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CHAPTER 1 
INTRODUCTION 

1.1 MR Spectroscopy 

MR spectroscopy is a method by which the interaction of matter with 

electromagnetic radiation is used to detect and study the chemical make-up of 

different types of materials and / or organisms. Using this interaction for the study of 

the brain, MR spectroscopy spectra can be used to determine metabolite 

concentrations in a certain targeted area. This volume is considered an MR 

spectroscopy voxel, which differ in locations depending on which part of the brain or 

other anatomic area is targeted. Figure 1.1.1 show a typical MR image with the 

frontal gray matter region (FgM) voxel region marked by a white 20 x 20 x 20 mm 

cube. 

Figure 1.1./: Typical FgM Voxel Locatio" 

In an MR spectroscopy spectrum, certain sequences of peaks and valleys may 

represent a certain metabolite, which concentrations may be calculated. Metabolites 

that are analyzed include N-acetyl acetate (NAA), creatine (Cr) , choline (Clo) , 



glutamate (Glu), and myolnositol (ml). Figures 1.1 .2 and 1.1.3 show metabolite 

peak locations on a spectrum. The brain is considered to consist of three major 

tissue types: cerebral spinal fluid (CSF) , white matter (WM) and gray matter (GM). 

Since a typical MR spectroscopy voxel is 2 mL, all three tissues are included in a 

typical voxel. Certain locations in the brain may contain more of one type over 

another, for instance the FgM voxel shown in Figure 1.1.1 contains mostly GM. It is 

important to accurately determine the partial volume of each tissue type since 

concentration levels of metabolites may differ between tissue types. Figures 1.1 .3 

and 1.1.4 show some of the differences in metabolite concentrations based on the 

amount of GM or WM. Please note that figure 1.1.2 is from an FgM voxel 

(predominately GM) and 1.1.3 from an FwR voxel (predominately WM). 
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Due to the differences in metabolite concentrations between GM and WM, it may be 

important to correct measured metabolite concentrations for the percentage of GM 

and WM. Furthermore, the ability to interpolate the concentration of either pure GM 

or WM would be desirable. 

1.2 Partial Volume 

Partial volume (a fractional value) is defined as the sum of one type of 

brain tissue over the total volume of a selected region (localized voxel or entire 

brain) . There are two popular formats of partial volume data, soft (or fuzzy) and hard 

data. Soft data is the actual percentage of that tissue type in the voxel or pixel. 

Consider a voxel, which its partial volume for CSF is 23.4%. This is stating that the 

actual amount of CSF in that voxel is 0.234. This is different than a probability 

output. Probabilistic data for partial volume is only stating the probability of that 
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voxel being a certain tissue type. If the probability was 15.7% for CSF, then there is 

a 15.7% chance that that voxel is CSF. Partial volumes can be calculated using 

probability maps by assuming that their probabilities represent the percentage of 

partial volume for each tissue type. Hard data output is a logical or integer number, 

stating what tissue type the voxel actually represents (100%). With hard data, any 

voxel or pixel Is considered to contain a single tissue type only. Using these three 

data types, segmentation methods provide a partial volume for each pixel or voxel 

for images, ranging from tissue specific probability maps to combined hard data 

images. Partial volumes are normally calculated using image-processing software 

such as MATLAB or IDL however, custom programming or code in C or C++ may be 

used. Packages used for the current work included FSL and SPM2 (9,14). 

1.3 T2 method to Correct for % CSF 

The T2 method is a means to determine compartmentation of a 

localized region: utilizing the signal strengths of CSF and tissue water to quantify 

partial volumes for both CSF and brain tissue (1). T2 is the time for decay of the 

transverse magnetization, which for this study, T2 decay time would be dependent 

upon the H20 (water) molecule population CH proton spectroscopy) (12,20). T2 

data points are detected by measuring the T2 amplitude at multiple time echo (TE -

time between the 900 pulse and the maximum amplitude of the echo) (20). Since 

the T2 values are very different (approximately 75 msec for brain tissue and 1000-

3000 msec for CSF), measuring the T2 decay times makes it possible to separate 

CSF from the brain tissue, by fitting both a fast and slowly decaying component. This 
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results in a double-exponential T 2 decay of the water signal, which is then used to 

determine different amplitudes for CSF.and tissue water, interpolated to TE=O (1). 

