

 

In the equation, μ0 is the magnetic constant and the current I is the same for each 

point; the software just calculates the equation of 

 

 

 

for each point on the circuit. The cross product rule has been applied for the    

         part.  Since      is equal to zero on the circuit, the magnetic field of the points 

on the circuit are not calculated (Figure 6). 
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Figure 6: Biot Savart Law application on the circle coil 

  

3.1.1.2 The Cube 

 It is presumed that there is an imaginary cube and the coil is in the center of 

the cube (Figure 7). The cube basically shows the volume around the coil and it is 

used as a 3-D matrix. The software calculates the magnetic field for each point of the 

matrix. 
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  The cube is also referred to as the ''Region of Interest (ROI) '' in this study.  

ROI Length and ROI Resolution values are used to create the ROI. The length of  one 

side of the cube should be long enough to detect the effective area. Likewise, ROI 

Resolution should be short enough to get more accurate results. It will be discussed 

more on the testing part.  

 

 

Figure 7: The imaginary cube around the coil 
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3.1.1.3 Coil Shapes 

 In the Magnetic Field Simulator there is a function that calculates the 

coordinates of the points  on the coil by using the number of the coil segments. This 

function can be simply modified for any kind of coils. Even though the circle shape is 

used in Dr. Sonmez's project, herein we calculate coordinates for the four most 

commonly used coil shapes such as; single circle, rectangle, cylinder, and solenoid.  

 

3.1.1.3.1 Circle 

 A circle is the easiest shape to calculate among the other geometric shapes. 

The inputs are; the coil radius, wire thickness, and the number of the coil segments 

for calculating the coil shape; also, the ROI Length and ROI Resolution is given to 

create the imaginary cube around the coil.  

 It is assumed that a real circle has an infinite number of points on it. 

Therefore, a greater number of coil segments gives the circle a better shape and 

creates more accurate results while calculating the magnetic field (Figure 8).    
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Figure 8: Circle created by using the following features; radius=2, wire thickness=1, the number of coil 
segments=50, ROI Length= 20, ROI Resolution=1 

 

3.1.1.3.2 Rectangle 

 Even though the number of the coil segments are not really affecting the coil 

shape in this case, it is vital to have greater numbers to get a better magnetic field.   

The inputs for the coil shape are: the height and weight of the rectangle, wire 

thickness, and the number of coil segments (Figure 9).  
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Figure 9:  Rectangle coil is created by using the following values; Height of the rectangle = 4, weight of the 
rectangle= 2, the number of coil segments = 48 

 

3.1.1.3.3 Cylinder 

 The cylinder is created by assuming that there are certain numbers of the 

circles one on the top of the other. The same logic applied to the circle coil is applied 

for the calculations of the cylinder in the aggregate. For instance, if the number of 

the circles is 10, we assume that there are 10 circles one on top of one another 

(Figure 10). The inputs for the coil shape are; coil radius, the number of the circles, 
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wire thickness, and the number of the coil segments. As in the calculation of the 

circle, the number of the coil segments is crucial to obtain a more precise shape.  

 

Figure 10: Cylinder is created by using the following values: Coil radius=2, the number of circles=10, wire 
thickness=1, the number of coil segments=100, ROI Length=20, ROI Resolution=1 

 

3.1.1.3.4 Solenoid 

 A solenoid shaped coil is used in Dr.Sonmez's probe, and the main aim of this 

project is to calculate the magnetic field created by the solenoid coil. As with the 

circle coil and cylinder coil, the number of coil segments is pretty much significant. 
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The inputs for the coil shape are; coil radius, the number of the turns, coil length, 

wire thickness, and the number of coil segments (Figure 11). 

 

Figure 11: The solenoid coil is created by using the following values: coil radius=2, the number of the turns=5, 
coil length=10, wire thickness=1, the number of coil segments= 100, ROI Length=20, ROI Resolution= 1. 

 

3.1.1.4 Outputs of the Program 

 The Magnetic Field Simulator has two output text files. The first one is the 

''coilFile.txt'' that includes the X,Y, and Z coordinate values of the points on the coil. 

