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Abstract 

The Use of 5-Aminolevulinic Acid and Spectroscopic Magnetic Resonance 

Spectroscopy in the Management of Patients with Glioblastoma 

 

By James Scott Cordova 

Gliomas are the most common primary of brain tumors in adults with Glioblastoma 

(GBM), a World Health Organization grade IV glioma, being the most common and 

aggressive. Although a strict combination of surgery, radiation therapy, and chemotherapy 

is standard for GBM, the disease invariably leads to death over months or years. This is in 

part due to the incredibly invasive nature of the tumor, a quality that prevents its complete 

surgical removal and shrouds the extent of its infiltration on conventional imaging. 

However, the exciting and fast growing field of molecular imaging is gaining popularity in 

glioma management and may offer substantial insight into this elusive disease. Optical 

and magnetic resonance molecular imaging techniques are allowing clinicians to probe 

the biological underpinnings of GBM on the molecular level and use this information to 

guide therapy and stratify patient populations for targeted therapy.  For example, 5-

aminolevulinic acid (5-ALA) is under investigation as an optical technique for identifying 

the infiltrative margins of GBMs intraoperatively while spectroscopic magnetic resonance 

imaging (sMRI) is allowing the metabolic profiling of GBM tissue regions non-invasively. 

It is with the application of these two techniques that this work is primarily concerned. 

Here, sophisticated image analysis and biostatistical techniques are developed and used 

to evaluate the impact of adding 5-ALA and sMRI to the clinical management of patients 

with GBM, from surgery to response determination. Specifically, the efficacy of 5-ALA 

fluorescence-guided surgery in tumor resection is evaluated in a cohort of GBM patients, 

ex vivo 5-ALA fluorescence and objective histology image analysis are used to validate 

sMRI’s identification of tumor infiltration, and metabolic abnormalities are used to judge 

the feasibility of including sMRI into radiation therapy planning. In its parts, this work 

describes a number of incremental technical advances in applying molecular imaging 

techniques to GBM management. As a whole, this work represents a paradigm shift in the 

image-based management of patients with GBM away from conventional clinical imaging 

to more quantitative molecular imaging modalities that non-invasively describe a number 

of intrinsic and substantive biological phenomena. 
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Chapter 1  

 

Introduction 

 

1.1 Gliomas 

 Gliomas are the most common type of primary intracranial neoplasm 

diagnosed in adults, accounting for approximately 50% of all newly diagnosed 

brain tumors (1). These highly infiltrative tumors originate from cells of glial (from 

glia, Greek for “glue”) origin, normal, non-neuronal support cells that are 

differentiated from the neural tube and crest of the primordial ectoderm during 

embryogenesis (1; 2). These “neuroglia” function as caretakers of the central and 

peripheral nervous systems (CNS and PNS) maintaining homeostasis, forming 

myelin, and providing support and protection to neurons, the electrical 

workhorses of the nervous system (3). For example, astrocytes provide physical 

structure, metabolic support, and osmolality regulation within the brain while 
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oligodendrocytes generate the myelin sheaths responsible for speeding signal 

propagation along the neuronal axon (3). In gliomas, however, these cells divide 

uncontrollably, passing through cell signaling pathways unchecked, resulting in 

destructive and infiltrative lesions that disrupt the functioning of neuronal tissue, 

ultimately resulting in neurological symptoms.  

 Though glioma tumorigenesis is not completely understood, the 

characteristics of patients diagnosed with them and the course of their disease have 

been well studied.  A report recently published by The Central Brain Tumor 

Registry of the United States (CBTRUS) found that from 2008 to 2012, the risk of 

diagnosis with glioma (per 100,000 people) was higher in adults than children 

(6.62 vs 3.70), higher in men than in women (7.79 vs 5.60), and higher in non-

Hispanic whites (7.4) than African-Americans (3.98), Asian/Pacific Islanders 

(4.12), and American Indians/Alaska Natives (3.48) (4). More striking, however, 

is the mortality observed for gliomas. The 1, 2, and 5-year survival rates (per 

100,000 people) for patients with glioma are 58.1%, 44.1%, and 34.4%, 

respectively. As the survival statistics suggest, these tumors are by and large 

incurable, and patients generally succumb to significant neurological morbidity 

(including seizures, headaches, memory loss, and visual disturbances) during the 

disease course before ultimately dying from brain herniation or disturbed 

autonomic functioning due to brainstem invasion (5).   

 Gliomas are classified using three main criteria: the region of the CNS the 

tumor is located, cell type of which the tumor is composed, and the histological 

grade of the tumor in tissue specimens.   The location of a tumor is usually 

described relative to the tentorium, an extension of the dura mater that separates 



3 

 

the cerebellum from the cerebrum. “Supratentorial” gliomas are those that fall 

above the tentorium (i.e. within the cerebrum), “infratentorial” gliomas fall below 

the tentorium (i.e. in the cerebellum), and “pontine” gliomas fall within the pons 

of the brainstem.  

 The predominant cell type and grade of a glioma is evaluated histologically. 

Not only is histological evaluation the gold standard for brain tumor diagnosis, 

classifications based on histological features are used to stratify gliomas into 

different groups based on treatment responsiveness and prognosis. Cell type 

generally describes the composition of the glioma (e.g. astrocytes, 

oligodendrocytes, ependymocytes, etc.) while the grade describes the degree of 

structural abnormality present within each tissue section in terms of the World 

Health Organization (WHO) grading criteria (i.e. cellularity, mitotic activity, 

pleomorphism, necrosis, and endothelial proliferation) (1; 6).  “Anaplasia” is often 

used to describe tissue that has little native tissue structure, high cellularity, an 

abundance of pleomorphic structures, and many mitotic figures. Examples of 

classifications with histologic descriptions can be found in Table 1.1 and Figure 

1.1.  
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Table 1.1. WHO 2007 classification of diffuse gliomas.  