Figure 1.1.4 show T2 decay of CSF, tissue water and pure water. 
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These signal amplitudes reflect the partial volumes of CSF and brain tissue. Signal 

amplitude from tissue water accounts for approximately 75% of the actual tissue 

volume, since brain tissue make up is % water. From the different signal amplitudes, 

calculation of partial volumes was conducted using the following equations, were PV 

is partial volume, A is the signal amplitude and k is a constant: 

1 =lpVcsA~F + PVnuueAnuuew_(0.~5)J 
1- PV csFAcsF = PVnuueAnuuewme,(-I-) 

0.75 

5 

(/.1) 
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(1.3.1.4) 

The T2 method has been used for CSF partial volume measurement for over a 

decade. Since GM and WM are seen as a combined signal output from the T2 

method, due to their similar T2 values, GM and WM cannot be distinguished from 

each other. The need for partial volume standards for both WM and GM causes a 

need for a standard that can incorporate all three tissue types. 
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CHAPTER 2 
PROBLEM 

2.1 CSF Partial Volume Discrepancies 

In many MR spectroscopy related research projects, partial volume of 

the targeted voxel ,for all three-tissue classes (CSF, WM and GM) is required for 

correct adjustment of measured metabolite concentration and correlation between 

partial volume and metabolite concentrations. It was discovered, during a normal 

review of processed data, that a significant discrepancy in the calculated partial 

volume of CSF in the frontal gray matter region (FgM) voxel existed between the T2 

method and SPM in all subjects. The CSF partial volume was calculated by the T2 

method using the normal means described in section 1.3. Partial volume for CSF 

using SPM was calculated via custom code programmed using MATLAB. The 

method for extracting specific spectroscopy voxel data and partial volume 

calculations from SPM segmented images will be discussed, with detail, in Chapter 

3. Table 2.1 and Figure 2.1 shows the discrepancy noted in partial volume for CSF 

in the FgM region. Please note that SPM CSF partial volume essentially remained 

Subject SPM CSF T2 DA 

1 0.24645 0.0510 

2 0.26940 0.1091 "'1--::::::::==-;--- .... -
3 0.28681 0.1398 • 

4 0.29901 0.1101 
~~------~------~ 

5 0.34506 0.0877 • 0.. 

Table 2.1: CSF Pa1tial Vobune DiscreTXl1lCies FI..,. 2.1: CSF Pa1tial Vobune D/screrxuu:les 
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between 25-35%. A review of the structural images for artifacts or any image 

distortions that could contribute to the discrepancies revealed no such errors. A 

review of the segmented images also revealed no obvious segmentation problems. 

2.2 Integrity of SPM Segmentation 

For the purpose of this thesis, the T2 method of determining CSF 

partial volume in a spectroscopy voxel is considered the standard and the "true" 

partial volume. Due to the discrepancy between CSF partial volumes, the WM and 

GM partial volume values from SPM are also in question. Since the brain tissue 

(combination of GM and WM) is equal to (1 - CSFpv), an inaccurate measurement of 

CSF suggests incorrect partial volumes for brain tissue (GM and I or WM) as well. 

2.3 Determination of Methods 

The question of "which segmentation method is correct" is difficult to 

answer. Not only does the question of "which", but "why" is one segmentation 

method correct over another. Although all segmentation methods can be used in 

determining partial volume in a MR spectroscopy voxel, all will have to be validated 

by a standard or true partial volume. Determining the true partial volume for CSF 

can be achieved by using the T2 method, however WM and GM partial volumes will 

need to be addressed. A comparison of all segmentation methods, with a common 

group of subjects, was conducted to validate the different methods and determining 

the most accurate segmentation method. Correction for CSF is accomplished by the 

following model: 

(2.3.1) 
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With PVCSF + PVGM + PVWM = 1. Since CSF is known to have negligible concentrations 
of any of the metabolites of interest, a new model is derived: 

(2.3.2) 

Solving for either GM or WM concentration, actual concentration of a metabolite can 

be determined for a tissue type. 

