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Abstract 
 

 

Development of Improved 1H Magnetic Resonance Spectroscopic Imaging 

Techniques for Brain Tumor Patients 

by  

Joseph Anthony Osorio 

 

Magnetic resonance spectroscopic imaging (MRSI) is one of the most 

technically demanding areas of magnetic resonance imaging. To achieve the 

necessary performance, current methods employ many of the recent 

advances in RF pulse design. Extending MRSI methods to higher field 

strength poses a number of additional challenges, along with a wealth of 

opportunity, related to the design and use of RF pulses.  With the availability 

of 3 T whole body clinical scanners, the potential exist for improving signal-

to-noise ratio (SNR), spatial resolution and/or reduction of scan-time. Brain 

MRSI exams are a useful clinical tool for treatment planning and monitoring 

glial disease, but an overriding challenge has been the amount of coverage 

that could be achieved using this technique.  

MR spectroscopic imaging was utilized to study the biochemical 

changes over time, and evaluate how these changes related to conventional 

imaging methods, in a population of low-grade glioma patients at 1.5 T. 

Although we were able to note unique metabolic changes in brain cancer 

tissue, the study ultimately was limited by SNR and coverage. 

In order to potentially address the limitations in SNR observed at 1.5- 

T, MRSI was implemented at 3 T. The results demonstrated the acquisition of 
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clinically acceptable spectra from brain tumor patients that were 

representative of the population encountered routinely in clinical practice. 

The improvements in sensitivity could be utilized either to detect more subtle 

differences in metabolite levels, or to reduce the spatial resolution. 

Previously observed limitations in spatial coverage led to the design of 

the cosine-modulated very selective suppression (CM-VSS) pulse. This pulse 

design was not only optimized for improved coverage at 3 T, but it was also 

designed to allow more saturation bands in a shorter time period. With CM-

VSS pulses, MRSI could now be feasibly acquired from almost all brain tissue. 

The results of this dissertation demonstrate improvements in MRSI 

techniques that allow for better spatial characterization of brain tumors. It is 

expected that these improvements in data quality and tumor coverage will 

result in increased usage of MRSI sequences in clinical settings, and 

improved evaluation of brain tumor biochemistry. 
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Chapter 1: Introduction 
 

 

 

Gliomas are a type of primary brain tumor that cause the third most 

common cancer related death in people under the age of 35.  Originating 

from glia, the support cells for neurons, they are extremely heterogeneous, 

ranging from benign to highly malignant lesions. Although gliomas rarely 

metastasize, they are highly infiltrative in nature and typically recur within a 

2-3cm margin of the original lesion (1).   

Understanding the underlying biological makeup and survival 

mechanism of glial tumors could potentially help researchers monitor and 

tailor therapies for individual patients that would spare the potentially toxic 

effects of agents, and could have a profound prognostic impact.  Typical 

treatment for glioma patients involves a subtotal or gross total resection, 

chemotherapy, and/or radiation therapy.  These treatments directly affect 

the tissue environment and cause changes that will have an affect upon the 

conventional imaging.  Conventional magnetic resonance imaging (MRI) 

examinations for glioma patients consist of T1-weighted images, with pre- 

and post- injection of a paramagnetic contrast agent, and T2-weighted 

images.  Unfortunately, conventional MRI techniques are not able to fully 

characterize differences in tumor types, disease progression, and 

effectiveness of therapy; therefore interpretation of these data becomes 

highly subjective.  The need clearly exists for additional techniques that may 
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add insight about the functional properties of the underlying changes in the 

tumor biology (2). 

 Magnetic resonance spectroscopic imaging (MRSI) is a functional in 

vivo technique capable of identifying regions of tissue that exhibit abnormal 

metabolism, and therefore provides additional information that is not usually 

seen with conventional MRI.  MRSI emerges from the fact that proton (1H) 

spins within varying chemical environments experience different chemical 

shielding that result in variations in precession frequency, a phenomenon 

known as chemical shift.  MRSI has been shown to provide vital information 

about the spatial extent and degree of metabolic activity of gliomas both 

within the contrast enhancing volume and in surrounding areas of 

hyperintensity on the T2-weighted images (1-3). MRSI is currently limited in 

its ability to cover the spatial extent of the entire lesion, its relatively coarse 

spatial resolution, and long acquisition times.  The challenge in overcoming 

these obstacles originates from either the lesion lying close to the edge of 

the brain, limited signal-to-noise ratio, or the typical field of view being 

smaller than the size of the head.  The latter manifests in subcutaneous lipids 

being aliased into the brain tissue, therefore contaminating voxels in the 

entire spectral array.  These problems often make it impossible to acquire 

spectra from the entire lesion.  VSS pulses were created to eliminate 

unwanted lipid signals, and provide selective suppression to exclude 

unwanted regions (4).  These pulses have proven to be extremely valuable, 

but are currently limited in the number that can be played out within the 

pulse sequence. These constraints still make it difficult to conform the 
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acquisition to irregular shaped lesions and examine regions that are close to 

subcutaneous lipids. 

Typically, MRSI is performed using a number of RF pulses transmitted 

in succession, each performing a particular function, such as localizing in one 

spatial dimension or saturating a narrow spectral band.  Because an MRSI 

scan uses so many different, interacting RF pulses, there are many potential 

pitfalls.  Conversely, there is also much room for innovation, particularly 

when re-designing the function of RF pulses to operate at higher field. 

The goal of this project was to develop and apply acquisition and RF 

pulse design methods to improve metabolic tissue characterization using 1H 

magnetic resonance spectroscopy imaging techniques for patients with brain 

tumors. This thesis is organized according to the following chapters that 

when coupled address the many aspects involved in succeeding this goal. 

Specifically: 

Chapter 2 provides an overview of brain tumor biology, the diagnostic 

imaging associated with these neoplasms and how these are coupled with 

patient therapies as well as the current clinical usage.  

Chapter 3 introduces MR spectroscopy from a chronological point of view; 

here we see how the technology was introduced and its progress, this will 

allow a better understanding of where the current project has succeeded. 

Chapter 4 then takes the current approach on a 1.5 Telsa and evaluates the 

current – most common – advantages of using MRSI as a clinical tool in the 

serial evaluation of patients with low grade gliomas. 
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Chapter 5 takes a theoretical improvement in field strength and data receive 

coils, and analyzes these in a large data set of clinical patients to 

characterize clinically relevant improvements. 

Chapter 6 presents an improved spectroscopic imaging technique that takes 

advantage of pulse design developments to improve tissue coverage using 

MRSI. An optimal imaging protocol for MRSI at high field systems is then 

developed, which will utilize an improved outer volume suppression pulse for 

maximum lipid suppression and improved water suppression. 

Chapter 7 combines the improved outer volume suppression pulses (CM-

VSS) with current MRSI and evaluates the clinical applicability of the CM-VSS 

pulse scheme; this was then validated in MRSI studies of supratentorial brain 

tissue from various head sizes, shapes, and treated brain tumor patients. 

Chapter 8 summarizes major findings of the aforementioned chapters, 

discusses the clinical implications, and offers new approaches for future 

studies. 
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Chapter 2: Background I: Brain Tumors 
 

 

This chapter begins by providing an overview of neoplastic brain diseases 

with a focus on infiltrative gliomas. A review of tumor characteristics focusing 

on pathology, prognosis, treatment, and neuroimaging provide a foundation 

for the relationship between diagnostic imaging tools and how these are 

coupled with patient therapies as well as the current clinical usage. 

 

 

2.1 Neuroepithelial Tumors 

 

 Primary tumors of the nervous system have had a classification and 

grading system that has been in a constant flux since the system was first 

introduced. The World Health Organization (WHO) Classification has proven 

to be the most widely accepted classification for neuroepithelial tumors (5,6). 

Among the variability seen within and between these tumors, the 

classification system is differentiated based focally on histological and 

molecular features focusing on the differences in these nervous system 

tumors. The category of neuroepithelial tumors is comprised of gliomas as 

well as neuronal differentiation and embryonal neoplasms. Among the 

varying distinct classifications of these tumors, overall classification can be 

broadly subdivided into infiltrative or non-infiltrative tumors of glial origin. 

Infiltrative tumors include Astrocytic, Oligodendroglial, and mixed gliomas. 
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Non-inflitrative tumors include ependymal tumors, choriold plexus tumors, 

pineal parenchymal tumors, and embryonal tumors (6). 

  

2.2 Infiltrative Gliomas 

 

 The origin and pathogenesis of gliomas is controversial and likely to be 

multifactorial. Gliomas account for 70% of all primary brain tumors; about 

80% of all gliomas are those of astrocytic origin. The incidence in these 

tumors has been shown to change with aging. The most common neoplasms 

in young adults are low-grade astrocytoma and oligodedroglioma; in older 

patients, anaplastic tumors and glioblastoma multiforme (GBM) predominate. 

 

Astrocytic Tumors 

 

 Most tumors of astrocytic lineage are described as being diffuse 

astrocytomas because of the infiltrative nature of these tumors to migrate 

and proliferate to adjacent and distant brain structures. According to the 

WHO classification, a low-grade (Grade II) astrocytoma is defined as an 

astrocytic neoplasm with a high degree of cellular differentiation, slow 

growth, and diffuse infiltration of neighboring brain. An anaplastic 

astrocytoma (Grade III) is a neoplasm that demonstrates focal or dispersed 

anaplasia, with increased cellularity, distinct nuclear atypia, and marked 

mitotic activity. Glioblastoma multiforme (Grade IV) tumors are classified as 

ones with a presence of endothelial proliferation and necrosis.  
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The prognosis of astrocytoma is mainly determined by tumor grade. 

Low-grade astrocytoma have the best outcome with median survivals of five 

to ten years (7). Anaplastic astrocytoma have median survivals of two to four 

years (8). GBM median survivals are by far the worst; these tumors have 

median survivals of nine to 12 months, and they make up 60% to 80% of the 

diffuse astrocytic tumors (9). There have been studies that have attempted 

to focused on improving these outcomes by combining treatment modalities 

(9). Among the varying parameters that have been considered, differences in 

age when the tumors arise, as well as the patient’s clinical condition are 

among the leading prognostic factors. 

 

Oligodendroglioma and Mixed Tumors 

 

 Oligodendrogliomas are a subset of primary brain tumors with 

characteristics of tumor cells that resemble normal oligodendroglial cells. 

Tumors that have a combination of oligodendroglial and astrocytic elements 

are termed as “mixed” tumors. Genetically, oligodendroglial tumors have a 

common occurrence of deletions of 1p and/or 19q. The detection of these 

deletions is now commonly undergone through genetic testing where 

deletions of the short arm of chromosome 1 (1p) and long arm of 

chromosome 19 (19q) have been identified (10). Among the differences in 

clinical characteristis of tumors of oligodedroglial classification is that they 

are significantly more responsive to chemotherapy and are associated with 

better outcomes when compared to other gliomas. Several chemotherapeutic 
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regimens have been identified to treat these tumors with favorable 

improvements to patient morbidity (11).   

 

2.3 Clinical Presentation of Neoplasms 

 

 The clinical presentation of all brain tumors is dependent upon two 

main factors, localization of the tumor and rate of growth. Patients have 

presented with seizures, neurological deficits (hemiparesis, aphasia, or 

sensory symptoms), and headaches. These various symptoms could be a 

direct result from varying characteristics that can include hydrocephalus, 

mass effect due to tumor burden, and tissue destruction. More malignant 

tumors often present with focal deficits, cognitive disturbances, and 

increased intracranial pressure. It is most common for patients with brain 

tumors to present through the onset of seizures (12). 

 

2.4 Treatment of Neoplasms 

 

 Typically, the treatment of primary brain tumors requires the 

combination of surgical resection, ionizing radiation, and systemically 

delivered drugs. The current understanding of the relative roles of radiation 

and chemotherapy is in a state of flux, as is the understanding of the 

interactions between responses to therapy and outcomes.  

 

Surgical Therapy 

 

 Surgical therapy is often the first line of treatment for neoplasms, and 

is used for the following reasons: (i) to obtain tissue for histological 
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diagnosis, (ii) to obtain a reduction of symptoms, and (iii) to reduce 

morbidity due to mass effect (13). The most frequent surgical approach 

would be to perform the most extensive resection possible to excise the 

abnormal tissue region without causing excessive neurological damage. This 

has been largely supported through studies that have demonstrated a 

favorable relationship with extensiveness of resection and outcome (14). 

Surgery alone is seldom curative, and the hope for long-term control lies with 

adjunctive therapy. After surgery is used for diagnosis and tumor debulking, 

radiation therapy is a mainstay. 

 

Radiation Treatment 

 

 Ionizing radiation therapy is a loco-regional treatment that occupies a 

position intermediate between surgery and chemotherapy. Radiation therapy 

plays a vital role in the disease management of neoplasms of the central 

nervous system (15). The goal is to treat regions of tissue intensively where 

resection of tissue may not be possible, while sparing the rest of the body 

from treatment-related side effects. The decision of whether or not to pursue 

intervention is based upon a complex set of clinical and imaging data, which 

aim the radiation where the tumor is, while attempting to not exceed the 

tolerance of the adjacent normal tissue (16). 