The second output file is the ''BiotSavartData.txt''. In this text file, each line includes 
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the data for each point in the 3-D matrix. These lines include the i ,j, and k values of 

the vector which is obtained from the cross product and the magnitude (Figure 12). 

 

Figure 12: The outputs of the Magnetic Field Simulator 

   

3.1.2 The Simulation Tester 

 The main purpose of creating this program is that the data produced by the 

Magnetic Field Simulator should be tested and the optimum values for this program 

need to be determined. The program is created on the C++ environment, and 
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another Biot Savart Law equation is used to compare the results and evaluate the 

effects of the parameters (Figure 13). The outputs are compared on the Excel file 

and the error value is gained.  

 

Figure 13: The Test Program to verify the data 

 

  The magnetic field on the axis of current loop can be easily determined with 

the following formula: 
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   The program only calculates the magnetic field on the Z-axis (Figure 14). 

Since this formula is only valid for the data that are on the Z-axis, the program only 

computes the magnetic field for one column where the Z-axis is always equal to 

zero. It works similarly to the main program and calculates only the following part of 

the formula: 

  

       
 

  
 

 

 

Figure 14: The magnetic field on the Z-axis 
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 To get more accurate results, the outcomes of the two programs were 

compared. The error value is the difference value between the data handled from 

the Magnetic Field Simulator and the Simulation Tester for the same point.  

 Firstly, the other values such as ROI Length and the number of the coil 

segments were the same, only the ROI resolution was decreased. It has been 

observed that there is a constant change on the error value.  

 Secondly, just the number of coil segments was changed and all the other 

values were stable.  Because a higher number of coil segments is associated with a 

more precise circle, the error value has been changed during the testing process. 

 Finally, the ROI Length was changed and all the other variables were the 

same. Because of the fact that the ROI Length is independently effective whether 

creating a big or small cube and has no impact on the magnetic field, the change on 

the ROI Length did not create any difference on the error value. 

 The results will be discussed later and the magnetic field for the coils will be 

created in light of these results. 

3.1.3 The Image Displayer 

 A Matlab program was created to display the data which are created by the 

Magnetic Field Simulator. To make the program user-friendly, a GUI was created 
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(Figure 15). Matlab is used because it is more effective for manipulating the data 

and processing the image.  

 

Figure 15: The GUI of the Matlab program 

 

 The text files which are created by the Magnetic Field Simulator should be 

uploaded into the ''Input Data'' folder. The ROI Length and ROI Resolution values 

should be entered as the same values with the Magnetic Field Simulator.  
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 The resulting data is in the 3-D matrix; in order to display it from different 

points of view , the user should enter the slide numbers for the X, Y, and Z axis. In 

order to calculate the total number of the slides for one axis, the following formula 

is used;  

                                                        

 For instance, if the ROI Length is 20 and the ROI Resolution is 0.5, the 

dimensions of the resulting 3-D matrix are 40x40x40. The image that is created by 

using the magnetic field data is sometimes small, because it will take some time to 

create a bigger image with the greater ROI Length. To prevent this, a few image 

processing algorithms are added into the program so that, by entering a zoom 

number, the program will give a bigger image corresponding to the zoom value.   

 Theoretically, a magnetic field value can be obtained for any distance, even 

though it is very small. But in reality, just a certain area is visible by the coil. To find 

out the actual area, the data smaller than a certain value should be accepted as 

noise.  For example, if the noise rate is given as % 5, the highest value on the matrix 

will be determined and the noise value for the image will be calculated.   
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  Any values smaller than noise value will be equalized to 0. The resulting 

image will show us the effective areas of the coil. 

 

3.2 OPTICAL SPECTROSCOPY 

 In order to simulate the optical sensors of the dual modality probe, the 

Monte Carlo technique is used.  In this part of the thesis , three separate software 

were used. First, a GUI was created to enter the input parameters which are then 

converted into an input file used by the Modified MCML program. Then, the MCML 

code was modified for the single layer tissues and modeling of the fluorescence part 

was added. The last software was created to display the resulting data on MATLAB. 