 

 

 

 

 

 

 

 

 

 

 

Type Grade Description

Astrocytoma II
Found diffusely infiltrating into surrounding neural 
tissue; increased hypercellularity, no mitosis

Oligodendroglioma II
Occur in the white matter and cortex of the cerebral 
hemispheres, low mitotic activity, no necrosis

Oligoastrocytoma II Diffuse mixed tumor with mixed glial background

Anaplastic Astrocytoma 
/Oligodendroglioma

III
Highly infiltrating tumor with increased mitotic activity; 
no necrosis or vascular proliferation

Glioblastoma IV
Infiltrating glial neoplasm with necrosis and micro-
vascular proliferation; high rate of mitosis
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Figure 1.1. Schematic showing the classification of diffuse gliomas of 

astrocytic and oligodendroglial lineages based on the WHO guidelines. 

Representative micrographs for each tumor class are given. The hallmark 

histological features of glioblastoma, microvascular proliferation (white arrow), 

and pseudo palisading necrosis (red arrows) are indicated. Adapted by permission 

from Macmillan Publishers Ltd: Nature Reviews Cancer 2010 May;10(5):319-31. 

DOI: 10.1038/nrc2818., copyright 2010 (7). 
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1.2 Glioblastoma 

 Of the gliomas, glioblastoma (GBM) is the highest grade, the most 

aggressive, and the most treatment resistant. Approximately 12,000 new cases are 

diagnosed each year in the U.S., making it not only the most common glioma in 

adults (55.1%), but also the most common primary malignant brain tumor in adults 

(15%) (4; 8). The incidence of GBM is 3.19 per 100,000 people, and the 1, 2, and 5-

year survival rates for patients with GBM are well below those of all gliomas 

(37.2%, 15.2%, and 5.1%, respectively). As with the other gliomas, the incidence of 

GBM diagnosis increases with age (rates highest between ages 75 and 84) and the 

disease has a predilection for both males and white, non-Hispanic individuals (4). 

Though incremental progress has been made in the management of GBM over the 

last decade, unfortunately outcomes remain poor with local recurrence rates 

approaching 70% at 6-months post therapy and a median overall survival (OS) of 

only 14.6 months (9-11). 

 Per the WHO grading criteria, GBMs are infiltrating astrocytomas or 

oligodendrogliomas that exhibit the elevated mitotic activity of anaplastic lesions 

with the addition of vascular proliferation and tumor necrosis (6). Usually, GBMs 

are highly cellular tumors with marked nuclear atypia and “pseudo-palisading” 

necrosis characterized by the accumulation of tumor cells around zones of necrosis 

(Figure 1.1). Oftentimes thrombi are noted within vessels inside and adjacent to 

the tumor; these thrombi may also be associated with necrotic foci (6). In most 

cases, the tumor neovasculature is extensive and surrounding stroma is packed 

with reactive astrocytes, glioma stem cells, and tumor-associated endothelia (12; 
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13). The heterogeneous histology and refractory nature of these tumors make the 

management of GBM quite complex.  

 Although the classification of GBM with histopathology is straightforward, 

the genetic variation in GBM is abundant, and a number of molecular 

abnormalities stratify these tumors into clinically distinct subtypes. Though 

hundreds of genetic mutations are found within a single GBM, the most commonly 

mutated genes found in patients include TP53 (42%), PTEN (33%), NF1 (21%), 

EGFR (21%), PIK3R1 (10%), and PIK3CA (7%) (1). These mutations provide 

selective growth advantages that promote survival and proliferation in a hostile 

and hypoxic environment (14). Although some are closely associated with other 

high-grade gliomas (HGGs), each genetic alteration is regularly identified in 

patients with GBM. The variety of abnormalities seen within even a single tumor 

affirms the need for individualized treatment, and gives a starting point for 

rationally-designed pharmaceuticals and the identification of multigene 

predictors. 

 The recent trend towards genomic profiling has led to the exploration of 

classifying lesions into molecular groups based on genotype. Classification of high-

throughput microarray data from The Cancer Genome Atlas (TCGA) has allowed 

the identification of both prognostic markers and molecular subgroups within 

histologically-defined GBM (15-17). Gene classification resulted in the 

identification of four distinct molecular subtypes (i.e. classical, mesenchymal, 

proneural, and neural) within GBM that exhibited differing age at diagnosis, 

response to therapy, and OS (Figure 1.2) (15; 18). Though this classification may 

allow for the identification of new targets with the additional benefit of predictive 
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markers for targeted therapies, the clinical utility of multigene molecular 

subtyping is still limited. Currently, the most important biomarkers to clinical 

outcome are Isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2) mutations, co-

deletion of the 1p and 19q chromosome arms (1p19q co-deletion), and O6-methyl-

guanine-DNA methyltransferase MGMT promoter methylation status.   
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Figure 1.2. The prevalence and OS of the TCGA molecular subtypes in 

GBM. Reproduced from  Lin N, et al. (2014) PLoS ONE 9(4): e94871. 