  

Systemic Chemotherapy 

 

Modern cancer systemic therapy was first stumbled upon during World 

War I when chemical warfare agents were introduced – specifically that of 
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mustard gas. It was noted that when exposed soldiers were tested for the 

effects of this chemical, depleted levels of rapidly growing white blood cells 

were noted – introducing a cytotoxic effect. In the 1940’s, the first attempts 

to translate this concept as a medical therapy was initially led by scientist 

Goodman and Gilman in the first cancer chemotherapy trial investigating the 

effects of this cytotoxic agent on patients suffering from advanced 

lymphomas. Early prognostic improvements were remarkable, and the field 

of chemotherapeutic drug delivery began (17). Brain tumor chemotherapy 

did not begin until the 1970’s when Wilson and Walker independently 

published work on treatment of malignant brain tumors using carmustine 

(BCNU), a nitrosurea. An increase in survival was not measured, but clinical 

benefit was noted (18,19). Chemotherapy administration to neoplasms still 

focuses upon improving or maintaining neurologic function.  

At the molecular level, chemotherapy seeks to impair the underlying 

limitless growth that is associated with cancer cells. The chemotherapeutic 

agent achieves this because of its characteristic ability to affect a cell’s 

function in replication and division or directly affecting the genetic make-up 

of the cell. Affecting replication and division is associated with diminishing 

the activity of the cell cycle. The cell cycle consists of five phases, G0, G1, S, 

G2, and mitosis, as shown in Figure 2.1.  
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Figure 2.1: Schematic of cell cycle. A cell could last years in the G0, 

the resting phase, depending on the cell type. When replication is 

triggered, the cell enters G1, a preparation phase for DNA synthesis. 

The S phase follows where actual DNA synthesis and replication 

occur.  G2 is the phase immediately prior to mitosis. The M phase is 

when mitosis occurs and two daughter cells are created.  

 

Chemotherapeutic agents are generally categorized into two 

classifications, cell cycle-specific or cell cycle-nonspecific agents. Cell cycle-

specific drugs interfere with a particular phase of the cell cycle. For tumor 

cells to be affected, the cell needs to be in these phases. This is the main 

reason why these agents are typically being administered in divided doses or 

as a continuous infusion – affecting cells that are actively dividing. Cell cycle-

nonspecific agents directly damage the deoxyribonucleic acid (DNA) within 

the cell or the enzymes that repair and regulate the DNA. This characteristic 
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makes these agents more toxic, therefore making this line of therapy 

effective in a bolus dose.  

Chemotherapy may be administered to treat a tumor as a single agent 

or in combination with other therapies (combination or adjunctive therapy). 

It may be given prior to surgery to reduce tumor burden, or after surgery to 

attempt to destroy the remaining cancerous cells.  Although prolonged 

survival is not exclusively noted when chemotherapy is used as an adjunctive 

therapy, it has been noted that it has played a critical role in maintaining the 

quality of life.  

Although chemotherapies have shown to be effective cytotoxic agents, 

the brain’s protective nature poses limitations that are not encountered in 

other organs. These limitations are associated with the brains unique 

protective mechanism that creates a privileged compartment and poses a 

significant challenge for treatments such as chemotherapy – studies have 

shown this to be due to the presence of the blood-brain barrier (BBB) (20). 

The BBB lines the blood vessels of the brain and helps to protect the brain 

from toxins. This is accomplished through a layer of endothelial cells that are 

connected by tight junctions. The BBB prevents passive entry of water-

soluble substances based on size, and limits the transport those larger than 

180 D (21).  

    

2.5 Clinical Imaging of Neoplasms 

 

Neuroimaging has proven to be indispensable for the management of 

neoplastic brain diseases. The process of detecting a tumor is most 
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commonly associated with clinical symptoms that are followed by image 

detection of an abnormality. When an abnormality is detected, the next step 

is to elucidate the underlying pathology and decide whether it is reason for 

the symptoms in question. A basic classification should be concluded that will 

characterize the lesion as neoplastic, vascular, of developmental origin, or 

inflammatory. When there are cases that have considerable differential 

diagnosis, imaging should serve to interpret and distinguish between 

subgroups. Imaging should then supply an evaluation of the grade of 

malignancy and the probable speed of proliferation. Treatment planning 

requires imaging to distinguish areas of tumor location and the extensiveness 

of the tumor. After any therapeutic procedure, imaging is required to monitor 

the effectiveness of the therapy. In the case of surgical resection (either 

stereotactic biopsy, subtotal resection, or total resection), imaging is used to 

monitor the extent of tissue excision. Follow-up examinations should detect 

tumor response and attempt to indicate recurrence or treatment side effects. 

 The imaging modality best suited for addressing most of the tasks 

detailed above is magnetic resonance imaging (MRI). In addition to 

conventional anatomical imaging that includes T1- and T2-weighted images, 

new methods exist that characterize the underlying functionality of the 

tissue. Figure 2.2 below demonstrates traditional imaging with T1- and T2-

weighted images in a patient with a brain tumor. The patient example 

demonstrates the variability in signal intensities that exist when comparing 

within and between these conventional imaging modalities.  
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Figure 2.2: Conventional anatomical imaging of a brain tumor. 

Patient was diagnosed with a grade IV glioma. (a) T2-weighted 

image showing a large right hyperintense lesion in the right frontal 

region extending through the corpus collosum into the left frontal 

region, (b) T1-weighted pre-contrast image shows diffuse 

hypointense signal along with intrinsic T1-shortenging indicating 

blood products, (c) T1-weighted post-contrast injection shows a 

large area of enhancement within the large lesion demonstrating 

significant breakdown of the BBB. (d-f) Zoomed images of the 

necrotic-core portion of the tumor; zoomed images correspond to 

sub-regions within (a-c) respectively.  

 

  

Tumor Detection 

 

T1-weighted images reflect different tissue contrast between areas 

that have different T1 relaxation times. T1 is the relaxation time associated 

with the re-growth of longitudinal magnetization. Similarly, T2-weighted 

images reflect the tissue contrast between those areas that exhibit different 
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T2 relaxation times. T2 is the time that depicts the loss of transverse 

magnetization due to dephasing. The overall signal contrast will reflect the 

underlying biological structure and the state in which energy is distributed 

within the surrounding environment.  

In T1-weighted images, varying amounts of tissue contrast are 

generated from tissues that have characteristically different molecular 

environments; molecules could be compartmentalized generally as free or 

bound water. These relative amounts of free and bound water within tissues 

will affect the energy of the molecules. The energy of the molecules in 

motion is proportional to the velocity of that molecule. The motional energy 

of the molecule, if faster, will not facilitate longitudinal relaxation, therefore 

magnetic equilibrium of the water molecule will recover slowly – having a 

longer T1. This can be shown in Figure 2.3c in the cerebral spinal fluid (CSF) 

relative to the other tissues. 

 

Figure 2.3: T1-weighted image depicting regions of varying image 

signal intensity. (a) Axial T1-wieghted SPGR of a glioma patient. (b) 

Various regions with characteristic differences in signal intensity. (c) 

T1 relaxation curves for the regions shown in (b). The curves 

indicate the logarithmic recovery of the longitudinal magnetization.  
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 Neoplasms typically demonstrate regions of low signal intensity 

(hypointense signal) in the tumor region on T1-wieghted images, as shown in 

Figure 2.3. The lack of signal, when compared relative to the other regions of 

normal surrounding tissue occupies a contrast intermediate to that of CSF 

and gray matter. The low signal intensity here is associated with the highly 

cellular characteristic portion of the tumor.   

 T2-wieghted images are valuable in differentiating neoplasms because 

the tumor can be demarcated well because of the characteristic high signal 

intensity coming from the tumor region. Figure 2.4 shows a glioma patient 

with a fluid-attenuated inversion recovery (FLAIR) image. FLAIR images are 

dark fluid T2-weighted sequences that are commonly used when imaging 

neoplasms; this sequence limits the high signal intensity intracranially to the 

tumor only – rather than a classic T2-weighted sequence that would also 

generate high signal intensity from the CSF.  

 

Figure 2.4: T2-weighted image depicting regions of varying image 

signal intensity. (a) Axial T2-wieghted FLAIR of a glioma patient. (b) 

Various regions with characteristic differences in signal intensity. (c) 

T2 relaxation curves for the regions shown in (b). The T2 decay of 

solid tissue (lipid) is faster than that of free water.  
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Chapter 3: Background II: MR Spectroscopy 
 

 

This chapter will introduce magnetic resonance spectroscopy leading up to 

the first in vivo techniques that formulated this application into a key 

characterization of biological tissue. The applications introduced incorporate 

the current most widely used 3D-MRSI – with a focus on brain tissue. The 

varying components of acquisition will allow an understanding of the 

importance of outer volume suppression; this will allow a better appreciation 

of where the current project has succeeded. 

 

 

3.1 Magnetic Resonance Spectroscopy 

Physics of Magnetic Resonance Spectroscopy 

 

 Magnetic resonance spectroscopy (MRS) is a functional in vivo 

technique capable of identifying regions of tissue that exhibit abnormal 

metabolism and provides information that is not usually seen with anatomic 

imaging techniques. Conventional MRI focuses on characterizing water, which 

can be observed separately from other compounds because of its high 

concentration in the body. As a first approximation, an MR signal from a 

biological sample can be viewed as consisting of a single peak at the 

resonance frequency of water.  This can be further understood through the 

Lamour equation shown below: 

! = "B      (3.1) 
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Here B is defined as the magnetic field experience by the nucleus – in water 

the nucleus analyzed is a hydrogen proton (1H). Omega (!) is defined as the 

precession frequency of the magnetic moment of a nucleus, and (") is the 

gyromagnetic ratio of that nucleus. The B field experienced by a proton is 

also influenced by its immediate chemical environment as shown by the 

modified version of the Lamour equation below: 

! = "B (1 – #)     (3.2) 

This includes #, which denotes a chemical shielding term for the nucleus in 

question. It is a value between 0 and 1 that specifies the amount a nuclei’s 

chemical environment can compensate for, with respect to the external field. 

An # of 1 refers to an environment where the nuclei’s environment 

compensates perfectly for any external field (the nucleus itself experiences 

no net field), while an # of 0 effectively denotes a “free” proton, which 

experiences the external field without any influence from other nuclei. In 

general, protons bound to more electronegative atoms, such as oxygen, 

experience less shielding due to their reduced electron density.  The 

alteration of a nuclei’s resonance frequency by its chemical surroundings is 

referred to as chemical shift, and means that protons within different 

molecules resonate at different characteristic frequencies under a given 

magnetic field. Therefore, if we find a way to observe resonances at a range 

of frequencies, we can identify and quantify different compounds within a 

sample. This is the goal of in vivo MR spectroscopy (MRS), which utilizes 

Fourier transformation of the time domain free induction decay (FID) to 
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produce a spectrum in the frequency domain allowing a way to examine the 

spins within different molecular environments. 

  

Single Voxel Spectroscopy 

 

 Single voxel spectroscopy (SVS) is a method for collecting a spectrum 

of data from a single volume of tissue defined by the intersection of the three 

orthogonal planes. Within the first clinical applications of in vivo spectroscopy 

the mainstay method was SVS because of technical advantages in short-

duration acquisition times and quality of metabolic data. To obtain 

information about the spatial distribution of metabolites it was necessary to 

introduce 2D and 3D chemical shift imaging. This method aimed at improving 

the limited spatial coverage as well as reducing large voxel sizes that have 

characteristic partial-volume information, therefore complicating the 

interpretation of data from heterogenous tissues. 

 

3.2 Chemical Shift Imaging 

 

 Chemical shift imaging (CSI) is a method for collecting spectroscopic 

data from multiple adjacent voxels covering a large volume in a single 

measurement; this could either be from a single slice, 2D acquisition, or 

multiple slices, 3D acquisition. CSI is commonly referred to in the literature 

as magnetic resonance spectroscopic imaging (MRSI). Phase encoding is 

performed if one or multiple dimensions allows for one (1D), two (2D), or 

three dimensions (3D CSI) of data. A CSI sequence parallels that of an 

imaging sequence in that the only major difference in a spectroscopic 
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acquisition is that there is not a readout gradient applied during the data 

collection. If a gradient were used during the time of data collection the 

metabolic peaks of interest would experience peak-broadening, therefore 

compromising the data quality.  

 

MRS Localization Procedures 

 

 Localization in MR spectroscopy is the process of implementing a 

sequence that will allow the definition of signals coming from a small volume 

of interest (VOI). It should produce spectra from signals generated within the 

VOI and minimize the contribution from signals outside. The peaks of interest 

that comprise the spectrum should have good signal-to-noise ratio with well-

resolved peaks that are sufficiently narrow to allow accurate quantification.  

Among the various techniques that exist in achieving accurate and 

acceptable localization, one method that is commonly used performs water 

suppression and outer volume suppression prior to volume excitation. This is 

shown as a schematic example in Figure 3.1 where a pulse sequence diagram 

indicates the time placement of the various components used for this 

particular method of localization. 

 

Volume Excitation 

 

 Spatial localization is necessary for interpreting the results of in vivo 

MRS. Of the different techniques used to achieve localization, volume 

excitation stands as a clinical tool that can aid in the control and definition of 

spatially localized regions for analysis. Among the methods that exist, one 
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approach that has proven useful is the three-dimensional point resolved 

spectroscopy (PRESS) technique (22). PRESS is an approach that utilizes 

three slice selective pulses; one excite (90o pulse), and refocus (two 180o 

pulse) pulses to allow for three orthogonal planes of excitation.  The spin-

echo between the two 180o pulses is not sampled using this approach.   