  

3.2.1 MCML GUI 

 In order to enter the input parameters of the modified MCML program, a GUI 

application was created by using Microsoft Visual Studio (Figure 16).  The GUI starts 

with the default values that can be changed by the users to create different input 

files. 
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Figure 16: The GUI that creates the input file 

 

 The output of the GUI is a text file called '' inputsForMCML.mci'' (Figure 17), 

that will be used as an input file for the modified MCML program. 
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Figure 17: The output file of the GUI that includes the input parameters for modified MCML program 

  

3.2.2 The Modified MCML Program 

 In order to simulate the Light-induced fluorescence sensor, the MCML code 

has been modified. The original code was created by Dr. Lihong Wang and Dr. Steven 

L. Jacques in the Laser Biology Research Laboratory at the M.D. Anderson Cancer 

Center in 1991.  The code was created using Standard C programming language.  

 The Monte Carlo method depends on calculating the propagation of a large 

number of photons by the computer [94]. The  Monte Carlo simulations basically 
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show the movement of the photons in the tissue. The MCML simulates  the 

transportation of an infinitely narrow photon beam in the multi-layered infinitely 

wide tissues . Basic factors are involved in the modeling of the layers such as  the 

thickness, the refractive index, the absorption coefficient (µa),  the scattering 

coefficient (µs), and the anisotropy factor g [22]. 

 The MCML program was modified to simulate the effects of fluorescence on 

light transport. The fluorescence affects the photon by changing its wavelength, 

weight, and direction. Numerous researchers were involved in the detection of the 

effects of fluorescence on photons. In this part of the study, we were inspired by the 

work of Dr. Liu, Dr. Zhu and Dr. Ramanujam [93]. They examined the effect of 

fluorescence when the absorption coefficient and the scattering coefficient are 

constant, and also they tested the effects of the different probe geometries.    

 To detect the intensity of the occurrence of fluorescence, the following 

parameters were  added to the MCML code; 

 Excitation wavelength of the tissue 

 Emission wavelength of the tissue 

 Illumination probe diameter 

 Collection probe diameter 

 Illumination probe origin 

 Collection probe origin 
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 Wavelength of the photon 

 Quantum yield of the tissue 

 Absorption coefficient of the fluorescence in the tissue 

 Grid separation in the x and y directions 

 Number of grid elements in the x and y directions 

 The coordinates (x, y, z) of fluorescence occurrence 

 Fluorescence 3-D matrix 

 A flag which shows whether fluorescence occurred for the photon or not 

 

 To compute the possibility that the photon is converted to fluorescence, the 

following equation is used in the modified program [93]: 

 

           
        

         
 

 

The explanation of the terms which are used in the equation is; 

      = absorption coefficient (both for absorber and fluorophore) 

    = scattering coefficient 

   = Quantum yield 
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 The logic behind the modified code is displayed with a flow chart to make 

understanding easier and more clear (Figure 18) [22]. 

 

 

Figure 18: The flow chart of the modified code 

 

 The program creates a few outputs, one of these is a "fluoro.txt" file that 

consists of the intensity of occurrence of fluorescence. This file is used as an input 
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file for the Image Displayer program to display 3-D image.  The outputs will be 

discussed in depth  in the Results chapter. 

3.2.3 The Image Displayer 

 The output file of the modified MCML code includes the data of the intensity 

of occurrence of fluorescence. In order to display these data as a 3-D image, a 

Matlab program was created.  

 The input for this program is the "fluoro.txt" file and the output is a figure 

that displays two separate illustrations; on the left the current slide is displayed in 

grayscale, on the right the 3-D shaded surface is plotted.  

 Each slide is processed and showed as an animation. The display speed of the 

animation can be changed by entering small numbers to the program.  

 

 

 

 

 



37 
 

 Chapter 4 RESULTS 

 

4.1 MRS 

4.1.1 Testing Results 

 The parameters are tested to specify the optimum values for the Magnetic 

Field Simulator. As mentioned previously, there is no effect of the ROI Length on the 

data accuracy, it just affects the size of the image. The optimum value for the ROI 

Length depends on the size of the coil. For instance, after testing it multiple times 

with different numbers, it can be said that for a circle with a radius of 2mm, the ROI 

Length should be at least 20mm.  