DOI:10.1371/journal.pone.0094871 under the Creative Commons Attribution (CC 

BY) license (7). 
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 The classification of gliomas in adults was transformed with the discovery 

and characterization of IDH mutations.  In the mitochondria of wild-type (wt) 

cells, IDH catalyzes the oxidative decarboxylation of isocitrate to α-ketoglutarate 

in the tricyclic acid cycle. In mutant (mt) cells, IDH converts this substrate to 2-

hydroxyglutarate, a metabolite hypothesized to alter DNA methylation, telomere 

length, and gene expression (19-21). Molecular profiling of these mutations, the 

most common of which is an arginine to histidine mutation at position 132, has 

given rise to not only a genetically distinct neoplasm, but also a cohort of tumors 

that behave quite differently clinically (22; 23).  Gliomagenesis research has found 

that IDH mutations take part in the initial glial-tumor cell transformation with 

proposed models suggesting that IDH mutation occurs early in this process 

followed by further changes along stereotypic cytogenetic pathways corresponding 

to “oligodendroglial” or “astrocytic” differentiation (Figure 1.3) (24; 25). These 

tumors tend to take a more indolent, stepwise course to becoming GBM (e.g. 

secondary GBM/proneural and GBM with components of oligodendroglioma) and, 

consequently, exhibit longer OS. Conversely, IDHwt tumors appear to result from 

de novo mutations, are generally associated with EGFR and PTEN abnormalities, 

are more aggressive, exhibit mesenchymal and classical genetic signatures, and 

poorer survival outcomes. Of note, the populations studied throughout this work 

are generally primary GBMs that are IDHwt.    
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Figure 1.3. Hypothesized pathways of gliomagenesis based on TCGA 

data leading to the formation of subtypes of GBM: mesenchymal, 

classical, proneural and GBM-O. GBM, glioblastomas; IDH, isocitrate 

dehydrogenase; TCGA, The Cancer Genome Atlas, GBM-O, GBM with 

oligodendroglioma component, mt, mutant.  
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 Co-deletion of 1p/19q is found in 70%-90% of oligodendrogliomas, and has 

recently been named an objective molecular marker for oligodendroglial lineage 

(26; 27). Furthermore, 1p/19q co-deletion is almost always found in the absence of 

ATRX and P53 abnormalities, markers associated almost exclusively with the 

astrocytic lineage (28; 29). In fact, a link between 1p/19q co-deletion and IDH 

mutations was recently hypothesized through the capicua transcription repressor 

(CIC), a single retained allele on 19q. This connection may in part explain the 

preponderance of IDH mutant, 1p/19q co-deleted tissues with oligodendroglial 

features (30). Clinically, oligodendrogliomas with a 1p/19q co-deletion behave in 

an indolent fashion and tend to respond well to chemotherapy and radiation 

therapy (RT), even more so than their IDH mutant, astrocytic counterparts (27; 

31).  As such, 1p/19q co-deletion is associated with the improved prognosis and 

longer OS in HGG (32). Of note, the populations studied throughout this work are 

generally primary GBMs which have 1p/19q intact. 
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Figure 1.4. Three molecular subgroups of patients can be defined on 

the basis of IDH1 mutation and 1p/19q co‐deletion status exhibit 

differing progression-free and OS (E and F). 1p/19q co‐deleted cases are IDH 

mutant as well. Adapted with permission from John Wiley and Sons, Inc. from 

Figarella-Branger, D., et al. (2015) Brain Pathology 25(4): DOI 

10.1111/bpa.12227 (31).  
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MGMT is a DNA repair enzyme located in 10q26 that is responsible for 

removing alkyl adducts at the O6 position of guanine (33). This is significant in 

glioma management as the most commonly used chemotherapeutic, 

temozolomide (TMZ), is a potent alkylator at the O6 position of guanine (34). Thus, 

those glioma cells that lack MGMT (via gene silencing, knock-out, or loss of 

function) cannot repair TMZ-induced DNA damage and are more sensitive to 

therapy than their wild-type counterparts. As such, numerous trials have shown 

that MGMT silencing through gene promoter hypermethylation portends 

improved survival in GBM patients due to TMZ sensitivity (Figure 1.5) (34-37). 

Per the seminal study from which the below Figure 1.5 was taken, patients with 

MGMT promoter methylation experienced a 55% reduction in risk of death 

compared to their counterparts in the unmethylated cohort (34). 
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Figure 1.5. Kaplan–Meier Estimates of OS, According to MGMT 

Promoter Methylation Status. The difference in survival between patients 

with a methylated MGMT promoter and those with an unmethylated MGMT 

promoter was highly significant (P<0.001 by the log-rank test), indicating that the 

MGMT methylation status has prognostic value. Reproduced with permission 

from Hegi, M.E., et al. (2005) NEJM 352 (10), DOI: 10.1056/NEJMoa043331 

Copyright Massachusetts Medical Society (34). 
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1.3 Presentation, Diagnosis, and Clinical Management of GBM  

1.3.1 Presentation 

 Regardless of the molecular characteristics of the tumor, patients with GBM 

generally present with symptoms canonical for brain tumors: headache, seizure, 

and neurological deficits. The type and severity of symptoms is largely dependent 

on the location of the tumor and the rate at which it grows, however. Headaches in 

GBM can be caused by the increased intracranial pressure (ICP), dural irritation, 

intratumoral hemorrhage, or obstructive hydrocephalus, and are the most 

common complaint of patients with GBM (1; 12). They have also been reported to 

be more severe upon waking in the morning or even cause a patient to wake from 

sleep as the vasodilation common to sleep couples with tumor mass effect to 

substantially increase ICP. Unlike headaches, seizures and focal neurological 

deficits are less common and are highly dependent on the location of the tumor. 

For example, a large tumor in a noneloquent area, like the frontal lobe for example, 

may be asymptomatic until it reaches critical structures, while a small tumor in an 

eloquent area, like Broca’s area, may cause pronounced symptomatology early on. 

The onset of focal deficits is initially subtle and progresses over time, paralleling 

the gradual growth of the lesion into eloquent regions.  