 

 

Figure 3.1: Schematic of a MR spectroscopy pulse sequence that 

shows the basic order of the varying components of this commonly 

encountered localization technique. Within the dashed boxes are the 

acronyms of some commonly used methods; in the background are 

examples of the four components that make up the backbone of the 

pulse sequence: x-gradient, y-gradient, z-gradient, and the radio 

frequency pulses. 

 

The PRESS technique can be used for single voxel acquisition as well as 2D 

or 3D acquisitions.  When it is used for chemical shift imaging (CSI), the 

phase encoding method is used to yield arrays of spatially resolved spectra 
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within the volume of interest.  The total acquisition time for a CSI study 

using this method is proportional to the repetition time and the number of 

phase encodes in each of the spatial directions. Figure 3.2 shows the pulse 

sequence timing diagram for a PRESS excitation.  

 

 

Figure 3.2: Pulse sequence timing diagram for a PRESS MRS 

excitation approach. Shown above are the radio frequency pulses, 

gradients, and corresponding echoes. A pictorial of the spatial 

selection is shown on the right side of the figure. 

  

Water Suppression  

 

 In MR spectroscopy, high sensitivity is critical for detecting the cellular 

metabolites of interest. The large water signal is the primary contributing 

signal to conventional anatomic MR images and is not only adjacent to the 

frequencies of the desired metabolite frequencies, but it also has a relative 

concentration that is tens of thousands of times larger than the metabolites 

of interest. This is shown as a schematic in Figure 3.2. Suppressing these 

signals is critical for obtaining spectra that are interpretable and quantitative. 
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Figure 3.3: Schematic example of expected proportions of 

unsuppressed water and lipid signals in brain spectra. The 

metabolites of interest would be completely affected and would not 

be interpretable. 

 

 

 Chemical shift selective (CHESS) imaging technique was developed to 

suppress and destroy unwanted signal, such as the water shown in Figure 

3.2 (23). This was shown to be possible by using a selective 90o excitation 

pulse and following it with a magnetic field gradient; the gradient would act 

to spoil the homogeneity of the excited signal through dephasing. The 

excitation pulse together with the spoiling gradient would take place 

immediately before the application of a conventional MRS imaging sequence 

(23). Figure 3.3 demonstrates this combination of the radio frequency (RF) 

pulse flip angle and gradient in relation to the signal and how it is affected 

through time. Varying the flip angle of the RF pulse can control the amount 

of suppression. It should also be noted that the amount of time that exists 
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between the CHESS RF pulse(s) is played and the excitation pulse will affect 

the amount of water suppression.  

 

 

Figure 3.4: CHESS imaging sequence shown using one radio 

frequency pulse and one gradient. (a) and (b) show a schematic of 

the signal for two different flip angles. The example demonstrates 

the variability that exists with varying flip angles.  

 

 

Water suppression is not only important in that it can affect neighboring 

frequencies from metabolites of interest, but the amount of residual water 

can also have an impact on the baseline in the spectrum and hence on the 

accuracy of quantifications. This effect is demonstrated by the spectra shown 

in Figure 3.4. 
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Figure 3.5: Impact of varying amounts of water suppression. (a) 

Spectra demonstrating inadequate water suppression – too little. (b) 

Spectra demonstrating over-compensation of water suppression – 

too much. (c) Spectra demonstrating adequate water suppression 

with minimal baseline distortions. 

 

Outer Volume Suppression 

 

 In proton MRS of the brain, peaks that are seen to the right of NAA, 

between 0 and 1 ppm, correspond to a lipid signal that may be coming from 

within the volume of interest (VOI), or from outside the VOI. Ideally, 

unwanted lipid signals should be eliminated and lipid from within the VOI 

should be preserved. The lipid that is unwanted (contamination), and 

generated from outside the VOI is known to come from scalp lipid. A 

technique that exists to avoid these unwanted lipid signals, spatially 

saturates signal from unwanted regions – this technique is called outer 
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volume saturation (OVS). The concept is to use a spatially selective 90o RF 

pulse to flip the longitudinal magnetization into the transverse plane. Unlike 

excitation RF pulses, spatial saturation pulses should result in as little 

transverse magnetization as possible. This pulse is immediately followed with 

a gradient of maximum amplitude; this gradient will cause maximal phase 

dispersion, with minimal time commitment. The amount of signal generated 

within the desired saturation region will then be minimized. An example of 

saturation bands is shown in Figure 3.6 around the sides of the desired MRS 

acquisition volume.  

 

 

Figure 3.6: Spatial saturation bands placed around the sides of the 

MRSI slices. 

 

The pulse timing sequence shown in Figure 3.7 highlights the OVS pulses as 

well as the crusher gradients. Note that for each OVS pulse there are two 

crusher gradients that immediately follow. Six OVS pulses are shown in 

succession as an example for a sequence that will generate six saturation 

bands for the six sides of a three-dimensional rectangular excitation volume. 
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Figure 3.7: Pulse timing sequence showing outer volume suppression 

(OVS) pulses as well as the crusher gradients. Note that for each OVS 

pulse there are two crusher gradients that immediately follow. Also 

shown is an example using the PRESS volume excitation pulses. 

Volume excitation typically follows OVS. 

 

 As mentioned above, the RF pulse utilized for outer volume 

suppression is needed to minimize the maximum amount of transverse 

magnetization. Improved methods of outer volume suppression have 

accomplished this and have also increased the versatility and performance of 

CSI acquisitions (4). The very selective suppression (VSS) pulse introduced 

by Tran et al, shown in Figure 3.8, was designed as a phase-modulated radio 

frequency pulse that would allow high bandwidth excitation for optimal 

performance at minimal time cost and minimal transition band width; the 

phase modulated characteristic comes at the cost of a nonlinear phase 

response – this happens to be one of the goals of a saturation pulse. 
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Figure 3.8: Very selective suppression pulse. Shown above is the RF 

excitation pulse and below the phase modulated component of the RF 

pulse. 

 

Phantom experiments shown in Figure 3.9 using VSS pulses for outer volume 

suppression not only demonstrate the performance of these pulses, but also 

these results show that if the outer volume suppression scheme is not 

adequate, the data can become severely compromised and could become 

unusable.  
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Figure 3.9: Example data set showing the efficacy of the VSS pulse. 

Two example sets are shown; one set is acquired without VSS pulses 

and the other is acquired with VSS pulses.  

 

 In vivo MRSI utilizing VSS pulses for outer volume suppression differs 

than experiments with data generated from phantoms. One characteristic of 

in vivo data that is not noticed in phantom experiments is the amount of 

residual signal within suppressed regions. VSS pulses are highly efficient, but 

not perfect – they are noted to have around 95% efficiency in suppressing 

signal from unwanted regions (4). In vivo, the amount of residual scalp lipid 

that remains at 95% efficiency is diminished sufficiently to avoid signal from 

contaminating the VOI. Figure 3.10 is an MRSI example from a volunteer 

focusing on the performance of the VSS saturation bands on the scalp lipid 

regions.  
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Figure 3.10: In vivo data example of outer volume suppression using 

VSS pulses. Three separate suppression bands are shown 

schematically overlaid on a volunteer T1-weighted image. Only a 

small portion of the selection region is was selected to demonstrate 

adequate unwanted scalp lipid suppression without compromise of 

signal from within the volume of interest. 

 

MRSI of Brain Neoplasms 

 

 Magnetic resonance spectroscopy imaging (MRSI) has the ability to 

interrogate tissue biochemistry and is a powerful tool that adds to the 

information obtained by conventional radiology. For brain tumors it may 

indicate abnormalities in normal appearing tissue outside that as depicted by 

conventional MRI. The ability for MRSI to investigate biochemical features of 

tissue has shown metabolites and their relationship to tumor activity relative 

to that of normal tissue. 

 Choline appears as a singlet that appears at 3.22 ppm. When elevated 

relative to normal appearing tissue, it has been defined as a general marker 

for cancers in the brain. The elevation of choline is thought to be due to 

accelerated membrane synthesis of rapidly dividing cancer cells. The choline 

peak contains choline, phosphocholine, and glycerophosphocholine, which are 
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major components of biological membranes. In extracts of tumor biopsies the 

choline peak has been found to predominantly phosphocholine and 

glycerophosphocholine. In vivo choline levels have been shown to correlate 

with proliferative potential as determined by immunohistochemical analysis 

of tumor biopsies for gliomas.  

 Creatine appears as a singlet that appears at 3.04 ppm comprising of 

creatine and phosphocreatine. When creatine is compared to normal brain, it 

is reduced in glioma patients, particularly astrocytomas. Creatine is related 

to the cellular energetics. N-acetyl aspartate (NAA) appears as a singlet that 

appears at 2.05 ppm, and is indicative of the presence of viable neurons 

within brain tissue. NAA is reduced or absent within regions of tumor in brain 

tissue and has been associated with infiltrative tumors such as gliomas.  

 Lactate appears as a doublet at 1.33 ppm and is frequently observed 

in tumors due to the tumor preference for aerobic glycolysis. Lactate in 

proton MRS is generated from both intra- and extracellular spaces; its overall 

level is a function of metabolic rate and clearance, with the possibility of 

lactate pooling within necrotic or cystic regions. 



 32 

 

Figure 3.11: In vivo magnetic resonance spectroscopic imaging of a 

brain tumor patient with a high-grade glioma in the poster ocipito-

temporal region. It can be noted that choline (Cho), creatine (Cre), 

N-acetyl aspartate (NAA), lipid, and lactate all exist within the voxel 

examples. Normal and tumor voxels were chosen to contrast the 

varying metabolic patterns that distinguish both. 

 

 Lipids appear at 1.3 or 0.9 ppm and are very characteristic of high-

grade tumors. Extract studies indicate that lipids correlate with necrosis, 

which is a histological characteristic of high-grade tumors. Lipids have been 

thought to be associated with phospholipids release during cell breakdown. 

Figure 3.11 illustrates these tumor characteristics using MRSI from two 

regions of brain tissue in a patient with high-grade glioma. Two voxels were 

chosen corresponding to regions of normal and abnormal tissue metabolism.  
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Chapter 4: Serial assessment of therapy response for 
low-grade glioma patients through MR diffusion, 
perfusion, spectroscopic, and anatomical imaging at 1.5 
Tesla 

 
 

Magnetic resonance spectroscopic imaging (MRSI) is capable of assessing the 

underlying metabolism in cerebral tissue. This chapter will investigate not 

only MRSI in tumor patients, but also other functional MR imaging techniques 

to better understand treatment response in low-grade glioma patients. These 

techniques are used to generate a more comprehensive understanding of 

changes serially – focusing on change within normal and abnormal regions as 

defined by conventional anatomical imaging, as well as metabolic imaging.  

 

 

4.1 Low Grade Glioma Background 

 
Prolonged survival of patients with Grade II gliomas has made it 

important to identify prognostic indicators that may be used to evaluate 

therapy response and manage patients on an individual basis [1].  

Conventional imaging methods have not been able to reliably distinguish 

changes in low-grade gliomas [2].  Alternative techniques such as diffusion, 

perfusion, and MR spectroscopic imaging (MRSI) have shown improvements 

over conventional MR in tracking patient response to therapy.  Identifying MR 

parameters is valuable in assessing treatment response. The advantage in 

tailoring therapies for individual patients would spare the potentially toxic 
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effects of agents.  The purpose of this study was to investigate the serial 

changes in various MR parameters for a population of low-grade glioma 

patients undergoing treatment with chemotherapy. 

 

4.2 Methods 

Patient Population 

 

Twelve patients (nine men and three women) with low grade gliomas 

were included in this study.  Their ages ranged from 28 to 66 years, with a 

median of 38 years.  Tissue samples obtained during surgical resection or 

open biopsy were graded by histologic examination using criteria defined by 

the World Health Organization (WHO).  All 12 patients had histologically 

confirmed grade II gliomas (seven oligodendrogliomas, three astrocytomas, 

and two oligoastrocytomas).  Entry into the study was within five weeks of 

confirmed tumor grade.  Patients were provided informed consent, approved 

by the Committee on Human Research at our institution. 

 

Treatment  

 

Subtotal resections were performed on 11 of 12 patients prior to their 

initial pre-therapy scan.  One of 12 patients did not receive a resection, 

therefore only receiving a biopsy.  All patients had no prior treatment with 

radiation or biological therapy.  Patients were treated with chemotherapy 

alone, using temozolomide.  Temozolomide was delivered with a dose of 

200mg/m2/day for 5 days and repeated every 28 days for a maximum of 12 
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cycles; one patient was an exception receiving 18 cycles of therapy. The 

specific treatments cycles and descriptions are shown in Table 4.1. 

Table 4.1: Patient treatment demographics. 

Diagnosis Grade Resection Treatment Cycles Progression 

Oligoastrocytoma II Subtotal None N/A Yes 

Oligodendroglioma II Subtotal Temozolomide 12/12 Yes 

Oligodendroglioma II Subtotal Temozolomide 12/12 ---- 

Oligoastrocytoma II Subtotal Temozolomide 18 ---- 

Astrocytoma II Subtotal Temozolomide 12/12 ---- 

Oligodendroglioma II Biopsy Temozolomide 12/12 ---- 

Oligodendroglioma II Subtotal Temozolomide 7/12 Yes 

Oligodendroglioma II Subtotal Temozolomide 12/12 ---- 

Astrocytoma II Subtotal Temozolomide 5/12 Yes 

Astrocytoma II Subtotal Temozolomide 11/12 ---- 

Oligodendroglioma II Subtotal Temozolomide 12/12 ---- 

Oligodendroglioma II Subtotal Temozolomide 12/12 ---- 

 

MR Data Acquisition 

 

A total of 36 MRI examinations were performed on 12 patients on a 

1.5 Tesla GE Signa Echospeed MR scanner (GE Healthcare Technologies, 

Milwaukee, WI) using a quadrature head coil.  Each patient received three 

scans over a projected four month period as shown in Figure 4.1.  