(2.3.3.2.3.4) 

These equations are not particularly useful since calculation of the GM concentration 

requires knowledge of the WM concentration and vice versa. However, equation 

2.3.3 and 2.3.4 can be used to calculate "pure" concentrations in GM or WM in a 

group of subjects, using interpolation from a correlation graph of concentrations 

versus partial volume. 

9 



CHAPTER 3 
METHODS 

3.1 Determination of Partial Volume Standards and Segmentation Validation 

A population of 17 subjects was used for comparison and analysis. 

These subjects were acquired using a 3T Siemens scanner, T1 weighted, MP-

RAGE, 1 x 1 x 1 mm3
, sagittal, TR I TE I TI = 2200,4.91, 1000 msec, and a flip 

angle of 12°. The 17 subjects were in good health and had a mean age of 44; 16 

males and 1 female. MR spectroscopy voxel size of 20 x 20 x 20 mm3 was used in 

the FgM and FwR regions. 

3.1.1 Validation of Manual Tracing (MT) as a Partial Volume Standard for CSF 

The use of MT as a standard for validating segmentation has been 

used in many research areas over the years. Since brain partial volumes are unique 

for each individual, it is impossible to determine actual partial volume without using a 

segmentation method, which does not allow validation of the manual tracing method. 

Due to the conception of the T2 method, there is a quantitative method to determine 

the partial volume of CSF In a MR spectroscopy voxel, based solely on the T2 

relaxation times. This gives an advantage when determining partial volumes in MR 

spectroscopy, since it gives the ability to validate segmentation methods. Using the 

partial volume of CSF calculated from the T2 decay curves, manual tracing was 

validated by comparing partial volumes of 17 subjects (acquisition methods 

described earlier in section 3.1). MR spectroscopy voxels (20 x 20 x 20 mm3) were 

extracted from MP-RAGE structural image with custom MATLAB programming. 
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Each 1 mm slice was saved as a 20 x 20 pixel BMP file . Due to the extremely small 

size of the voxel slices, bi-cubic interpolation was performed to enlarge the images 

to 634 x 634 pixels. Figure 3.1.2.1 represents three extracted and interpolated 

slices (not to scale). 

Figure 3. 1.2. J: VoxeJ Slices 

Tracing was performed using Photoshop and a pressure sensitive Wacom graphics 

tablet. This allowed free-handed smooth tracing of segmented slices. Each tissue 

type was assigned a different RGB color: CSF 0/0/0 (black) , GM 255/0/0 (red) and 

WM 0/255/0 (green). Figure 3.1 .2.2 shows slices after manual tracing (not to scale). 

Figure 3.1.2.2: Traced VoxeJ Slices 
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Calculation of CSF partial volume was determined by the following equation: 

LPixels 
PV = ""CS~F:--__ 

CSF " P' l L- lxe s 

Table 3.1.2 show the calculated CSF partial volumes 

in 17 subjects, using both the T2 method and MT. 

Figure 3.1.2.3 show the correlation between the 

partial volumes calculated with an R value of 0.871 . 

Due to the excellent correlation between the T2 

method and manual tracing, it was determined and 

proved that the manual tracing is an accurate 

Subject # M 

MOOS 0.1188 

MOO9 0. 1141 

M012 0.0998 

M010 0.1534 

M007 0.1310 

MOll 0.0851 

M013 0.0956 

M002 0.1794 

M014 0. 1446 

M015 0. 1681 

M016 0.1260 

M017 0.2187 

MOOS 0.1892 

MOOl 0.0916 

MOOS 0.2002 

MOO4 0.1676 

M003 0.2697 

T2 

0.141 1 

0.0841 

0.0972 

0.1476 

0.1681 

0.0472 

0.1 114 

0.1490 

0.1655 

0. 1869 

0.1070 

0.2207 

0.1957 

0.0706 

0.1649 

0.1616 

0.2150 

Table 3. 1.2.1: CSF Partial Volumes 

segmentation method for a MR spectroscopy voxel. Therefore, manual tracing is 

considered an equal standard to the T2 method and was used in determining 

accuracy in segmentation methods. 