 The above symptoms are usually present with the normal associated finding 

on physical exam.  Headache due to increased ICP can be confirmed through 

fundoscopy by the finding of papilledema (edema of the head of the optic nerve 

associated with engorgement of the retinal veins) (1; 12). Continuing with the 

previous small tumor example, a lesion of in the lateral aspect of the frontal lobe 

in the dominant hemisphere may result in expressive aphasia (i.e. the inability to 
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generate spoken or written language) due to infiltration of Broca’s area or 

weakness in the muscles used to generate speech in the primary motor cortex. 

Cranial nerve palsies, most concerningly oculomotor palsy, are signs of more 

severe intracranial processes like uncal herniation or brainstem infiltration that 

may require immediate surgical correction.  

1.3.2 Diagnosis 

 Radiographic imaging is generally the first step performed to evaluate 

patients with suspected brain tumors as it provides information regarding 

location, tumor type, and the impact of the lesion on surrounding structures.  

Because computed tomography (CT) is quick, effective, and affordable, it is 

generally the imaging modality of choice for screening patients with the above 

symptoms. With CT one can generally differentiate space occupying lesions like 

tumors from other pathologies with similar symptoms (e.g. ischemic stroke or 

intraparenchymal hemorrhage) and evaluate the extent to which the tumor has 

invaded bony structures. Contrast-enhanced magnetic resonance imaging (CE-

MRI) is the diagnostic standard, however, because of its superior sensitivity, its 

soft-tissue contrast, and its versatility in terms of available imaging sequences (12; 

38). GBMs are generally inhomogeneous, space occupying masses with irregularly 

enhancing rims that encompass a hypointense, necrotic core. Vasogenic edema 

surrounding this mass is normal, and due of mass effect, it is not uncommon for 

these tumors to impinge upon the ventricles, sometimes occluding a portion of it 

entirely. Through various image texture analyses, CE-MRI can give vital 

information on the cellularity, vascularity, and invasion of the tumor into normal 
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tissue as well. Anecdotally, these imaging findings on structural MRI are so distinct 

that a trained physician can predict the diagnosis of GBM before biopsy with 

reasonable accuracy. 

 The gold standard for brain tumor diagnosis is histology, however, and 

tissue sampling is required to definitively diagnose GBM. Non-cancerous lesions 

including infection, demyelinating disease, and vascular malformations can 

sometimes present much like a tumor on imaging, and in such cases biopsy not 

only confirms the diagnosis but also prevents unnecessary treatment. Tissue 

samples are generally acquired through stereotactic needle biopsy or craniotomy. 

As glial tumors are graded according to the most malignant portion of the tumor, 

it is essential that the specimen comes from a region of significant imaging 

abnormality (generally contrast-enhancing tissue) and is of adequate quality, in 

terms of size and consistency, for pathological assessment. If tissue exhibits the 

histological features of grade IV glioma as dictated by the WHO in Table 1.1 to a 

trained neuropathologist, a diagnosis of GBM is confirmed and a discussion of the 

prognosis and treatment options begins.  

1.3.3 Therapy and Clinical Management 

 The standard-of-care for GBM incorporates a three-pronged approach that 

is aimed at relieving mass effect, controlling visible disease, and enhancing the 

efficacy of adjuvant therapy. To this end, patients with GBMs that are deemed 

operable by a neurosurgeon receive maximal safe tumor resections followed by 

high dose RT with concurrent and adjuvant TMZ (Figure 1.6) (11; 39). Patients 

with inoperable tumors, those near critical structures or vasculature that prevent 
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substantial debulking, are offered RT and TMZ. Symptoms of mass effect such as 

seizures or hemiparesis are also treated with antiepileptics and corticosteroids 

with varying results (1; 12; 40).  As there is no curative therapy for GBM, patients 

are strongly encouraged to participate in clinical trials throughout the duration of 

their care. 
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Figure 1.6. Treatment algorithm for GBM.  
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 The mainstay of GBM therapy is surgical resection with the central goal of 

maximizing the removal of neoplastic tissue while minimizing the damage to 

surrounding normal tissue and vasculature. Using stereotactic neuronavigation, 

electrophysiological monitoring, and other advanced guidance techniques, 

surgeons cut through the skull, carefully navigate past eloquent tissue to the tumor 

bulk as defined by CE-MRI, and remove as much of the contrast-enhancing 

component as possible. A number of studies have shown recently that “more 

complete” resections (i.e. those that remove a larger portion of the contrast-

enhancing tumor) may extend both progression-free survival (PFS) and OS in 

GBM patients (41-51). This may be because patients with lower tumor burden are 

more likely to respond to adjuvant therapy or because the immune system has a 

smaller neoplastic insult to combat.  Regardless, achieving a high extent-of-

resection (EOR) or a gross total resection (GTR) is incredibly difficult as neoplastic 

tissue is virtually indistinguishable from normal tissue. This leaves surgeons with 

a limited ability to evaluate surgical margins and determine when all resectable 

tissue has been removed. Given the prognostic significance of EOR and the 

difficulty in detecting residual tumor intraoperatively, many technologies have 

been developed recently to enhance tumor resection. Moreover, it has become 

standard practice for surgeons to order postoperative MR imaging to evaluate the 

residual contrast-enhancing tumor in the immediate postoperative period (52).  

 Though surgical resection is a cornerstone of GBM management, it is not 

possible to remove all tumor cells in this fashion, and adjuvant therapies including 

RT and chemotherapy have been developed to address residual disease. RT is 

cytotoxic primarily by the generation of DNA-damaging free radicals from 
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ionization of H2O and O2 molecules within tumor tissue (53). Cancer cells are more 

sensitive to these free radicals due to their perpetual state of DNA synthesis.  