 

Figure 4.1: Serial time points for scan acquisitions. The 

chemotherapy treatment time periods are detailed within the 

projected scanning dates. 
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The MRI protocol included pre-contrast axial T1-weighted volume spoiled 

gradient echo (SPGR) images (TR = 35 ms/TE = 8 ms, flip angle = 45o, 124 

slices, slice thickness = 1.5 mm), axial fluid attenuated inversion recovery 

(FLAIR) images (TR = 10000 ms, TE = 148 ms, TI = 2200 ms, slice 

thickness = 3 mm), axial diffusion weighted imaging using echo planar 

imaging-spin echo (TR = 5000 ms, slice thickness = 3 mm, 36x21 FOV, 256 

x 128 matrix, b = 1000 s/mm2), and post-contrast T1-weighted volume 

SPGR images (TR = 27 ms/TE = 5 ms, flip angle = 40o, 124 slices, slice 

thickness = 1.5 mm).   

 

Figure 4.2: Conventional anatomic FLAIR and functional MR maps of 

diffusion (ADC) and perfusion (rCBV). All images are from an 

Oligodendroglioma patient with a left frontal neoplasm; this was the 

pre-treatment scan performed after a subtotal resection. In this slice 

the resection cavity is noted adjacent and anterior to the T2 

hyperintense abnormal signal in the FLAIR image. The ADC map 

demonstrates increased diffusion in the region corresponding to T2 

abnormality, and the rCBV map shows slight hypointense signal in 

the respective region. 
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Perfusion was obtained using a dynamic imaging sequence with a bolus 

injection of 0.1 mmol/kg body weight of Gd-DTPA contrast agent at a rate of 

5 mL/s. Shown below in Figure 4.2 is an oligodrendroglioma patient with 

FLAIR, ADC, and rCBV at an equivalent slice. 

Three-dimensional Magnetic Resonance Spectroscopic Imaging (MRSI) 

data was obtained using point resolved spectral selection (PRESS) volume 

selection technique combining phase-compensating spectral- and spatial-

selective 180o pulses for water suppression.  A typical acquisition is phase-

encoded with a matrix of 12 x 12 x 8 or 16 x 8 x 8 with a TR of 1000 ms and 

TE of 144 ms. MRSI data sets were acquired in 17 minutes at a nominal 

spatial resolution of 1.0 cc.  The precision of the PRESS box selection 

depended upon the bandwidth of the radio frequency (RF) pulses, which were 

substantially improved by using very selective suppression (VSS) pulses (4).  

 

Figure 4.3: FLAIR and MRSI of a right fronto-occipital low-grade 

oligodendroglioma. (a) FLAIR with PRESS-MRSI selection overlay. 

(b) MRSI corresponding to PRESS selection from (a). (c,d) Example 

voxels of (c) abnormal and (d) normal tissue metabolism. Note that 

MRSI selection extends into normal tissue for comparative spectra 

with abnormal regions.  
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The MRSI data was obtained from a region that included the mass of tumor 

and as much of the adjacent and contralateral normal tissue as possible to 

provide a reference for the post-processing and analysis (Figure 4.3). 

MR Data Post-Processing 

 

Each MRI data set was aligned to the initial scan from the serial study 

as shown in Figure 4.4.  Anatomical images were contoured manually and 

used for volumetric analysis.  The regions of interest (ROI) included the 

regions of high signal intensity on the FLAIR image, these were defined as T2 

hyperintense regions and, if present, the T1 contrast enhancement.  

Contours were generated, as shown in Figure 4.5, for all time points 

(pretreatment, two month follow-up, and four month follow-up scan) 

acquired within the serial evaluation.   

 

Figure 4.4: FLAIR serial images of a right fronto-occipital low-grade 

oligodendroglioma. (a) Pretreatment scan. (b) First follow-up scan. 

(c) Second follow-up scan. Images (b) and (c) are both aligned in 

reference with (a).  

 

The apparent diffusion coefficient (ADC) and the relative blood volume 

(rCBV) parameters were analyzed within the regions of T2 hyperintensity 
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(Figure 4.5).  Metabolic data was used to generate contours using the 

method provided below. 

A previously developed automated statistical analysis technique was 

used to identify voxels with normal metabolic properties in patients 

diagnosed with brain tumors (24). The spectra that were identified as being 

normal were then used as controls for evaluating the probability of disease 

being present at each voxel location.  The number of standard deviations of 

difference between the relative Choline (Cho) and N-Acytel Aspartate (NAA) 

levels within a given voxel and that of the control voxel determined the 

degree of spectral abnormality.  This quantitative score is referred to as the 

Cho/NAA index (CNI) and is defined by its residual or z-score.  Through 

definition, control voxels fell within two standard deviations for each patient, 

therefore voxels with CNI < 2 were considered metabolically normal.   

 

Figure 4.5: Abnormal T2 region is manually contoured from the 

FLAIR anatomical image (a). This ROI is then superimposed upon the 

(b) ADC and (c) rCBV maps to generate values.  
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A study looking at the histopathological validation of the CNI found that a 

CNI of 2 is an appropriate lower limit corresponding to tumor with 0.96 

sensitivity, and 0.57 specificity, with a 95% confidence (25). 

The CNI values obtained from the MRSI were used as intensities to 

create a CNI image.  This image was interpolated to match the resolution of 

the anatomical image, and contours were generated using the CNI values 

that were representative of abnormal metabolic regions (CNI > 2).  These 

contours were superimposed upon the anatomical images to give a better 

representation and visualization of the metabolically abnormal regions 

(Figure 4.3).  3D volumes were generated to represent the spatial extent of 

the abnormal metabolic region.   

 

4.3 Results 

Pre-Therapy 

 

The pre-treatment T2-hyperintensity (T2h) volumes displayed a range 

of 4.4-240.1cc as shown in Table 4.2.  Five of twelve patients showed 

contrast enhancement with a range of 0.1-9.3 cc.  The volumes of CNI2 

lesions ranged from 1.3-51.4 cc, in all but three cases these were 

substantially smaller than the volume of the T2h.  Median ADC values within 

the T2h region were in the range of 1002-1493x10-6 mm2/s, and 25th 

percentile ADC values ranged from 854-1279x10-6 mm2/s.  ADC values for 

normal tissue had a significantly lower median value of 832x10-6 mm2/s 

compared to ADC within regions of T2h (p<0.05).   
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Table 4.2: Pretreatment T2 volumes of abnormality, CNI volumes, 

and ADC values. 

Pretreatment Variable Median Range 

T2 abnormality volume (cc) 24.4 4.4 – 240.1 

CNI-2 volume (cc) 17.6 1.3 – 51.4 

ADC in NAWM (10-6 mm2/s) 832.0 159 – 920.0 

ADC in T2-L (10-6 mm2/s) 1286.5 1002 – 1493.2 

ADC in CNI-2 (10-6 mm2/s) 1171.5 924 – 1515.0 

 

 

Follow-Up 

 

During follow-up scans, the volumes of T2h were found to be 

significantly different after the two month follow-up (p < 0.05) and also after 

the four month follow-up (p<0.02) compared to the pre-therapy exam 

(Wilcoxon Signed-Rank Test).  Ten of twelve patients responded with a 

decrease in T2h, presenting a median decrease of 29.5%, with one patient 

remaining stable, and one patient showing progression.  The ADC values 

within the regions of T2h as defined separately for each examination were 

stable as a function of time. A patient example demonstrating serial ADC 

data is shown in Figure 4.6.   
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Figure 4.6: Serial FLAIR images with slice corresponding ADC maps 

for a right fronto-occipital oligodendroglioma patient. Although the 

FLAIR images do show a decrease in T2 hypterintense signal, the 

ADC maps – when analyzed – did not demonstrate significant change 

in values.  

 

CNI2 volumes were found to be significantly smaller at second follow-up (p = 

0.052) compared to pre-therapy.  The magnitudes of the volume changes in 

metabolic lesions were different from the changes in the T2h, providing 

contradictory results for 5/9 patients and indicating that there were six 

patients who responded, two who progressed and one who remained stable.  

Serial changes within the MRSI suggest that low-grade glioma tumors are 

heterogeneous in time and space. Heterogeneity within the MRSI data is 

shown in Figure 4.7 below in a patient with a right fronto-occipital 
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oligodendroglioma where there are metabolic changes indicating 

improvement over time.  

 

 

Figure 4.7: Spectral patterns corresponding to tissue that has shown 

a reduction in T2-hyperintensity from pre-therapy, to the first follow-

up, to the second follow-up time point.  Reduction of choline from 

baseline is apparent at the first and second follow-up time points.  

Recovering NAA levels can also be observed at the second follow-up 

time point.  The improved choline/NAA levels is evident among the 

changes in the CNI values. 

 

4.4 Discussion 

 

In our study we found that the volume of the metabolic lesion as 

defined by MRSI data was much less than the volume of the T2h for 8/9 

patients with low-grade gliomas.  This has implications for the interpretation 
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of response to therapy for such lesions and is consistent with the T2h 

corresponding to a mixture of tumor and edema.  Although we found that 

there was a significant change in T2-hyperintensity (T2h) within the first four 

months of low-grade gliomas receiving chemotherapy, it is highly unlikely 

that the effects of chemotherapy alone would cause an improvement in such 

a short time span.  This implies that changes in the T2h reflect variations in 

the extent of edema in addition to the effects of chemotherapy and may be 

misleading in terms of patient response to treatment.  The ADC within the 

T2h regions were similar to pre-treatment values at both the two and four 

month follow-up examinations.  Hence it seems unlikely that ADC will provide 

additional information concerning response to therapy for this population of 

patients.  Previous studies in our laboratory have suggested that metabolic 

lesions are a more reliable measure of tumor than morphological lesions 

(1,26).  If the changes in the volume of the metabolic lesion are used to 

assess response to therapy rather than the volume of T2h, we would have 

made different conclusions for more than 50% of our patients.  While further 

follow-up is required in order to determine whether these parameters are 

predictive of long-term outcome, it seems likely the MRSI data contain 

information that will help in determining whether the observed changes are 

due to residual tumor or to changes in the spatial extent of edema. 
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Chapter 5: 3D 1H MRSI of Brain Tumors at 3.0 Tesla 
using an 8-Channel Phased Array Head Coil 

 
 

In this chapter we present the implementation of 3D 1H MRSI at 3 T using an 

8-channel phased array head coil for a population of brain tumor patients. 

Also, we focus on evaluating the quality and metabolite SNR of the data 

generated. 

 

 

 

5.1 Background 

 

Although magnetic resonance imaging (MRI) examinations are the 

current standard for evaluating brain tumor patients, there are circumstances 

when the interpretation of the images is complicated by the difficulties in 

identifying the true extent of the lesion and in distinguishing treatment 

effects from tumor progression (27,28).  Since morphologic images are 

unable to provide information about tissue function, there has recently been 

an increased demand for alternative imaging techniques that reflect 

functional rather than morphologic properties of the tissue.   

Proton magnetic resonance spectroscopic imaging (1H MRSI) is an in 

vivo imaging technique capable of identifying regions of tissue that exhibit 

abnormal metabolism (1,2,29-32). It has been shown to provide vital 

information about the spatial extent and degree of abnormal metabolic 

activity of gliomas both within the contrast enhancing volume and in 
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surrounding areas of hyperintensity on the T2-weighted images (1,2,29-32). 

This information has gained significance for brain tumor characterization 

because it provides insight into the physiological properties of the underlying 

tissue. It has been implemented as a commercial product at the standard 

clinical field strength of 1.5 Tesla and has generated promising results 

(1,2,32,33).   

3 Tesla (3 T) MR systems are now offered by most commercial 

manufacturers and are becoming frequently used for clinical applications. 

Previous studies have demonstrated the initial benefits in sensitivity and 

specificity in spectroscopic imaging acquisitions when moving up in magnetic 

field strength (34-38). Single voxel MRS has shown promising results with 

brain tumor characterization at 3 T (39), and there has been one study that 

has shown the ability to obtain data from two brain tumor patients at 3 T 

with 3D 1H MRSI (35). Although these studies have provided proof of 

principle, it is important to determine whether they are applicable in a larger 

population of brain tumor patients that are representative of those 

encountered routinely in clinical practice. It is also important to examine 

whether the relative levels of Cho, Cr and NAA in normal brain and tumor are 

different at 3 T versus 1.5 T. 

The use of phased array coils is desirable for conventional imaging at 

both 1.5 T and 3 T because it provides higher signal-to-noise ratio (SNR) 

than standard volume coils (40,41). The use of phased array detectors has 

been applied for brain MRSI previously (40-42), but has not been presented 

clinically in brain tumors with 3D MRSI at 3 T.  The increased SNR that is 
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associated with higher field strength and multi-channel phased array coils is 

expected to be important for MRSI (36,40,41,43-45) and for increasing the 

spectral resolution of the data (34,46).  The purpose of this study was to 

implement 3D 1H MRSI at 3 T using an 8-channel phased array head coil for 

a population of brain tumor patients, and to evaluate the quality and 

metabolite SNR of the data generated. 