0.3 

0.2 

0.1 

o 
0.0 

Correlation of T2 and MT for CSF 

y=0.87& + 0.024. R=0.871. P=<.OOOI 

• • ~ •• • -- • 
~ 

0.1 0.2 

Figure 3.1.2.3: CorrelationJor CSF 
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3.1.3 WM and GM Partial Volume Standards 

Standards for both WM and GM are required to determine the 

accuracy of different segmentation methods. Due to the limitation of the T2 method, 

which can only determine partial volume of CSF, a standard must be determined. 

MT will be selected as the standard for all three tissue types. Due to the good 

correlation of CSF partial volumes of MT versus the T2 method, an assumption has 

been made that the MT method is· equally good at segmenting GM and WM. GM 

and WM partial volumes were determined using the following equations: 

"L,Pixels "L,Pixels 
GM WM 

Partial Volume Standards 

Compartment CSF Gray Matter White Matter 

Standard Manual Tracing Manual Tracing Manual Tracing 

3.2 Validation of Segmentation Methods for a FgM MR Spectroscopy Voxel 

Using the determined manual tracing standards for CSF, WM, and GM, 

a comparison against the calculated partial volumes from different segmentation 

methods was performed therefore, validation of their accuracy can be determined. 

Segmentation was performed on all 17 subjects, using SPM2, FSL using Brain 

Extraction Tool (BET - separates the brain from the skull, output is the brain only) 

and various segmentation output options, manual tracing and the T2 method. 

3.2.1 Statistical Parametric Mapping (SPM) 
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SPM2 segmentation was performed using two different templates: a 

normal T1 weighted template and a custom skull stripped (skull manually deleted) T1 

weighted template (2). Figure 3.2.1.1 show the normal T1 weighted template while 

Figure 3.2.1.2 how the skull stripped T1 weighted template. 

Figure 3.2.1.1: SPM2 Temp/ate 

Figure 3.2.1.2: Modified Temp/o/e 

Segmentation resulted in three probability maps, one for each tissue type, for both 

templates. Structural MP-RAGE images from the 17 subjects were pre-processed 

using a custom Java application, allowing manual erasing of skull and non-brain 
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structures missed by the use of BET (2). These images were only used with the 

skull stripped template. Figures 3.2.1.3 show segmented probability maps, 

transversal, for CSF, GM and WM, for normal T, weighted template respectively. 

Figure 3.2.1.3: Segmented Probability Maps 

Segmentation results from the skull stripped template showed similar structural 

images. Since the data in each segmented image is soft data (i.e. probability that 

this pixel is the selected tissue type), partial volume will be assumed to be 

synonymic with probability. Probabilities for the spectroscopy voxel location were 

extracted and partial volumes calculated using the following equations, where x,y 

and z are probabilities: 

3.2.2 FSL 

PVCSF = LX 
CSF 

Similar to SPM2, FSL is a software program that allows a user to 

analyze fMRI images and periorm segmentation. FSL has many advantages over 

SPM2 allowing the user more options for segmentation. For instance, the Brain 

Extraction Tool allows skull stripping of the image. Figure 3.2.2.1 show sagittal 

views of the image prior and after brain extraction. 
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Figure 3.2.2.1: Skull Stripped Image 

FSL segmentation uses K-means clustering (pixel based segmentation of multi-band 

images) however, the use of a-priori (initial and posterior) probability maps are 

available output options. FSL also has the ability to output segmented images either 

as three separate probability maps (one for each tissue type, similar to SPM2) or 

has one combined hard data map. Hard data maps are coded into four integer 

numbers to define which tissue type the pixel represents; Non-image = 0, CSF = 1, 

GM = 2 and WM = 3. Figure 3.2.2.2 show examples of hard data maps. 