 The change on the ROI Resolution directly affects the error value. If the ROI 

Resolution is increased, the error value increases, and vice versa (Figure 19). It 

should be said that to acquire better results on this simulation, even though it is a 

time consuming choice, the ROI Resolution should be chosen to be as small as 

possible. 
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Figure 19: The graph which shows the effect of the ROI Resolution on the error value 

  

 The change on the numbers of the coil segments has a strong effect on the 

error value. When the number of the coil segments is increased, the shape of the 

coil is approaching the real coil and more accurate results are acquired (Figure 20).   
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Figure 20: The effect of the number of the coil segments on the coil shape 

  

 If the number is increased the error value decreases, and vice versa (Figure 

21).  It can be stated that to obtain more realistic results from the simulation, the 

number of the coil segments should be chosen to be as great as possible. 
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Figure 21: The effect of the number of the coil segments on the error value 

 

4.1.2 Magnetic Field & Effective Area 

 The optimum values are identified as the result of the testing process. The 

Magnetic Field Calculator was used to create data for different coil shapes. Here, 

these images will be presented and the effective area will be located. 

 The circle-shaped coil is created by using the following values; coil radius = 2, 

wire thickness = 1, the number of coil segments = 50, ROI Length = 20, and ROI 

Resolution = 1. The ROI Length and the ROI Resolution are assigned a small number 



41 
 

in order  to get small images to display easily. The zoom number = 10 and the Noise 

Rate = 40%. Normally, the Noise Rate should be chosen from smaller numbers, but 

in this case, it is chosen to be 40 to show the effectiveness of the program clearly on 

the small image (Figure22). 

 

Figure 22:The magnetic field created by the circle-shaped coil and the effective area of the coil 
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 The rectangle-shaped coil is formed by using the following values; weight 

length = 2, height length = 4, wire thickness =1, the number of coil segments = 48, 

ROI Length = 20, ROI Resolution = 1, The zoom number = 10, and the Noise Rate = 

25% (Figure 23).  

 

Figure 23:The magnetic field  created by the rectangle-shaped coil and the effective area of the coil 
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 The cylinder-shaped coil is created by using the following values; radius = 2, 

the number of the circles = 5 , wire thickness = 1, the number of coil segments = 50, 

ROI Length = 40, ROI Resolution = 1, The zoom number = 10, and the Noise Rate = 

10% (Figure 24). In this case, the ROI Length used is a greater number, so the 

effective area can be detected with the smaller number of the Noise Rate. 

 

Figure 24: The magnetic field created by the cylinder-shaped coil and the effective area of the coil 
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 The solenoid-shaped coil is produced by using the following values; radius = 

2, the number  of turns = 5, the length of the coil = 10, wire thickness = 1, the 

number of coil segments = 100, ROI Length = 20, ROI Resolution = 1, The zoom 

number = 10, and the Noise Rate = 25% (Figure 25).  

 

Figure 25: The magnetic field  created by the solenoid-shaped coil and the effective area of the coil 
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4.2 MONTE CARLO  

 The input for this modified program is the "inputsForMCML.mci " file that is 

created by the GUI. The input name should be entered to the 

MCMLFluorescence.exe (Figure 26). 

 

Figure 26:  The screenshot of the MCMLFluorescence.exe 

 

 After entering the input name to the program, it will start to display the 

results and create outputs. The results include information about the photons and 

the fluorescence (Figure 27).   
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Figure 27: The resulting output of the modified MCML 

 

 The Modified Monte Carlo program also creates two output files; one is an 

MCO file (Figure 28), which includes information about the simulation such as 

simulation time, absorption and reflectance. The name of this file is given by the 
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user while creating the input file via GUI. The other output is the "fluoro.txt" file that 

contains the data of the intensity of occurrence of fluorescence (Figure 29).    

 

 

Figure 28: The output file which includes the information about the simulation 
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Figure 29: The fluoro.txt file that includes the intensity of occurrence of fluorescence 

 

  

 The output of the Modified MCML code is displayed by using the MC Matlab 

program. Herein some sample outputs will be displayed. 
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Figure 30: Sample output of the Fluorescence Simulation 1 
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Figure 31: Sample output of the Fluorescence Simulation 2 

 

 

4.3 LIMITATIONS 

 The most obvious limitation of the simulations is that the mathematical 

equations are mostly created by considering the optimum situations. In the real 

world, the results may be slightly dissimilar to the simulation. While creating a 
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simulation, these facts are known but this does not undermine the model. The aim 

of the simulation is to create a condition as similar to real life as possible.  