 

5.2 Study Population 

 

Seven volunteers and 34 patients (22 men and 12 women) with 

histologically confirmed brain tumors were included in this study.  Volunteer 

ages ranged from 25 to 28 years, and patient ages ranged from 25 to 67 

years. Tissue samples obtained during surgical resection or open biopsy were 

graded by histologic examination using criteria defined by the World Health 

Organization (WHO). Thirty-two patients had histologically confirmed tumors 

of glial origin (eight grade II, nine grade III, and 13 grade IV, one 

gliomatosis cerebri, one brainstem glioma), and two had tumors of non-glial 

origin (malignant lymphoma, and meningioma III). Patients provided 

informed consent as approved by the Committee on Human Research at our 

institution. Gross total or subtotal resections were performed prior to their 

scan. Patients had received varying levels of treatment, including a 

combination of chemotherapy and/or radiation therapy.  
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Conventional MRI 

 

A total of 49 MRI/MRSI examinations were performed (on seven 

volunteers and 34 patients) on a 3 T GE Signa EXCITE scanner using the 

body coil for RF transmission and the 8-channel phased array head coil for 

signal detection.  Eight of the patients received two scans each. T2-weighted 

axial FLuid Attenuated Inversion Recovery (FLAIR) images (TR/TE/TI = 

10000/120/2200 ms, 48 slices, slice thickness = 3 mm, skip 0), pre- and 

post-contrast axial T1-weighted volume 3D SPoiled GRadient echo (SPGR) 

images (TR/TE = 26/8 ms, 40o flip angle, 124 slices, slice thickness = 3 mm, 

skip 0) were acquired and used to select regions of T2-hyperintensity and 

normal appearing white matter (NAWM) for further analysis.  The magnetic 

field homogeneity was optimized using higher order shimming over the 

volume of interest prior to the MRSI acquisition.  Proton density weighted 

gradient echo (GRE) images were acquired using the manufacturer-provided 

parallel imaging calibration sequence to estimate the sensitivity profile from 

each coil element (TR/TE = 150/2 ms, 64 x 64 matrix, 30 x 30 mm FOV).  

  

1H MRSI Acquisition 

 

The three-dimensional Proton Magnetic Resonance Spectroscopic 

Imaging (1H MRSI) data were acquired using point resolved spectroscopy 

(PRESS) volume selection, with TR/TE = 1100/144 ms. The precision of the 

PRESS volume selection depended upon the bandwidth of the RF pulses, 933 

Hz for the 180° pulse and 2400 Hz for the 90° pulse, which were 

substantially improved by using very selective suppression (VSS) pulses (4). 
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Chemical shift misregistration were reduced by prescribing a PRESS box 

larger than the region of interest (overpress), and using VSS pulses to 

suppress signals arising from beyond the region of interest. At 3 T, an 

overpress factor of 1.2 has been shown to significantly reduce the chemical 

shift artifact (36). Chemical shift selective saturation (CHESS) pulses were 

used for water suppression (4).   

The PRESS-selected volume was in the range of 147-324 cm3, with a 

mean of 241 cm3. The MRSI data obtained was from a region that included 

the tumor mass and as much of the adjacent and contralateral normal tissue 

as possible to provide a reference for the post-processing and analysis (47).  

These acquisitions had a phase encoding matrix that was 16 x 16 x 8 with a 

FOV of 160 x 160 x 80 mm.  K-space sampling was restricted to the central 

elliptical region of the array, and the radius of the sampled region was set to 

cut the acquisition time to approximately one-half of that for full rectangular 

sampling (17 minutes). Table 5.1 presents the acquisition times, the number 

of excitations, and the nominal voxel size obtained using the standard GE 

MRS head phantom (12.5 mM NAA, 10 mM Cre, 3 mM Cho, 5 mM lactate, 

12.5 mM Glu, and 7.5 mM mI, pH 7.2, 0.1% Magnavist) and one volunteer. 

The SNR was approximately 1.4 times when comparing reduced to full 

rectangular sampling of k-space.  Using the equation SNR $ %X &t, while 

maintaining all other conditions similar, this result suggested that the 

nominal voxel size with an elliptical acquisition would be 2.0 times that of the 

rectangular acquisition (48).   
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Table 5.1: Acquisition times, number of excitations, and nominal 

voxel sizes for data acquired. 

Acquisition Time (minutes: 

seconds) 

Number of 

excitations 

Nominal voxel 

size (cc) 

Phantom    

   Rectangular 37:37 2048 1.0 

   Ellipsoidal 17:32 952 2.1 

Volunteer    

   Rectangular 37:37 2048 1.0 

   Ellipsoidal 17:32 952 2.0 

 

 

1H MRSI Reconstruction 

 

Upon completing each MRSI examination, the images and spectra were 

transferred to a workstation for off-line processing using in-house software.  

The 1H MRSI processing algorithms have been described elsewhere (47).  

Spectral data reconstruction was evaluated by Nelson et al. (47), and it was 

determined that data apodization at 1.5 T with a 2 Hz Lorentizian exponential 

provided a good compromise between degrading spectral resolution and 

improving SNR. Therefore, a 4 Hz Lorentzian filter was chosen for the 

spectral data at 3 T, assuming that the linewidth variations were linear with 

respect to field strength.  The spectral data were zero-filled to 1024 points, 

apodized in the time domain using a 4 Hz Lorentzian exponential and Fourier 

transformed, resulting in an array of spectra. The spectral baseline was 

removed; phase shifts and frequency shifts were corrected for each spectrum 

using prior information about the relative location and linewidth of each 

metabolite peak (47). Spectral arrays from the eight-channel coil were 

processed individually, and the signals were combined using the in-house 
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developed software that weights the data by their coil sensitivities, as 

demonstrated for a phantom in Figure 5.1.  

 

Figure 5.1: Phantom data for a single voxel from all eight individual 

coil receptions are shown uncombined. The resulting combined data 

for the example voxel are shown on the right.  

 

The theory of the combination for eight-channel data was based on SENSE 

(SENSitivity Encoding) reconstruction with a reduction factor (R) of 1.0 as 

described in a previously cited article (49). The signal intensity variation 

shown is primarily dominated by receiver coil sensitivity.  Metabolite images 

for N-Acetyl Aspartate (NAA) were generated for a normal volunteer, as 

shown in Figure 5.2, demonstrating the spatial sensitivity of the individual 

coils, as well as the uniformity from the resulting combined data.   
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Figure 5.2: Metabolite maps of NAA peak amplitude, within the 

PRESS-selected region, are displayed in color overlaid on the coil 

sensitivity acquisition for a normal volunteer. Corresponding maps 

for each of the 8 individual coils are shown uncombined along with 

the combined data. 

 

1H MRSI Volume Segmentation 

 

Image analysis of each examination consisted of 3D regions of interest 

(ROIs) of the morphologic abnormalities using the T2-weighted 

hyperintensity lesion (T2L), which were contoured manually by a neuro-

radiologist experienced in the assessment of brain tumors.  The volumes of 

each of the morphologic abnormalities were determined using IDL-based 

software developed in our laboratory.  Pre-contrast T1-weighted 3D SPGR 

images were used for segmentation of white matter (WM) using a Markov 

random field model.  The regions of T2-hyperintensity were then subtracted 

from the WM segmentations to produce a NAWM map.  The resulting maps 

were regridded to yield the fraction of each spectroscopic voxel that was 

deemed NAWM, fNAWM, or T2-hyperintense, fT2.  All voxels in which fNAWM < 0.9 
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or where fT2 < 0.7 were excluded from further analysis.  The remaining mean 

metabolite peak height values within voxels of NAWM and T2-hyperintensity 

regions were then used to calculate regional metabolic ratios. 

 

In Vivo Metabolite Measurements 

 

Signal-to-noise ratio (SNR) measurements were calculated to test 

receiver coil sensitivity (homogeneity) from both the 8-channel phased array 

coil and the standard volume head coil. A gradient echo (GRE) sequence was 

used to produce minimal tissue contrast in vivo, resulting in a proton density 

weighted image. Imaging parameters were maintained the same for both 

acquisitions. SNRs were calculated to analyze the coil sensitivity from 

superior to inferior regions, and from lateral to medial regions.  Adjacent 

circular 1 cm2 areas were evaluated, beginning at the edge of the volunteer 

brain tissue, and mean SNR values were used for comparison. 

Signal-to-noise ratios (SNRs) were calculated for three metabolites: 

Choline (Cho), Creatine (Cre), and NAA for volunteers and patients. After 

exponential multiplication of the spectral data, the peak heights for Cho, Cre, 

and NAA were obtained in each voxel and the mean values from all the 

voxels in the representative ROI determined the signal for that region. The 

noise was calculated using the mean standard deviation of the noise from the 

right end of the spectral region within the PRESS-selected volume that was 

devoid of metabolite peaks. Spectral linewidths for Cho, Cre, and NAA were 

calculated after exponential multiplication of the data using the full-width at 

half-maximum (FWHM) of the spectral line of interest for each voxel.  
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MR spectroscopy data were further processed using a previously 

developed automated statistical analysis technique that is used to identify 

voxels with normal and abnormal metabolic properties in patients diagnosed 

with brain tumors (24). This technique characterizes spectra based on the 

relative levels of Cho to NAA. The assumption used for this analysis was that 

normal tissue has small variations in Cho/NAA when compared with 

histologically confirmed tumor regions that exhibit increased Cho and 

reduced NAA. Voxels were classified into normal and abnormal based upon 

an iterative procedure that selectively removed outliers from a linear 

regression of Cho to NAA. A quantitative index was determined for each 

voxel by calculating the distance of its Cho and NAA values from the 

regression line. Division of this index by the standard deviation of the 

distances for all of the normal voxels provided a parameter that is refered to 

as the Cho-to-NAA index (CNI) (1,24).  A cut-off of 2 standard deviations 

was used to separate control voxels and metabolically abnormal voxels for 

each patient. Voxels with a CNI higher than 2.0 (CNI > 2) were considered 

metabolically abnormal (24). A Cho-to-Cre index (CCrI) was calculated 

equivalently to the CNI using Cho and Cre levels. 

 

5.3 Results 

 

Both the patient and the volunteer data demonstrated that good 

quality 3D 1H MRSI data could be obtained consistently using the 8-channel 

phased array coil at 3 T. After the spectra were combined, a 4 Hz filter was 

applied and linewidths for data from normal volunteers were 11.9+2.2 Hz, 
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11.3+1.9 Hz, and 12.8+2.9 Hz (mean + standard deviation) for choline, 

creatine, and NAA, respectively. Corresponding linewidths for tumor patients 

were 12.0+2.3 Hz, 11.4+2.0 Hz, and 12.5+3.0 Hz (Cho, Cre, NAA).  A 

comparison of data quality was evaluated for filtered data, 4 Hz Lorentzian, 

versus unfiltered data. The 4 Hz Lorentzian filter showed an average 

improvement in SNR for Cho, Cre, and NAA of 2.3 over unfiltered data (0 

Hz).  Figure 5.3 shows examples of the different spectral patterns seen in a 

patient with a grade IV glioma. The normal voxel has choline and creatine 

that are approximately 50% lower than NAA, with relatively sharp peaks and 

high SNR. The region of abnormality shows highly elevated choline, reduced 

creatine and NAA. These metabolites are virtually absent in the other two 

spectra, which show the inverted doublet of lactate and a larger, single peak 

that was interpreted as being lipid. The color overlay shows the CNI map, 

with the highest values being in the posterior edge of the lesion. 
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Figure 5.3: 1H MRSI data from a grade IV glioma patient 

demonstrating the extreme spatial heterogeneity of the tumor shown 

within the representative voxels. T2-FLAIR images with the PRESS-

selected volume superimposed are shown for two different axial 

slices. The T1-weighted SPGR post-Gadolinium image is shown with a 

superimposed CNI color overlay map. 

 

Figure 5.4 shows multiple axial slices from a patient with a resected 

grade IV glioma. The shaded voxels correspond to regions with CNI greater 

than 2. Note the variability in spectral patterns between the normal and 

abnormal region that includes part of the resection cavity.  
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Figure 5.4: Multiple 1H MRSI arrays from a patient with a grade IV 

glioma who received a subtotal resection along with external beam 

radiation treatment.  Axial slices of MRSI data demonstrate the 

extreme spatial heterogeneity of the lesion shown from the 

representative voxels. Voxels shaded in gray were deemed 

metabolically abnormal, with a CNI > 2. 
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Figure 5.5 illustrates the 3-D nature of the spectral data, in that it can be 

displayed in coronal orientation. The increases in Cho within this grade IV 

glioma are especially dramatic in the central slice. Figure 5.6 demonstrates 

that there are voxels with abnormal metabolite levels in regions of this 

oligodendroglioma where the FLAIR images have no obvious anatomic lesion.  

 

Lipid Contamination 

 

 All patient data was evaluated for lipid contamination by counting the 

voxels exhibiting readily visible lipid. Of the 15 patient scans exhibiting lipid 

contamination (42 total exams), seven had lipid in 5-10% of the total 

number of voxels, while the remaining eight patients had more than 10% of 

the voxels contaminated by lipid. 