Cranial irradiation of the resection cavity and any residual contrast-enhancing 

tissue to 60 Gy has been shown to increase survival by approximately 5 months 

compared to surgery alone, and a seminal study by Stupp et al. found that the 

addition of the alkylator, TMZ, to this RT regimen increased median survival by 

another 2.5 months (9; 10; 54). When given in thirty 2 Gy fractions over 6 weeks, 

RT is generally well tolerated with limited toxicity and only moderate 

gastrointestinal, hematologic, and constitutional side effects (55; 56). After the 

completion of RT, patients continue on 5 day cycles of TMZ -barring any 

hematologic perturbations like thrombocytopenia or leukopenia- until recurrence 

is noted on imaging. 

1.3.4 Response to Therapy  

   Even with this aggressive surgical and chemoradiation protocol, the vast 

majority of GBM patients (up to 90%) will have visible recurrence on CE-MRI 

within 2 cm of their original tumor (41; 57). This is partly due to the highly 

infiltrative nature of the tumor that make it impossible to target the entire tumor 

for surgical resection or RT. It is also likely due to the extensive hypoxia present 

within these tumors as low oxygen concentrations limit the generation of the DNA-

damaging free-radicals generated by RT. Furthermore, recently discovered GBM 

cancer stem cells are hypothesized to remain proliferatively quiescent, and thus 

immune to RT, while also being pluripotent and capable of repopulating the tumor 

well after the completion of treatment (58). Regardless of the mechanism, the vast 
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majority of GBM patients exhibit treatment failure within a year of therapy and 

search for salvage therapies or clinical trials before ultimately succumbing to this 

uniformly fatal disease. 

 The only primary GBM patients that do not experience such a fast, 

precipitous decline following surgery are those with MGMT methylated tumors 

(33; 34; 57). As stated in 1.2, silencing of the MGMT gene through methylation of 

its promoter results in an increased sensitivity to the alkylating agent TMZ. In a 

seminal randomized study by Hegi et al., GBM patients with MGMT methylation 

who were treated with TMZ were found to have better median OS and 2-year 

survival rates than patients with unmethylated promoters (21.7 vs 12.7 months and 

46.0% vs 13.8%, respectively; Figure 1.5) (34). Though all GBM patients receive 

TMZ currently, if a double-blinded randomized trial by the Radiation Therapy 

Oncology Group (RTOG 0525) confirms this relationship between MGMT 

methylation status and outcome, patients with unfavorable MGMT methylation 

status may be selected for trials of different drug combinations including MGMT 

expression modulators (NCT01402063, NCT02287428, and NCT01700569).    

1.4 Imaging in GBM Management 

 Apart from the use of CT or MRI for the initial diagnosis of GBM, imaging 

plays an important role in the prognostication of disease, the direction of therapy, 

and the assessment of treatment response. In addition to the use of imaging 

because physical examination of the brain is impractical and dangerous, advanced 

imaging techniques also can tell us quite a bit about the physical, chemical, and 

biological makeup of the tumor. With no other imaging technique is this truer than 
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MRI. This is likely why MRI plays such an important role in the routine clinical 

care of patients and is a central modality in GBM research. Advanced MRI 

techniques are currently available that can be used to quantify many physical 

processes in GBM including tissue cellularity and vascularity, the generation of 

small-molecule metabolites, and the patterns of tumor growth and recurrence.  

This is all done by the physical manipulation of the hydrogen atom (1H) with a 

complex series of magnetic fields, the basic understanding of which is essential for 

the appreciation of MRI in GBM management.  

Note: A rigorous and complete description of MR phenomena would require 

quantum mechanics, though in most cases, a description in terms of classical 

physics describes the macroscopic behavior quite well. As such, the following 

sections are described in the classical sense only with occasional references to 

quantum mechanical principles. The references used for this chapter are textbooks 

or book sections written by Mamourian, de Graaf, Diaz, Gowland, and others (59-

64). All information in sections 1.4.1 and 1.4.2 come from these texts unless 

otherwise specified with a separate citation. 

1.4.1. Important Physical Concepts in MRI 

Magnetization and Precession 

 An atom with an odd number of protons and/or neutrons in its nucleus 

possesses the basic physical quality of nuclear spin angular momentum, or spin, 

the underlying source of the MR phenomenon. In biological specimens, the most 

abundant nuclei that fits this description is 1H, the proton opposite oxygen in water 

(H2O), with a spin quantum number (𝑺𝒛
⃗⃗⃗⃗ ) of ± 1/2. These nuclei can be pictured as 
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small spherical magnets that are spinning very fast, generating north and south 

magnetic poles, or a magnetic moment (�⃗⃗� ). Like the wobble of a spinning top that 

is decelerating to a stop, the spinning nucleus has an axis of precession along which 

�⃗⃗�  passes.  

 When these nuclear spins are subjected to a static magnetic field (𝑩𝟎
⃗⃗⃗⃗  ⃗), two 

important effects arise: i.) the spins have a tendency to precess around the applied 

field and ii.) the spins precess at a well-defined frequency (𝝎) defined by the 

function 

                                      𝝎 =  
𝜸

𝟐𝝅
𝑩𝟎                                               (Eq. 1.1) 

where 𝜸 is the gyromagnetic constant (42.577 MHz/Tesla for 1H), a unique value 

for each nuclear species. This frequency is known at the Larmor Frequency, and 

the magnetization of the proton is resonant at this specific frequency. See Figure 

1.7A for a schematic representation of this process.  