Figure 3.2.2.2: Hard Dala Maps 
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Extraction of the data located in the MR spectroscopy voxel was performed using 

the same programming as for SPM2. Calculation of hard data partial volumes used 

the following equations: 

LPixels 
PV = .;CS~F __ 

CSF '" p . l L... LXe s 

LPixels 
PV = ~GM==-__ 

GM LPixels 

LPixels 
pv. = ",WM==-__ 

WM LPixels 

Probability maps are similar to those produced by SPM2. Each pixel for each tissue 

map provides the probability of that pixel actually being the tissue type. Figure 

3.2.2.3 show transversal images of each tissue probability map, CSF, GM and WM 

respectively. 

Figure 3.2.2.3: Probability Maps 

Partial volumes were calculated using the following equations where x, y and z are 

probabilities: 

PVCSF = L x 
CSF 

3.2.3 Manual Tracing (MT) 
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Manual tracing of all subjects in the MR spectroscopy voxel (in the 

FgM region) was performed as described in section 3.1.2. Interpolation of the voxel 

slices was performed for ease in manual tracing. Manual tracing was performed 

once per subject. An initial trial was performed on 5 subjects, using a separate 

population, using 3 manual tracing runs for each subject. Comparison between the 

3 runs shows a minor difference in traced tissue locations and an average difference 

of 2% in partial volumes. This supported the use of only one trace per subject. 

Initial runs included a comparison of MT from saggital, transversal and coronal views 

of the voxel. Calculated partial volumes were within 3% of each other for all 

subjects. 
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CHAPTER 4 
RESULTS 

4.1 Partial Volume Results After Segmentation 

After segmentation, partial volumes for the MR spectroscopy voxel, 

located in the FgM region, for each subject was calculated. Table 4.1.1, 4~1.2 and 

4.1.3 show results of all partial volume calculations for WM, GM and CSF 

respectively. 

Table 4.1.1: WM Partial Volumes 

Table 4.1.2: GM Partial Volumes 
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Tabk4.1.3: CSF Partial Volume 

4.2 Correlation Results 

An analysis of correlation between MT and all segmentation methods 

was conducted using StatView. Table 4.2.1 Is a summary of all R values. 

Table 4.2.1: Summary of R Values 

More detailed graphs, located in Appendix A, show the correlations between 

segmentation methods and MT for each tissue type. R values for each comparison 
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are shown on each graph. Figure 4.2.1 show the difference in correlation between 

WM for SPM2 and SPM2_SS (skull stripped images and template). 

0.12 
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4.3 Skull Stripping for Partial Volume Calculations of MR Spectroscopy Voxels 

From the results obtained, skull stripping is an important part of 

obtaining accurate partial volumes for a MR spectroscopy voxels located in the FgM 

region. Comparing SPM2 and SPM2 using a skull stripped temple and subjects, 

correlations for all three tissue types increased. WM partial volume showed a low R 

valve, from 0.369 to 0.711 , for every segmentation method however, compared to 

SPM2, skull stripping made the greatest improvement in R value. Figures 5.1.1 , 

5.1.2 and 5.1.3 show the improvement of correlation in tissue types between the two 

SPM2 methods. 
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Figures 5.1.4 and 5.1.5, in 3-~ , shows the profile of one slice directly through the 

center of the FgM voxel of subject M002. This profile shows the different in tissue 

distribution between SPM2 and SPM2 with skull stripped image and template. 

There is an obvious difference between distributions, which account for the 

difference in partial volumes. 
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It is concluded that due to errors during registration (3), significant partial volume 

inaccuracies occur in SPM2 without skull stripping. Skull stripping (or brain 

extraction) causes a significant increase in accuracy of voxel segmentation and is 

recommended for all segmentation processing. 
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CHAPTER 5 
DISCUSSION 

5.1 FSL for MR Spectroscopy Voxel Segmentation 

Results show that FSL, using no a-priori probability map output 

options, with hard data output map, gave the best overall R values (considering each 

tissue type). FSL with no a-priori probability map output options, soft data output, 

was second best for correlation with MT. There is little difference between 

correlations of manually edited images, after BET tool was used, for all tissue types. 