 

Metabolite Ratios 

 

The mean Cho/NAA was similar within regions of NAWM in volunteers 

(0.52+0.04) and patients (0.59+0.12, P = 0.15), but was significantly higher 

in regions of T2-hyperintensity relative to NAWM for patients (1.44+0.70, P 

= 0.001), as shown in Figure 5.7.  This difference demonstrates the ability of 

3D MRSI to distinguish tumor from normal tissue at 3 T. The mean Cr/NAA 

was significantly higher within regions of NAWM in volunteers (0.43+0.03) 

relative to the NAWM in patients (0.48+0.05, P < 0.05), and was also 

significantly higher in regions of T2-hyperintensity relative to NAWM for 

patients (0.85+0.26, P < 0.001).  
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Figure 5.5: Multiple 1H MRSI arrays from a patient with a grade IV 

glioma who received a subtotal resection along with external beam 

radiation treatment.  The coronal representations of the spectral 

arrays are demonstrating the spatial heterogeneity in the superior- 

and inferior-most regions of the tumor. Voxels shaded in gray were 

deemed metabolically abnormal, with a CNI > 2. 
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The mean Cho/Cr was similar within regions of NAWM in volunteers 

(1.20+0.06) and patients (1.22+0.18, P > 0.05), but was significantly higher 

in regions of T2-hyperintensity relative to NAWM for patients (1.69+0.59, P 

< 0.001). 

 

Abnormality Index (CNI) 

 

Data were also analyzed using the Cho to NAA index (CNI), for the 42 

examinations performed on patients.  The voxels acquired within the press 

volume selection were divided into two groups, metabolically normal (CNI < 

2) and metabolically abnormal (CNI > 2).  The mean number of voxels 

acquired within the press volume for the patient data was (241+45), with 

approximately 10% (25+1) being metabolically abnormal and the rest being 

metabolically normal (199+38). 

Regions that were defined as metabolically abnormal, CNI > 2, were 

further evaluated using indices for CNI and the choline to creatine index 

(CCrI).  The mean CNI in metabolically abnormal tissue ranged from 2.5-6.4, 

with a mean of 3.3 + 0.76.  Maximum CNI values for the PRESS-selected 

volume ranged from 2.6-18.0, with a mean of 6.2 + 3.32.  The mean CCrI in 

metabolically abnormal tissue ranged from 0.8-4.3, with a mean of 1.9 + 

0.87.  Maximum CCrI values for the PRESS volume ranged from 2.4-16.4, 

with a mean of 4.6 + 2.63. 
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Figure 5.6: Multiple 1H MRSI arrays from a grade II 

oligodendroglioma patient who received a subtotal resection along 

with chemotherapy treatment.  MRSI demonstrates the metabolic 

activity of the tumor moving across the midline of the hemispheres. 

Voxels shaded in gray were deemed metabolically abnormal, with a 

CNI > 2. 
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Signal-to-Noise Ratio (SNR) 

 

Signal-to-noise ratio (SNR) measurements were calculated to test 

receiver coil sensitivity (homogeneity) from both the 8-channel phased array 

coil and the standard volume head coil. The 8-channel phased array coil had 

an SNR range of 199.0-204.4 in the superior to inferior (SI) direction, and 

203.3-238.5 in the medial to lateral (ML) direction.  The volume head coil 

had reduced SNR values with a range of 79.8-110.3 in the SI direction, and 

86.2-106.6 in the ML direction. 

 

Figure 5.7: Regional analysis of metabolic ratios, as defined through 

morphologic segmentation, is shown for volunteers and patients.  

The mean voxels used for each patient were 54, 20, and 15 for 

volunteer NAWM (VOL-NAWM), brain tumor NAWM (BT-NAWM), and 

brain tumor T2L (BT-T2L), respectively.  T2L regions were 

significantly higher for all metabolite ratios. 

 

The mean SNR values for choline (Cho), creatine (Cr), and N-acetyl 

aspartate (NAA) within NAWM regions were 42.0+7.8, 34.8+5.6 and 
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80.0+11.1 (mean + s.d.) for normal volunteers, respectively.  These values 

were comparable to regions of NAWM for patients where Cho, Cr, and NAA 

had SNR values of 42.2+11.6, 34.8+8.0, and 71.9+14.2, respectively. The 

SNR values for these metabolites were not found to be significantly different 

between volunteers and patients for regions of NAWM. The averages and 

standard deviations (SD) of each metabolite are shown in Table 5.2. The SNR 

values that were obtained demonstrate the reliability of 1H MRSI data from 

brain tumor patient acquisitions. These values were 1.95 times higher than 

the values that we had observed in our previous brain tumor studies that 

were performed at 1.5 T with a volume head coil, which used comparable 

pulse sequences and acquisition parameters (36).   

Regions of T2L within patients had SNR values for Cho, Cr, and NAA of 

38.4+13.4, 23.9+7.7, and 29.9+11.9, respectively.  Creatine and NAA had 

significantly lower SNR values when compared with NAWM regions (P < 

0.001).  The SNR of Cho and NAA in metabolically normal tissue, CNI < 2, 

was 31.6+7.4 and 46.2+13.4, respectively.  These values were significantly 

different, (P < 0.05), from the SNR values for Cho and NAA within 

metabolically active tissue, CNI > 2, 47.8+15.2 and 33.5+13.8, respectively.  

These SNR comparisons are shown in Table 5.2. 
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Table 5.2: Signal-to-Noise ratio of metabolite levels for normal 

volunteers and brain tumor patients. 

 Signal-to-noise ratio (SNR) (mean + SD) 

 Voxels Choline Creatine NAA 

Data - normal volunteers     

   All voxels 256 + 0 34.6 + 5.6 31.2 + 5.3 62.9 + 8.1 

   NAWM 54 + 10 42.0 + 7.8 34.8 + 5.6 80.0 + 11.1 

Data - patients with brain 

tumors 

    

   All voxels 241 + 45 37.7 + 7.8 27.9 + 6.3 47.3 + 13.1 

   NAWM 20 + 12 42.2 + 11.6 34.8 + 8.0 71.9 + 14.2 

T2L 15 + 19 38.4 + 13.4 23.9 + 7.7 29.6 + 11.9 

CNI > 2 199 + 38 31.6 + 7.4 26.9 + 6.3 46.2 + 13.4 

CNI > 2 25 + 16 47.8 + 15.2 29.2 + 9.0 33.5 + 13.8 

 

 

5.4 Discussion 

 

MRSI has been shown to be a valuable adjunct to conventional MRI 

when used for characterizing brain tumors (33). The majority of the 1H MRSI 

studies presented in the literature have been performed at the standard 

clinical field strength of 1.5 T using single channel volume head coils (1,2,29-

31). With the availability of clinical 3 T scanners and multi-channel phased 

array coils for neurological application, there is a desire to take advantage of 

the theoretical improvements in sensitivity that they would provide for both 

the anatomic and metabolic images. Preliminary studies obtained using 3 T 

scanners produced conflicting results concerning whether the anticipated 

increase in SNR could be realized for MRS data (50). Other concerns that 

were expressed related to whether the increased susceptibility effects at 3 T 

would compromise the data quality.  
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The results presented in this study have made it clear that high SNR 

MRSI data can be acquired at 3 T using a commercial 8-channel phased array 

coil in a group of patients with brain tumors that are representative of the 

population encountered routinely in clinical practice. The pulse sequences 

and acquisition parameters used for this study were comparable with those 

used in our previous analyses of brain tumor patients that were performed at 

1.5 T and show similar metabolite patterns between tumor and normal 

tissue. This means that the observations used for tissue characterization and 

for evaluating differences in the spatial extent of tumor in those studies can 

be directly applied at the higher field strength (1,2,29-32). With 3 T and 

multi-channel RF coils becoming the preferred tools for anatomic imaging of 

patients with brain tumors, this is an important finding and one that suggests 

MRSI may be applied in a clinical setting as a useful tool for complementing 

conventional MRI data.     

Our previous studies at 1.5 T have shown that clinically relevant 

findings could be obtained with MRSI at a nominal spatial resolution of 1 cc 

and acquisition time of 17 minutes (1,24,32,47). The clear improvements in 

SNR that were observed at 3 T with the 8-channel coil were approximately 2-

fold higher than the values presented at 1.5 T with a single channel volume 

head coil.  This means that the acquisition time for the MRSI data acquired 

for routine follow-up of patients at 3 T could be cut down by as much as a 

factor of 4 while still retaining good discrimination between normal and 

tumor tissue. For situations such as planning focal radiation therapy, where 

the spatial resolution of the data is more important, the nominal voxel size 
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could be cut down by a factor of 2 while retaining the 17 minute scan time.  

Future studies will investigate the relative benefits of employing such 

strategies in order to enhance the use of MRSI as a practical clinical tool for 

detecting tumor malignancy.   

In conclusion, the results of this study demonstrate the acquisition of 

clinically acceptable spectra using 3D 1H MRSI at 3 Tesla from brain tumor 

patients that were representative of the population encountered routinely in 

clinical practice. The clear improvements in sensitivity that were observed at 

3 T with the 8-channel coil could be utilized to either reduce the spatial 

resolution and acquisition time or to detect more subtle differences in 

metabolite levels at the same spatial resolution and acquisition time. 
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Chapter 6: Design of cosine-modulated very selective 
suppression pulses for 3D 1H MRSI at 3.0 Tesla 

 
 

In this chapter we present the design of a cosine-modulated VSS (CM-VSS) 

pulse that was optimized for 1H MR Spectroscopic Imaging (1H MRSI) at 3 

Tesla in order to obtain improved outer volume suppression (OVS). The goal 

of the suppression pulses was to improve scalp lipid suppression with a 

smaller number of OVS pulses using power requirements that fit within the 

level acceptable for human use. PRESS localization was combined with an 

improved OVS scheme in order to obtain larger coverage for 1H MRSI of 

human brain tissue. These pulses were compared to conventional methods. 

 

 

 

6.1 Background 

 

 At lower field strengths, successful clinical application of OVS was 

shown through the very selective suppression (VSS) pulse design (4). The 

large bandwidth of the VSS pulses which greatly reduces chemical shift 

errors, the sharp transition band, and relatively low peak RF peak power 

demonstrated significant advantages over previous spatial saturation pulses 

(51-54). These VSS pulse characteristics allowed them to be used with body 

coil excitation (4). The increased SNR that is associated with higher field 

strength and multi-channel phased array coils is becoming more frequently 

used for clinical applications (55), making the characteristics of the VSS 
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pulse not only beneficial, but also key for optimal performance and reduced 

chemical misregistration effects at the edges of the selected region. 

In this chapter we present a cosine-modulated VSS (CM-VSS) pulse 

that was optimized for MRSI at 3 Tesla in order to obtain improved 

suppression with a smaller number of pulses. We combined PRESS 

localization with an improved OVS scheme in order to obtain larger coverage 

for 1H MR Spectroscopic Imaging (1H MRSI) of the human brain. This has 

been achieved by integrating fixed cosine-modulated, and graphically placed 

non-cosine-modulated, VSS pulses that are optimized for high field strengths 

(56). The clinical applicability of the CM-VSS pulse scheme was then 

evaluated in MRSI studies of supratentorial brain tissue from various head 

sizes and shapes. 

 

6.2 Methods 

 

Pulse Design 

 

A non-linear phase SLR (57) RF pulse with a time-bandwidth of 18 was 

designed with the phase optimized to minimize the peak RF power using 

methods described previously (58,59).  This RF pulse was used as the basis 

for creating a cosine-modulated very selective suppression (VSS) pulse (see 

Figure 6.1a). The low stopband ripple (0.01) and non-linear phase of the 

basis RF pulse were designed so that there would be minimal interaction 

between the dual suppression bands of the cosine-modulated pulse (see 

Figure 6.2c).  The VSS pulse had a nominal B1 of 0.116 G, a pulse width of 
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3.0 ms, and a bandwidth that of 5868 Hz. The flip angles of the VSS pulse 

that were used varied from 

! 

91"105°.  

 

Figure 6.1: (a) RF pulse prior to cosine-modulation, (b) cosine 

modulated VSS pulse. 

 

Two parallel symmetric suppression bands were produced using a 

single RF pulse by modulating the VSS pulse by a cosine function (

! 

cos2"fot ). 

The cosine-modulated VSS (CM-VSS) pulse was generated in real time and 

produced two suppression bands of equal thickness that were spatially placed 

based on the volume edge prescription using 

! 

FT cos2"fot( ) =
#( f $ fo) + #( f + fo)

2
   (6.1) 

Here 

! 

f  is the frequency relative to the center of the acquisition volume, and 

! 

± fo  is chosen based on the suppression band separation. This separation was 

computed as the difference from the center of the acquisition volume to the 

center of the suppression band. The RF pulse waveforms before (a) and after 
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cosine-modulation (b) are shown in Figure 6.1.  

The excitation of the cosine-modulated pulse was optimized to 

generate similar suppression as a single VSS pulse while maintaining an 

adequate power level. In theory, this would be accomplished by doubling the 

VSS pulse flip angle to achieve the desired suppression. VSS pulse flip angles 

that were cosine-modulated varied between 

! 

182 "193°.   

 Crusher gradients were used to eliminate any residual transverse 

components of magnetization following each VSS pulse, all with a duration of 

1 ms. Conventional suppression pulse schemes that generated one 

suppression band for each VSS pulse utilized an equal number of crusher 

gradients as VSS pulses (4). The CM-VSS pulse scheme utilized only one 

crusher gradient for every two suppression bands that were generated from 

a cosine-modulated pulse. 