 When 𝑩𝟎
⃗⃗⃗⃗  ⃗ is applied to a set volume like a piece of tissue, the protons whose 

spins are normally oriented in random directions (Figure 1.7B) begin to precess 

around an axis parallel (lower energy state) or antiparallel (higher energy state) to 

the external magnetic field (Figure 1.7C). Although the spins split into two 

antiparallel populations, a preponderance reside in the lower energy state. This 

results in a non-zero sum of magnetic moments, ultimately resulting in a net 

magnetization of the tissue in the direction of 𝑩𝟎. At 1 Tesla, the excess of protons 

in the parallel state is approximately 7 for every million protons, and it is the 

manipulation of the net tissue magnetization with other magnetic fields that gives 

rise to MR signal used for imaging. 
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 Note that this nuclear precession is similar to the wobbling of the spinning 

top previously described. The angular momentum of the top is analogous to the 

magnetic moment of the proton while the gravitational field of the earth is 

analogous to 𝑩𝟎. Just as a top precess around an axis of the surface normal, the 

proton precesses around the axis of the external magnetic field.  
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Figure 1.7. Schematic representation of a single proton nuclear spin 

and precession. Spinning protons precess about an external magnetic field (A). 

A population of protons under no external magnetic field have dipoles that are 

arranged randomly (B) while those under the influence of a static magnetic field, 

𝑩𝟎
⃗⃗⃗⃗  ⃗ orient either parallel or antiparallel to the field (C). The net magnetization in C 

would be pointing toward the top of the page. 
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Excitation and Relaxation 

 The application of another magnetic field, generally called a radiofrequency 

pulse (RF pulse), from the transverse direction and oscillating at the resonance 

frequency of the protons will “excite” the magnetization. Excitation is most easily 

visualized by establishing a frame of reference, a coordinate system, and 

nomenclature. The constant precession of the proton makes its excitation elliptical 

in nature, and it is easiest to understand the dynamics of the system by first 

imagining that we are rotating about the precession axis of the proton at a 

frequency equal to the 𝝎. This “rotating frame” neutralizes the precession and 

makes it appear static. We can now superimpose our proton onto a 3-dimensional 

coordinate system with �⃗⃗⃗� , the magnetization caused by the spinning proton, as a 

vector pointing along the z-axis in the same direction of 𝑩𝟎 (Figure 1.8A). One 

can conceptualize the change in a proton’s magnetization by describing two 

components of the vector �⃗⃗⃗� : the longitudinal and transverse components. The 

longitudinal component of the magnetization (𝑴𝒛
⃗⃗ ⃗⃗  ⃗) is the projection of �⃗⃗⃗�  onto the 

z-axis while the transverse component (𝑴𝒙𝒚
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ) is the projection of �⃗⃗⃗�  onto the xy, or 

transverse, plane. For example, the blue vector in Figure 1.8A and B points 

straight along the z-axis, and thus does not have any transverse component. 

Conversely, the red vector (�⃗⃗⃗� ′in Figure 1.8B) lies entirely in the transverse plane 

and does not have a longitudinal component.  
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Figure 1.8. Vector representation of proton magnetization in the 

rotating reference frame. Equilibrium magnetization before excitation (A) 

and excitation of the spin with a 90° RF pulse along the x-axis (B). 
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 Classically, excitation as viewed in the rotating frame, is the tipping of the 

magnetization vector �⃗⃗⃗�  away from its equilibrium position along 𝑩𝟎 by an RF 

pulse to a position in the xy plane denoted �⃗⃗⃗� ′. Figure 1.8B depicts the excitation 

process with a 90° RF pulse along the x-axis in the rotating reference frame. The 

magnetization is still precessing around 𝑩𝟎 even though this is not shown using 

the rotating frame. Given the new transverse component of the magnetization, 

detection of the magnetization becomes possible via Faraday’s law of induction. 

The precessing magnetization causes a change in the electric flux (Φ) of the 

receiver coils in the MR scanner inducing a small electromotive force (EMF or ε), 

where  

    𝛆 =  
𝝏Φ

𝝏𝒕
                                       (Eq. 1.2) 

The resulting signal is called the free induction decay and represents the basic MR 

signal recorded. It should be noted that only magnetization in the xy plane 

contributes to the MR signal as this is the only component that generates a 

magnetic field with the correct orientation to induce an electrical current in the 

receiver coils. Thus signal amplitude, as measured by the scanner, is directly 

related to 𝑴𝒙𝒚. 

 Once the RF pulse is turned off, the spin system begins to “relax” to its 

equilibrium state along the z-axis. The mechanisms of relaxation are complex and 

are beyond the scope of this work; however, a brief explanation of the dominant 

mechanism relevant in biological tissues, magnetic dipole-dipole interactions, will 

be provided. Regardless of the mechanism, relaxation implies that the transverse 

component decays away while the longitudinal component grows back to its 
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equilibrium state. Two important MR parameters, 𝑻𝟏and 𝑻𝟐, describe this return 

to equilibrium and are known as the relaxation time constants.  

 𝑻𝟏 characterizes the return of magnetization vector to equilibrium along 𝑩𝟎 

and is called the spin-lattice time constant. As the name implies, 𝑻𝟏 involves the 

exchange of energy between the spinning nuclei and the molecules (i.e. H2O, 

proteins, lipids) in the surrounding lattice. Through collision, vibration, heat 

generation, and magnetic dipole interactions, the excited protons dissipate the 

energy induced by the RF pulse, and slowly return to their ground state. The 

longitudinal component of the magnetization behaves according to the differential 

equation 

            
𝒅𝑴𝒛

𝒅𝒕
 =  −

𝑴𝒛 − 𝑴𝒐

𝑻𝟏

                                  (Eq. 1.3) 

where 𝑴𝒐 is the equilibrium magnetization. The solution of this equation following 

a 90° excitation pulse gives the function 

                                               𝑴𝒛  =  𝑴𝒐(𝟏 − 𝒆
−

𝒕

𝑻𝟏)                     (Eq. 1.4) 