 Another limitation of the simulations is the simulation errors or, in other 

words, programming bugs. Any incorrect code has the potential to change the 

results of the simulation and create an improper output. In some situations, while 

using floating numbers, round off error may occur. Despite the fact that it seems not 

significant, in most cases it causes a large change in the resulting data.  

 Furthermore, while creating a magnetic field simulation for the coils, a crucial 

limitation is the process of creating the coil shapes. The software creates the coil 

shapes by using the given values. The number of coil segments plays a crucial role in 

this process. A greater number of coil segments creates the most accurate coil 

shapes. However, it can never produce a real shape. For instance, even if we choose 

the number of coil segments to be 10,000 for the circle-shaped coil, it will not create 

a flawless circle. If it cannot create the simplest shape, it will be an even more 

significant gap for the complex coils like solenoid coils. However, this limitation is 

not valid for the rectangular-shaped coils. 

 Another restriction of the coil simulations is the coil itself. It is assumed in 

the program that the coils are in the perfect geometric forms, but in reality they are 

not. Even though the coil is formed in the ideal shape, over time the shape will be 

spoiled. Additionally, although the software can easily be converted for the other 
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geometric shapes, in today's world, different coil shapes are used. In order to 

calculate the magnetic field of the non-geometric shaped coils, we will need some 

additional software packages to calculate the coordinates of the coils.  

 Additionally, for the huge number values, it is time consuming to produce the 

data. Creating the coil shape is an effortless operation, but calculating the magnetic 

field requires time. Although it is programmed on C++ because of the effectiveness 

and the rapidity of the language, there are numerous calculations in it. Regardless of 

the time, to obtain well advised results, at least the optimum values should be used.  

 The limitations of the Monte Carlo simulations are discussed in detail by Dr. 

Wang [22] and Dr. Liu [93]. Even though the code has been modified, the limitations 

are still the same with the original code. Due to having so many variables, small 

changes in the variables may causes a huge difference in the resulting data.  

 The biggest limitation of our research is that we created three separate 

software packages: a GUI, Modified MCML code, and a Matlab program. The user 

needs to exchange the input and output files between these software packages. 

Instead, there can be a single program which has a GUI and at the end display the 

resulting image. 
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4.4 BENEFITS 

 The main aim of this research is to detect the powerful areas of the coils and 

the optical spectrometers for the RoboScanner project. If the user has a better 

understanding of the efficient area before doing the experiment with the 

RoboScanner, more trustful results will be acquired. Although in theory the visible 

area is infinite, normally just a small restricted area can be reachable by using coil or 

optical spectroscopy. Thanks to the Noise Ratio settings, the trusted area can be 

manipulated. 

 Additionally, if the power of the different coil shapes is known, by 

considering the aim of the usage, better coils can be created.  Coils are not only used 

in the Roboscanner, but also they can be used in numerous areas. Almost all the 

utilizations require the effectuality to be known. 

 The primary approach to this research was to use only coils that could be 

described via mathematical equations or simple creation algorithms (i.e., circle, 

rectangle, cylinder, solenoid, etc…). With the help of some small modifications, the 

program can compute any geometric shapes. For the non geometric shapes, if the 

coordinates of the points on the coil can be identified, it is not difficult to produce 

the magnetic field. The photo of the coil may be taken and by applying some image 

processing algorithm, the data for the coil shape can be gained. This technique 

might offers better results than the geometric shapes.  
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 Although the Monte Carlo simulation code has been modified for the 

different probe geometries and fluorescence, it shares the same advantages with 

the original code. Recent research shows that by running the simulation with  many 

photons, the net distribution of all the photon paths creates results almost as 

precise as the reality. 
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CHAPTER 5 CONCLUSIONS 

 

 This thesis presents the methodology and results of a research project to 

create simulations to model dual modality probes. This work is motivated by Dr. 