  The phased modulated low peak power characteristic of the CM-VSS 

pulse allowed for six pairs of fixed-suppression bands in addition to the 6 

graphically prescribed bands – a total of 18 suppression bands. The pulse 

sequence for this suppression pulse scheme is shown in Figure 6.2. Four 

pairs of the 12 fixed cosine-modulated suppression bands were used to 

generate an octagonal selection region in axial slices. 

 The six additional graphically prescribed bands were also used axially 

to generate an elliptical volume selectivity that uniquely conformed the 

selected region to the shape of the individual. The remaining four cosine-

modulated suppression bands were implemented in the superior and inferior 

sides of the volume selection. 
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Figure 6.2: The section of the MRSI pulse sequence corresponding to 

the outer volume suppression scheme – shown in (a). The phased 

modulated low peak power characteristic of the CM-VSS pulse 

allowed for 12 fixed-suppression bands in addition to the 6 

graphically prescribed bands – a total of 18 suppression bands. Eight 

of the 12 fixed cosine modulated suppression bands were used to 

generate an octagonal selection region in axial slices – shown in (b). 

The six additional graphically prescribed bands were also used 

axially to generate an elliptical volume selectivity that uniquely 

conformed the selected region to the shape of the individual – shown 

in (c). The remaining four cosine modulated suppression bands were 

implemented in the superior and inferior sides of the volume 

selection. 
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Figure 6.3: Phantom image acquisition utilizing CM-VSS pulses 

demonstrating spatial placement of fixed (red – CM-VSS) pulses, and 

graphic (blue). PRESS excitation volume is shown in yellow. 

Volunteer T1-weighted image is shown with overlay of predicted 

coverage. Shown on the right is a phantom image explicitly showing 

the placement of the graphic suppression bands. 

 

Data Acquisition 

 

The VSS pulse scheme was tested in phantom experiments, and on 

normal volunteers using a PRESS pulse sequence on a GE 3 T MR scanner. 

Signal was received using an eight-channel phased array head coil, and a 

whole-body birdcage coil was used for RF transmission. CHESS pulses were 

used for water suppression, and acquisition time was 4.5 minutes with TR = 

1100 ms, and TE = 144 ms for a single slice. These acquisitions employed 

spectral arrays of 16 x 16 x 1 acquired with full k-space sampling with fields 

of view adjusted to correspond to a 10 mm isotropic resolution. Chemical 

shift misregistration effects were reduced by prescribing a PRESS box larger 

than the region of interest (overpress of 20%), and using CM-VSS pulses to 

suppress signals arising from beyond the region of interest. At 3 T, an 

overpress factor of 1.2 has been shown to significantly reduce the chemical 
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shift artifact (56). Data were reconstructed using processing software that 

was customized for MRSI exams (47).  

 

6.3 Results and Discussion 

 

CM-VSS Pulse Scheme  

 

Spin-echo images of a phantom are shown in Figure 6.4 before (a) and 

after (b) cosine-modulation of one VSS pulse. The phantom studies 

demonstrated the high spatial selectivity of the suppression bands without 

notable interaction between the bands at distances that were practically 

implemented (Figure 6.4). This is shown from the linear profile in Figure 6.4c 

corresponding to a projection from the center of the image in Figure 6.4b. 

Suppression bands were tailored to obtain an ROI representative of an 

octagon shown in Figure 6.4d. Two symmetric saturation bands were 

generated at distances down to 2 mm apart with no interaction between the 

bands. The efficiency of saturation of water from the VSS pulse was 98% in 

phantom analysis. 

The time taken to play out the total number of suppression bands 

using the modified CM-VSS scheme was less than if the same number of 

suppression bands were generated using a conventional pulse scheme, which 

in turn improved water suppression by 17%. In addition, time was conserved 

further from the additional crusher gradients and the ramp time from the 

spatial selective gradient. The time saved from crusher gradients and 

gradient ramp time was 1.7 ms per pulse. Cosine-modulation of the VSS 
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pulse along with the phased modulated low peak power characteristic allowed 

for 18 saturation bands to be implemented in human subjects while still 

keeping the power deposition under the FDA approved specific absorption 

rate (SAR) limit. The current CM-VSS pulse scheme duration was 56.4 ms 

producing 18 suppression bands, where conventional non-CM-VSS scheme 

would have duration of 84.6 ms to produce the same number of suppression 

bands. Practical implementation of the conventional VSS pulse scheme 

allowed a maximum of 12 VSS pulses at 3 T, limiting the number of 

suppression bands to 12 with a total duration of 56.4 ms. The current outer 

volume suppression pulse scheme was not only retaining the total duration of 

pulses to 56.4 ms to maintain adequate water suppression, but it was 

additionally providing six extra suppression bands. Table 6.1 lists the pulse 

parameters for the different outer volume suppression pulse schemes. Note 

the use of the CM-VSS scheme allows for a greater number of suppression 

bands in a shorter duration.  

 

Table 6.1: Timing comparison for CM-VSS pulse scheme. 

OVS Pulse #Pulses/Bands Selection Duration (ms) 

CM-VSS  12/18 Octagon 56.4 

VSS (only) 18/18 Rectangular 84.6 

VSS (convention) 12/12 Rectangular 56.4 
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Figure 6.4: Demonstration of the functionality of the pulse. (a) One 

single band VSS pulse. (b) One dual-band cosine-modulated VSS 

pulse shown as two symmetric bands. (c) A linear intensity profile 

generated from figure (1b). (d) Four dual-band cosine modulated 

VSS pulses making an octagon shaped volume selection. 

 

 

Volunteer Data 

 

The data in Figure 6.5 show the feasibility of performing an MRSI scan 

on a volunteer with the PRESS volume conformed to an octagonal-shaped 

axial selection region. The high spatial selectivity of the suppression bands is 

demonstrated in the edge transitions of the box image in Figure 6.5b. The 

spectral array in Figure 6.5c show homogenous metabolite excitation within 

the volume selection, and complete suppression of signal outside of the 

volume selection. The efficiency of saturation of water from the CM-VSS 

pulse was 93% in volunteers. 
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Figure 6.5: In vivo volunteer data with four VSS pulses performing 

eight saturation bands into an octagon shaped volume selection. (a) 

T1 SPGR with overlay of MRSI. (b) MRS selection volume 

demonstrating the irregular contour. (c) Full MRSI array 

demonstrating an array high quality spectra with desired contour 

selection. (d) Spectra coming from a voxel adjacent to saturation 

band demonstrating high selectivity of cosine modulated VSS. 

 

Maximum coverage was achieved in volunteers from MRSI data using 

the CM-VSS pulse scheme. The metabolite maps in Figure 6.6 demonstrate 

MRSI with high spatial selectivity of the suppression bands from multiple 

acquired slices. Conventional volume selection at 3 T for the volunteer scans 

has been limited to 67.5 cc for a slice of MRSI data using 3D acquisitions 

with 12 VSS pulses. The mean volume selection in volunteers for a slice 

acquired with the CM-VSS pulse scheme was 102.8 cc, allowing a 1.5 

increase in coverage. The irregular selection was conformed to an octagon 

region as shown by a NAA map overlay in a volunteer in Figure 6.6. 
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Figure 6.6: (a,c,d) Normal volunteer with cosine modulated PRESS 

MRSI, overlay of NAA peaks, (b) spectral array from superior slice 

selection in (a). Note lipid is within PRESS selection but adequately 

suppressed. 

 

The data shown in Figure 6.7 show the feasibility of performing an 

MRSI scan using the CM-VSS scheme with voxels covering a very large 

volume of interest. The proposed CM-VSS pulse scheme was most efficient 

for lipid suppression when compared to conventional outer volume 

suppression pulse schemes. The lipid metabolite map overlays show this 

improved lipid suppression when using fixed CM-VSS and graphically 
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prescribed VSS pulses – total of 12 RF pulses for OVS. The quality of the 

MRSI data was analyzed and compared to the conventional MRSI sequence. 

Signal-to-noise calculations are shown in Table 6.2 demonstrating 

comparable data quality to conventional MRSI. 

 

Table 6.2: SNR comparison between CM-VSS and conventional pulse 

scheme for Choline and NAA peak heights in volunteer NAWM. 

 Signal-to-Noise 

 Choline NAA 

SAR [W/kg] 

CM-VSS 15.1 26.0 1.4 

VSS (convention) 13.5 25.9 1.2 

 

Graphically prescribed bands were an important facet of the current 

implementation of the CM-VSS pulse scheme. The purpose of the graphic 

suppression bands was two-fold, they were used to tailor the outer volume 

suppression to different head shapes and sizes, and they were critical in 

situations where additional suppression bands were needed for residual 

magnetization from excited lipid signal. It was often the case that peri-cranial 

lipid was excited when the volume prescriptions were increased to reach the 

extent of the brain tissue. In situations where lipid regions were excited, 

more than one suppression band was desirable in order to reduce the 

consequence of lipid contamination. Excited lipid regions would receive two 

suppression bands, one from the graphic prescription, and the other from the 

oblique CM-VSS pulse. 
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Figure 6.7: MRSI data acquired with both the CM-VSS scheme and 

conventional outer volume suppression scheme. The large box 

selection on the T1 weighted images denotes the region excited by RF 

pulses in the PRESS sequence. The smaller box shows the voxel 

locations corresponding to the spectra below. Overlay of lipid 

metabolite map is shown for corresponding T1 images. (a) Spectra 

acquired using fixed CM-VSS pulses and graphic non-CM-VSS pulses – 

total of 12 RF pulses. (b) Spectra acquired with only fixed CM-VSS 

pulses  – total of 6 RF pulses.  (c) Spectra acquired using 

conventional VSS pulses for fixed and graphic prescription – total of 

12 RF pulses. (d) Spectra acquired using VSS pulses for fixed 

prescription – total of 6 RF pulses.  

 

 

6.4 Conclusions  

 

Improved outer volume suppression pulses for PRESS MRSI were 

designed and implemented. Normal volunteers at 3 T showed the feasibility 

of generating improved coverage for maximum lipid suppression and 

improved water suppression by employing cosine-modulated VSS pulses. 



 80 

SAR limits were maintained while increasing coverage for high-field MRSI. 

The cosine modulated VSS pulse scheme thus provides a simple and reliable 

approach for increasing coverage and improving coverage for clinical MRSI 

examinations. 
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Chapter 7: Improved coverage of brain tumors with 1H 
MRSI using Cosine Modulated Very Selective 
Suppression Pulses at 3T.  

 
 

In this chapter we present the application of the cosine-modulated VSS (CM-

VSS) pulse, from the previous chapter, in brain tumor patients.  CM-VSS 

provides a simple and reliable approach for increasing coverage and 

improving coverage for clinical examinations. Point resolved spectroscopy 

(PRESS) localization was combined with the improved OVS scheme, and 

larger coverage using 1H MR spectroscopic imaging (1H MRSI) was obtained 

in treated brain tumor patients. 

 

 

 

7.1 Background 

 

Although 3D point resolved spectrscopy (PRESS) magnetic resonance 

spectroscopic imaging (MRSI) is able to provide excellent quality metabolic 

data for patients with brain tumors and has been shown to be important for 

defining tumor burden (1,29-32), the method is currently limited by how 

much of the anatomic lesion can be covered within a single examination. 

Figure 7.1 illustrates a common example of a tumor location (red), 

conventional MRS prescription (white), and the potential coverage when 

using improved outer volume suppression - CM-VSS (blue). One of the major 

reasons for this is that the PRESS selection is rectangular, whereas the head  
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Figure 7.1: An illustration demonstrating a common tumor location 

(red), conventional MRSI prescription (white), and the potential 

coverage when using MRSI with improved outer volume suppression 

pulses – CM-VSS (blue). 

 

is more elliptical in shape. Another complication is the effect of chemical 

misregistration between the seleceted volumes for different metabolites. 

While these issues may be partially addressed by using graphically prescribed 

outer volume suppression (OVS) pulses to conform the PRESS selected 

volume to the borders of the brain and avoid peri-cranial lipid contamination, 

the limitations on power deposition at 3 T mean that the number of such 

pulses that can be applied is limited (4,60). 

 In this chapter we further investigate the outer volume suppression 

pulses and scheme (CM-VSS) developed in the previous chapter. PRESS will 

be combined with CM-VSS and utilized in treated patients diagnosed with 

glioma brain tumors in order to understand if improved and larger coverage 

of the metabolic data from the tumor region and the adjacent normal tissue 

is feasible, reproducible, and reliable. 
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7.2 Methods 

 

Cosine Modulated VSS Pulse 

 

A non-linear phase-modulated SLR (57) RF pulse was utilized with the 

phase optimized to minimize the peak RF power using methods described 

previously (58,59).  This RF pulse was used as the basis for creating a 

cosine-modulated very selective suppression (VSS) pulse (see Figure 6.1a). 

The low stopband ripple (0.01) and non-linear phase of the basis RF pulse 

were designed so that there would be minimal interaction between the dual 

suppression bands of the cosine-modulated pulse (see Figure 6.2c).  The VSS 

pulse had a nominal B1 of 0.116 G, a pulse width of 3.0 ms, and a bandwidth 

that was 5868 Hz. The flip angles of the VSS pulse varied in application from 

! 

91"105°.  

Two parallel symmetric suppression bands were produced using a single RF 

pulse by modulating the VSS pulse by a cosine function (

! 

cos2"fot ). The 

cosine-modulated VSS (CM-VSS) pulse was generated in real time and 

produced two suppression bands of equal thickness that were spatially placed 

based on the volume edge prescription. The same pulse scheme that was 

developed in chapter 6 (Figure 6.2) was used for the data acquired for the 

patient data presented. 