The exponential growth of the longitudinal component of the magnetization is 

largely dependent on the value of 𝑻𝟏, which can range from a few tenths of a second 

to several seconds in biological tissues. The differences in 𝑻𝟏 between tissue types 

are part of what allows us to differentiate tissues like grey matter and white matter 

on T1-weighted MRI (Figure 1.9). 
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Figure 1.9. Longitudinal magnetization recovery and transverse 

magnetization decay in two separate tissue types. The 𝑴𝒛 regrows to ~63% 

of its equilibrium value after time 𝑻𝟏 while 𝑴𝒙𝒚 has decays to ~37% of its excited 

value at time 𝑻𝟐. 
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 𝑻𝟐 characterizes the decay of magnetization in the transverse plane and is 

called the spin-spin time constant. The same energy dissipation mechanisms at 

work in 𝑻𝟏 are present in 𝑇2 relaxation; however, the random interactions between 

some dipoles in the transverse plane add to the relaxation of these spins.  This is 

because a change in the local magnetic field experienced by a spin causes its 

precession frequency to change. As some spins begin to precess faster and others 

slower, phase coherence is lost. This “spin-spin” interaction within the transverse 

plane dominates the 𝑻𝟐 process and represents a broadening of the spins’ 

resonance frequencies and a dephasing of the transverse components of the spins 

(Figure 1.9) that ultimately results in the decay of MR signal.  

The transverse component of the magnetization vector can be described with the 

following equation 

𝒅𝑴𝒙𝒚

𝒅𝒕
 =  −

𝑴𝒙𝒚 

𝑻𝟐
                              (Eq. 1.5) 

The solution to which immediately following a 90° RF pulse is simply 

                                               𝑴𝒙𝒚  =  𝑴𝒐 𝒆
−

𝒕

𝑻𝟐                         (Eq. 1.6) 

This exponential decay represents the decay of the dampened sinusoid in Figure 

1.10. 

 

 

 

 

 



34 

 

 

 

 

 

 

 

Figure 1.10. Diagram showing loss of transverse component (𝑴𝒙𝒚) of 

magnetization. Immediately after a 90° RF pulse, the spins in the transverse 

plane are all in phase. Due to spin-spin interactions, some protons begin to precess 

faster and others slower. This ultimately results in a dephasing of the spins over 

time and a decay of the MR signal. 
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Image Contrast and Signal Weighting 

 In clinical imaging, different sequences are used because of the different 

contrast that they produce and the different information this gives the physician 

about the tissue. One of the main strengths of MR imaging is that image contrast 

depends on many different modifiable parameters. By solely altering the time at 

which we administer the RF pulse and when we read the MR signal in the receiver 

coils, we can utilize the intrinsic 𝑻𝟏 and 𝑻𝟐 properties of tissues, as well as the 

tissues’ proton density (𝝆), to generate signal contrast (65). The difference in signal 

between tissue can then be used to make a grey-scale signal intensity-based image, 

like that generated in conventional MRI.  To understand how signal contrast is 

generated, one must first understand two essential components of RF pulse 

sequences: Repetition time (TR) and Echo time (TE).   

 TR represents the time between the centers of 2 RF excitation pulses in a 

pulse sequence while TE represents the time between the center of an excitation 

pulse and the subsequent echo (e.g. the point at which the MR signal is maximum).  

These values and their modulation can be most easily understood by evaluating a 

simple spin-echo pulse sequence (Figure 1.11). The basic spin-echo sequence 

consists of a 90° excitation RF pulse followed by a 180° refocusing pulse to 

maximize the subsequent echo. After the refocusing pulse at a time TE, the scanner 

records the signal induced in the receiver by the transverse component of the 

magnetization of the excited spins.  
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Figure 1.11. Spin-echo pulse sequence depicting TR and TE. 
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 The modulation of TE and TR relative to the 𝑻𝟏 and 𝑻𝟐 properties of the 

tissues allows for the precise control of tissue contrast known as “weighting”, and 

allows us to control which source of image contrast (𝑻𝟏, 𝑻𝟐, or 𝝆) contributes most 

to the image generated. This can most easily be appreciated by evaluating the 

model for signal intensity of a spin-echo sequence (𝑺𝑺𝑬). 

                                             𝑺𝑺𝑬  =  𝑲𝝆(𝟏 − 𝒆
−

𝑻𝑹

𝑻𝟏) 𝒆
−

𝑻𝑬

𝑻𝟐                            (Eq 1.6) 

Per Eq 1.6, it is readily apparent that 𝑻𝟏 effects are directly related to TR while 𝑻𝟐 

effects are related to TE. For example when TE is much shorter than 𝑻𝟐, 𝒆
−

𝑻𝑬

𝑻𝟐→ 1, 

and the 𝑻𝟏 component of the signal dominates; when TE is made longer than 𝑻𝟐, 

the exponential term remains and the 𝑻𝟐 contributes to the signal. The latter 

scenario accentuates the signal decay between tissues with different 𝑻𝟐 values and 

is thus called “𝑇2-weighting.”  Similarly when TR >> 𝑻𝟏, the longitudinal 

magnetization of protons in all the tissues have recovered from the  excitation 

pulse, and the 𝑻𝟏effects are nulled. Conversely, short TRs accentuate the 𝑻𝟏 effects 

resulting in 𝑇1-weighting. Finally, when TR is long and TE is short, both 𝑻𝟏 and 𝑻𝟐 

affects are minimized, making 𝝆 the dominant factor in 𝑺𝑺𝑬, resulting in “proton 

density weighting.” A summary of the TE and TR combinations that result in 

contrast weighting can be found in Figure 1.12. 
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Figure 1.12. Signal weighting based on TE and TR. 𝑇1-weighting results 

from a pulse sequence with short TE and TR, 𝑇2-weighting results from long TE 

and long TR, and proton density (rho, 𝜌) weighting results from short TE and long 

TR (A). This variation in sequence parameters results in images with differing 

tissue contrast (B). 
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Water Diffusion 