Sonmez's [19] research; the simulations are created to model his probe. However 

the software packages are robust and can be used to simulate any kind of MR 

spectroscopy and Light-induced fluorescence spectroscopy. 

 Due to having two different limited FOV modalities, there are two groups of 

studies in this thesis. The first group is on the development of a coil simulation by 

calculating the magnetic field via the Biot Savart Law. The second study is a 

simulation of light transportation by using a Monte Carlo method that is modified 

for the fluorescence in a single layer tissue. The implementation of the Biot Savart 

Law to compute the magnetic field of the coils is unique, however, to create LIF 

simulation MCML code is modified for a single layer and fluorescence.  

    The first part of the study is magnetic field simulation of the coils by using 

the Biot Savart Law. Although the circle-shape coil was used for Dr. Sonmez's probe, 

the simulation is programmed to calculate the magnetic field of coils that have 

different geometrical shapes such as rectangular, cylinder, and solenoid coils. The 

coil simulation part of the study includes three significant software; the first one is 
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the main software, the second one is a testing program to find out the optimum 

values, and the last one is a Matlab program to display the results. 

 The first software for the coil simulation basically calculates the magnetic 

field around the coil and creates an output text file that includes the data of the 

magnetic field. To compute the magnetic field, it assumes that there is an imaginary 

cube around the coil and finds the value for each cell in the cube. While this 

program is created to be used for geometrical shaped coils, it can be easily 

converted  for any shape. This program is coded in the C++ environment. 

 The second program for the coil simulation is coded to test the results of the 

first program and find optimum values for the simulation. To test the accuracy of the 

data that is produced by the first program, we use a different Biot Savart equation to 

calculate the magnetic field on the axis of the current loop. The results were 

compared and the error value was found. Different parameters of the simulation 

were tested and it was determined that, the number of the coil segments and ROI 

Resolution affects  the accuracy of the simulation but ROI Length does not make any 

changes. 

 The last program for the magnetic field calculation is a Matlab program that 

was created to display and process the results. There is GUI for this program, the 

user chooses which slide numbers, noise ratio, and the zoom number to display the 

results. In a theoretical aspect, an infinite area is visible by a small coil, but in reality 
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a small field is visible and the rest is accepted as noise. After choosing a noise ratio, 

the effective area of the coil can be found. 

 MCML simulations are pretty common for modeling Light-induced 

fluorescence sensors. Due to having an optical sensor, MCML code is modified to 

detect the fluorescence in a single-layer tissue. This part of the study consist of three 

separate software packages. In order to create the input file more easily and 

effectively, a GUI is designed. Next, MCML code is modified for fluorescence and 

single layer tissues. The last software is a Matlab program to display the intensity of 

occurrence of fluorescence as a 3-D image. 

 The input of the modified MCML code is a text file that includes parameters 

such as; the number of photons, specification of the illumination and collection 

probes, photon wavelength and output filename. Since it is not effective to create a 

text file by hand, we created a GUI to produce the input text file. 

 The MCML code was created by Dr. Lihong Wang and Dr. Steven L. Jacques in 

the Laser Biology Research Laboratory at the M.D. Anderson Cancer Center in 1991. 

Many modifications have been made on this code later on. We also modified the 

code to model the effect of the fluorescence on light transportation. The modified 

code is also efficient for the various probe geometries. 

 The Matlab program is coded to display the resulting data as a 3-D image. 

The output is a figure that displays two separate illustrations; the first one is the 
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current slide that is displayed in grayscale, and the other one is the plotted 3-D 

shaded surface. Each slide is displayed as an animation and the display speed can be 

changed. 

 The results and output files were displayed and discussed, and the optimum 

values were determined for more accurate outcomes. Owing to the nature of 

simulation in comparison to the real effects, our simulations have limitations along 

with their benefits. All corresponding benefits and limitations were discussed and 

solutions were offered to reduce these limitations.  

 As a future aim, the simulations may be extended for different situations. For 

instance, with an effective image processing algorithm, all points on an arbitrary-

shaped coil photo can be spotted and the magnetic field of this coil can be 

computed. Likewise, the modified MCML code can be extended for the multi-layered 

tissues. 
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