 

Data Acquisition 

 

The VSS pulse scheme was used on patients with brain tumors using a 

PRESS pulse sequence on a GE 3 T MR scanner. Signal was received using an 
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eight-channel phased array head coil, and a whole-body birdcage coil was 

used for RF transmission. CHESS pulses were used for water suppression, 

and acquisition time was 4.5 minutes with TR = 1100 ms, and TE = 144 ms 

for a single slice. These acquisitions employed spectral arrays of 16 x 16 x 1 

acquired with full k-space sampling with fields of view corresponding to a 10 

mm isotropic resolution when the acquisitions were limited to a single slice of 

data (two-dimensional). When data was collected as three-dimensional (3D) 

MRSI data, spectral arrays of 16 x 16 x 8 were employed with a restricted 

sampling of k-space to and elliptical region. Chemical shift misregistration 

effects was reduced by prescribing a PRESS box larger than the region of 

interest (overpress), and using CM-VSS pulses to suppress signals arising 

from beyond the region of interest. At 3 T, an overpress factor of 1.2 has 

been shown to significantly reduce the chemical shift artifact (56). Data were 

reconstructed using processing software that was customized for MRSI 

exams (47).  

 

Octagon Excitation using CM-VSS: Manipulation of Octagon Configuration 

 

The characteristic inherent in the design of the CM-VSS pulse is the 

distance that separates the symmetric pair of suppression bands. This 

distance is determined in real time using the dimensions of the prescribed 

acquisition volume. Therefore, when producing an octagon configuration, 

there is an initial choice as to how much of the edges one would desire to 

exclude. The amount of edge that may desired at any given slice through 

brain tissue coverage will vary based on the position within the brain. If an 
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MRSI slice is desired far superiorly, where the shape of the brain axially 

resembles more of a circular shape, one may desire a shorter distance 

between the symmetric suppression bands in order to better conform the 

excitation volume to the shape of the head. Axially in brain tissue if an 

acquisition slice were desired medially through the brain, then in most 

instances an MRSI acquisition that would be tailored to the shape of the head 

would resemble an elliptical shape rather than a circular shape. These 

theoretical examples presented support the need for a flexible and 

interchangeable excitation volume in real time. Figure 7.2 illustrates the 

distance that can be adjusted with the CM-VSS pulse presented and how it 

would effect the excitation volume shape. 

 

Figure 7.2: Octagon configuration control variable. This figure 

illustrates internal mechanism of the design for generating the 

distance that is adjusted with the CM-VSS pulse presented. The 

schematic also illustrates the placement of the suppression band, 

how it would change and relate to the excitation volume in space. 
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Distances could be changed in real time; default settings are set to 20 mm 

from the corners of the excitation volume as shown in Figure 7.3. Volunteer 

images were used to make simulated examples of spatial positioning of the 

outer volume suppression pulses, shown in Figure 7.4. 

 

 

Figure 7.3: Phantom images acquired using the control variable 

designed to adjust extent of octagon-corner suppression. Shown are 

three arbitrary distances chosen: 10 mm, 15 mm, 20 mm. Default 

settings are set to 20 mm.  

 

Brain Tumor Coverage with Conventional VSS 

Brain tumor studies were analyzed retrospectively to determine the 

average spatial coverage resulting from MRSI examinations using 

conventional acquisition and post-processing methodologies (47). Twenty-

eight patients were included; all patients had histologically confirmed tumors 
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Figure 7.4: Illustrating the various approaches for utilizing the CM-

VSS pulses at different positions in the brain. Volunteer T1-weighted 

image was used as an example and three slices were arbitrarily 

chosen from midbrain to a superior extent position. 

 

of glial origin (14 grade II and 14 grade IV). Scans had been performed on a 

GE 3 T MR scanner with a conventional VSS pulse scheme. Twelve VSS 

pulses were used in a 3D MRSI acquisition using PRESS volume selection, 

with a TR/TE = 1100/144 ms. CHESS pulses were used for water 

suppression, and the overpress factor was 1.2. 

Patients had received varying levels of treatment, including surgical 

resections, chemotherapy, and/or radiation therapy. The tumor region was 

defined as the area corresponding to the FLAIR abnormality. MRSI coverage 

was defined as the extent of the PRESS volume selection.  

 

Brain Tumor Patients with CM-VSS 

 

For brain tumor studies, MRSI was acquired with 10 mm slices. The 

number of slices acquired varied depending on the desired coverage. On 

average, there were five or six slices acquired. Each slice was individually 

prescribed in order to maximize coverage to include maximal tumor 
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coverage, and maximal coverage of normal surrounding tissue. For full 

coverage, the PRESS box selection included portions of subcutaneous lipid 

layers, mostly arising in the corners of the box selection. Prior to PRESS box 

selection, a train of six CM-VSS pulses and six graphically-prescribed 

conventional VSS pulses all separated by crusher gradients were used to 

provide outer volume suppression of unwanted signal. The magnetic field 

homogeneity was optimized using higher order shimming over the volume of 

interest prior to each MRSI slice acquisition. The rest of the protocol was the 

same as described for volunteers above. 

 

7.3 Results and Discussion 

 

Retrospective MRSI on Patient Data 

 

Twenty-eight patient scans were retrospectively investigated for tumor 

coverage with PRESS 1H MRSI using conventional VSS pulses showed a mean 

volume selection per slice of brain tissue of 55 cc. There was a mean 

coverage of 63% of the abnormal region defined as the FLAIR hyperintensity. 

Table 7.1 presents this data individualized by tumor grade and by tumor size 

(FLAIR abnormality). The mean tumor size was 80 cc. This value was used as 

the cutoff for dividing the populations based on tumor volume. Larger tumors 

trended towards MRSI examinations lacking coverage of tumor tissue. 
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Table 7.1: Retrospective analysis in conventional-MRSI coverage of 

tumor in patients with grade II and IV gliomas. 

N Population Coverage 

14 Grade II 61% 

14 Grade IV 66% 

19 0 – 80 cc 68% 

9 80 – 167 cc 53% 

 

 

CM-VSS Pulses in Brain Tumors 

 

Table 7.2 shows that coverage was improved by a factor of 2.5 in 

patients using the new OVS scheme, with the mean volume of brain tissue 

covered in patients being 120 cc per MRSI slice.  

Table 7.2: MRSI coverage in three tumor patients [cc]. 

Slice CM-VSS 1 CM-VSS 2 CM-VSS 3 Conventional 3 

1 90 80 - 64 

2 110 120 - 64 

3 132 130 132 64 

4 132 132 132 64 

5 132 132 - - 

6 132 - - - 

Average 121 119 132 64 

Total 728 594 264 256 

 

Figure 7.5 demonstrates a comparison of the PRESS MRSI selected volume 

using both OVS methods. Figure 7.5c is the FLAIR image of a patient with a 

brain tumor, with superimposed selection regions (cosine-modulated VSS 

and conventional). Figure 7.5e is a spectrum that is characteristic of tumor 

that was not included within the conventional OVS scheme. 
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Figure 7.5: Brain tumor patient with 1H MRSI using both cosine 

modulate VSS pulse scheme and conventional. (a) T1 with Cho-to-

NAA overlay from conventional MRSI selection, (b) and from MRSI 

using cosine modulated VSS scheme. (c) FLAIR image with selected 

regions from (a) and (b). (d) Example array of spectra shown from 

selection within (b) cosine modulated VSS scheme. (e) Spectrum 

characteristic of abnormal metabolism from voxel outside of 

conventional coverage. 

 

 

Brain Tumor – Maximum Coverage 

 

 Ten patients with diagnosed and treated brain tumors were scanned 

using the CM-VSS pulses with MRSI. Volume coverage obtained for brain 

tumor patients were similar to volunteer examinations (Figure 6.6 - 



 91 

volunteer, 7.6 - patient); coverage was maximized to reach the extent of 

brain tissue. Figure 7.6 is an example of a grade IV glioma patient that 

demonstrated extensive disease on T2-wieghted images. The neoplasm was 

restricted – on imaging – to the right hemisphere, and encompassed about 

80% of that lobe of brain tissue. Five slices of MRSI data are shown in Figure 

7.6 that were acquired to evaluate metabolism in abnormal and normal 

tissue. Signal-to-noise of the metabolic data was excellent and comparable to 

volunteer examinations – as shown when comparing Figure 6.6 and 7.6.  

The patient in Figure 7.6 was also followed serially through time for a 

total of four examinations using MRSI with CM-VSS pulses. The extended 

coverage that was achieved with the CM-VSS pulses sufficiently included 

enough tissue around the tumor to monitor the progression of the disease. 

Conventional methods would have not only insufficiently covered the tumor, 

but also would not have adequately covered enough surrounding tissue to 

allow the ability to monitor the disease progression. This is a major pitfall of 

MRSI, and one of the major reasons why it may not be used as frequently to 

monitor treatment over time in brain tumor patients. 

Two- versus Three Dimensional Acquisition 

 Although this study has shown favorable results when implementing 

CM-VSS pulses in a 2D-MRSI acquisition sequence, the OVS designed 

scheme is not limited to 2D and could be utilized with 3D-MRSI to generate 

comparable outer volume suppression and data quality. The octagon 

selection was designed to maximize coverage in the axial dimension, 

therefore during 2D-slice acquisitions, each slice could be adjusted for 
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maximal coverage, therefore possibly producing different coverage from one 

slice to the next. Although there is an advantage in choosing the number of 

slices desired during the scan, a disadvantage that does exist is the need for 

continual slice prescription by the operator. Along with the MRSI acquisition 

time, additional time for higher-order shimming (HOS) may be desired for 

smaller regions (single slice), therefore lengthening the total scan time 

because of the additional HOS for each slice.  

When data quality was compared between 2D and 3D-MRSI 

acquisitions, it was noted that 3D in fact did generate higher SNR data. But 

2D data was shown to be comparable because of the full sampling of k-

space, therefore making the 2D-data quality sufficient for clinical 

applications. Among the main disadvantages that exist in choosing to utilize 

CM-VSS pulses in 3D versus 2D, is the limitation that may exist in the axial 

dimension throughout the 3D volume. Maximal axial coverage during a 3D-

acquisition, is ultimately coverage-limited throughout the 3D volume by the 

slice within the volume that has the least amount of tissue in the axial 

direction; an example of this may be a slice stretching superiorly in the brain. 

However, if conventional 3D-methodology is desired for acquisition, the CM-

VSS pulse scheme will be superior in data quality when compared to 

standard conventional OVS techniques. 
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Figure 7.6 Patient with grade IV glioma. Five slices of MRSI data 

acquired with CM-VSS pulses shown in yellow overlaid upon FLAIR 

images. Extensive tumor was adequately covered using CM-VSS. 



 94 

Chapter 8: Summary 

 
 

Magnetic resonance spectroscopic imaging (MRSI) is one of the most 

technically demanding areas of magnetic resonance imaging. To achieve the 

necessary performance, current methods employ many of the recent 

advances in RF pulse design. Extending MRSI methods to higher field 

strength poses a number of additional challenges, along with a wealth of 

opportunity, related to the design and use of RF pulses.  With the availability 

of 3 T whole body clinical scanners, the potential exist for improving signal-

to-noise ratio (SNR), spatial resolution and/or reduction of scan-time. Brain 

MRSI exams are a useful clinical tool for treatment planning and monitoring 

glial disease, but an overriding challenge has been the amount of coverage 

that could be achieved using this technique. This work attempted to take 

advantage of the improvement possible at 3 T using MRSI in order to provide 

metabolic characterization of tissue so that a proper assessment of brain 

cancer would be feasible in vivo.  

The low-grade glioma study investigated the biochemical changes over 

time and evaluated how these changes related to conventional imaging 

methods. Although we were able to note unique metabolic changes in brain 

cancer tissue, the study ultimately was limited by SNR and coverage. The 

subtle changes could have been enhanced with an increase in SNR, making 

quantification and detection more robust; also, the limited coverage did not 

allow sufficient data to be acquired in order to truly monitor the metabolic 

progression of disease.  
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At 3 T we demonstrated the increase in SNR that would allow the 

flexibility to obtain high quality MRSI data in a clinically applicable time 

period, which would provide the necessary metabolic information in order to 

detect subtle change. Although we were able to address the previous SNR 

concerns, we still had not been able to address coverage. Higher field 

systems improved data quality, but it came at the cost of RF power 

limitations as well as chemical shift misregistration effects. This progressed 

into the need to reconsider the design of the RF pulses that were being used 

to see if optimized they could be used to improve the coverage limitation.  

The cosine-modulated very selective suppression (CM-VSS) pulse 

designed was not only optimized for 3 T, to allow more saturation bands in a 

shorter time period, but it was designed to improve coverage. When tested 

against the most recent VSS pulses, an improvement in performance was 

realized in volunteers and patients. With CM-VSS pulses, MRSI could now be 

feasibly acquired from almost all brain tissue. This improvement will allow 

improved evaluation of brain tumors using MRSI. The octagon design better 

mimics the shape of the brain when compared to the conventional 

rectangular volume making data acquisition more robust. 

 Future studies should further focus on limiting the amount of 

interaction that exists during current acquisitions. Even though the fixed CM-

VSS pulses in the OVS scheme better mimicked the brain shape, the current 

method requires the user to graphically place the six saturation bands. Fully 

automating this process would further minimize acquisition errors. 
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