Figures 5.2.1 and 5.2.2 show correlation graphs of FSL using no a-priori probability 

maps and hard data output versus SPM2 for CSF and WM. 
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WM regressions were poor compared to the other tissue types. This is due to the 

relatively narrow range of WM partial volumes (approximately 5 -15%). It is 

concluded and recommended that FSL, using BET prior to segmentation, no a-priori 

probability map options used, hard data selected as output option, is the best overall 

segmentation method and should be used for all partial volume calculations of MR 

spectroscopy voxels. 

5.2 Cross Validation of the T2 Method 

Most studies reference MT as the standard for segmentation, which 

they use to validate their own segmentation methods. In this study, the T2 method 

was used to validate MT. In section 3, figure 3.1 .2.3, show the correlation between 

T2 method and MT, resulting in an R value of 0.871 . Since FSL is the recommend 

segmentation method, Figure 5.3.1 shows the correlation between the 

recommended FSL method and SPM2 versus the T2 method. 
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Skull stripping also increased the R value of SPM2 when using the skull stripped 

template. It is concluded that manual tracing is an accurate means of segmentation 

and can be used as a standard in studies. The T2 method is also validated as the 

standard for calculating CSF in MR spectroscopy voxels. 

5.3 Correlation with Metabolite Concentrations 

Regressions were performed for partial volumes of the FgM, FwR, and 

a combined partial volume of FgM and FwR versus GM index, using data from all 42 

subjects (16). GM index is the ratio of GM and the combination of GM and WM. 

Figure 5.4.1 show the regression for Cr in the FgM region. The P value of ,0818 is 

considered significant due to the positive slope of the regression, which is expected 

from previous research. 
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In the FwR region, Glu showed significance with GM index (Figure 5.4.2) having a P 

value of .0104. Both the FgM and FwR regressions are limited to the relatively 

narrow range of GM in the voxel. However, the graphs show that correct placement 

of the voxel during scanning, both FgM and FwR, is consistent for different operators 

and over the range of subjects, and that typical voxels have a relatively small 

admixture of the "unwanted" tissue type. 
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Combined FgM and FwR partial volumes extend the range of the GM index 

therefore, allowing a greater range of data points to be used for correlation. 

Regressions of combined partial volumes gave excellent results (figure 5.4.3) . 

Using the y intercept and slope of the regressions, a percent increase or decrease of 

mx 
GM at 100% versus WM at 100% was calculated: ~%C=-- The slope for Cr 

Yincpr 

shows a 28% higher concentration in GM than WM. This contradicts Hetherington, 

1994, who showed lower Cr concentrations of 20% in GM over WM (18) . However, 

Schuff, 2001 , found an increase in Cr with GM of 11 % (19), which is consistent with 

our results. Cho showed a negative slope (lower concentrations of 19% in GM than 

WM) , which was consistent in direction with both Hetherington's and Schuff's 

findings (18 & 19). NAA showed an 
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increase with GM index of 10%. This is consistent with Schuff's findings of 13% 

however contradicts Hetherington (18 & 19). Glu and Glx showed an increase of 

117% and 119% respectively, and ml of 15%. Of note, neither Hetherington nor 

30 



Schuff were able to report on Glu/Glx or ml since they used a long echo time for 

spectrum acquisition, which suppresses these resonances. 
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6.1 Segmentation 

CHAPTER 6 
CONCLUSION 

Due to registration errors during segmentation, SPM2 should be used 

in conjunction with skull stripped images and template to reduce the errors in partial 

volume calculations for MR spectroscopy voxels. FSL, without using any output 

options and hard output data, is recommended for the segmentation of images that 

will be used for partial volume calculations of MR spectroscopy voxels and for 

correct correlation of metabolite concentrations versus partial volumes. 

6.2 Metabolite Concentrations 

Due to the increase in accuracy in partial volume calculations, correct 

interpolation and correlations for metabolites versus GM index was accomplished. 

There is a 28% increase in Cr, 117% increase in Glu, 15% increase in ml, 19% 

decrease in Cho and a 13% increase in GIx from 100% WM to 100% GM. 

Most of these findings are in agreement with those of prior studies. 
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APPENDIX A 
CORRELATION GRAPHS 
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APPENDIXB 
METABOLITE CONCENTRATIONS 
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