 Molecular diffusion, or Brownian motion, refers to the movement of a 

molecule in a fluid as it is perturbed by thermal energy in its environment. The 

global displacement of water molecules over time in a fluid is random, and is most 

easily described in statistical terms with a displacement distribution. This 

distribution describes the proportion of molecules that have moved in a specific 

direction for a specific distance over a specified time interval.  Diffusion of 

molecules in a homogenous medium is known to exhibit a Gaussian displacement 

distribution, represented as a sphere in 3D space, as there are no boundaries to 

prevent diffusion in any direction. Biological tissues are highly heterogeneous, in 

contrast, and consist of various compartments and barriers of different 

diffusivities.  Water diffusion is impeded by these barriers and takes a particular 

structure and orientation based on the shape and diffusivity of compartment in 

which it resides. The structure and orientation of water diffusion can be tracked 

using special MR techniques and used to describe a number of physicobiological 

properties of tissues that are of clinical importance in GBM. 

Magnetic Susceptibility and Gadolinium-based Contrast Agents 

 Magnetic susceptibility is a physical property that describes the extent to 

which a substance becomes magnetized when exposed to an external magnetic 

field. This property results because the movement of electrons in atomic orbitals 

generate an internal magnetic field that interacts with an external magnetic field. 

When these electrons are unpaired in their orbitals, a local net magnetic field is 

generated that augments the magnetic field, a phenomenon known as positive 
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susceptibility. Conversely, when electrons are paired in their orbitals, the opposing 

magnetic fields generated by the opposite spins negate a local net magnetic field, 

ultimately resulting in a diminishment of an external magnetic field. This is known 

as negative susceptibility. These materials are called paramagnetic and 

diamagnetic, respectively. Most tissues in the body, including water, are weakly 

diamagnetic and induce negligible susceptibility effects while metals like tungsten, 

cesium, and gadolinium are paramagnetic. 

    Paramagnetic materials like gadolinium have seen widespread use as 

contrast agents in MRI because of their ability to alter the relaxation of water in 

tissue. Gadolinium, the most commonly used paramagnetic element in clinical 

contrast agents, is a lanthanide that contains seven unpaired electrons in its 4f 

orbital, giving it a strong magnetic moment. The direct and indirect interaction of 

the magnetic moments of gadolinium-based contrast agents (GBCA) with the 

magnetic moments of RF-excited water protons causes a shortening of the 𝑻𝟏 and 

𝑻𝟐 in tissues where intravenous GBCAs accumulate. This ultimately results an 

accentuated 𝑻𝟏 signal in regions where GBCAs can diffuse; most notably, the blood 

vessels and regions where the blood vessels are highly permeable. This increase in 

𝑻𝟏 signal, or “contrast-enhancement” as it is generally termed, is useful in not only 

characterizing different types of lesions with MRI, but also evaluating a number of 

physiological properties with the technique, like blood flow, tissue perfusion, and 

vessel permeability (Figure 1.13). 
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Figure 1.13. Common water relaxation-based imaging techniques. 𝑻𝟏 

and 𝑻𝟐- weighted images highlight the intrinsic relaxation properties of the brain 

tumor without describing vascularity and vessel permeability. Intravenous (IV) 

administration of GBCAs allows for the identification of leaky brain tumor 

vasculature and characterizes a region of clinical importance. Tracking the flow 

and diffusion of GBCAs allows the computation of markers like cerebral blood flow 

that are useful in diagnosis and prognosis. 
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Chemical Shift 

 Chemical shift describes the subtle resonance frequency change observed 

for protons in a number of small molecules due to the local magnetic environment 

they experience as a product of the molecule’s electronic composition. This shift is 

unique for each molecular group and has been used for years by chemists to 

identify unknown compounds and elucidate molecular structures. In MR 

spectroscopy, this chemical shift can be used to identify and quantify the presence 

of a number of small molecules associated with a variety of intracellular processes.  

An understanding of chemical shift is essential for an appropriate appreciation of 

the MR imaging technique most prevalent in this work: spectroscopic MRI (sMRI).

 Physically, chemical shift is a displacement of the resonant frequency of a 

nucleus due to shielding created by the orbital motion of the surrounding electrons 

in response to the external magnetic field (𝑩𝟎). This shielding decreases the 

magnitude of the magnetic field that nuclei experience, and subsequently their 

resonance frequency.  This interaction with 𝑩𝟎 is local, however, only affecting the 

molecule and its functional groups. This is unlike magnetic susceptibility which is 

a global property describing the magnetic behavior of a material. In the presence 

of an external magnetic field, the effective field 𝑩𝒆𝒇𝒇 experienced by a nucleus is  

           𝑩𝒆𝒇𝒇  = 𝑩𝟎(𝟏 − 𝝈)                           (Eq. 1.7) 

where 𝝈 is a constant representing the electronic environment of the nucleus. If 

we propagate 𝑩𝒆𝒇𝒇 through Equation 1.1, we find that, indeed, resonance 

frequency is also affected.  

                                       𝝎𝒆𝒇𝒇  = 𝝎𝟎(𝟏 − 𝝈)                               (Eq. 1.8) 
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This displacement in resonance frequency in parts per million (𝜹) is generally 

expressed relative to a reference frequency (𝝎𝒓𝒆𝒇) and is given by 

                                             𝜹 =
𝝎𝑺−𝝎𝒓𝒆𝒇

𝝎𝒓𝒆𝒇
 x 106                                 (Eq. 1.9) 

where 𝝎𝑺 is the resonance frequency of the sample in question. In most in vivo 

spectroscopic imaging sequences, the reference resonance frequency is generally 

that of protons on H2O, but some sequences use organic small molecules that have 

negligible concentrations in the body.  

1.4.2. Conventional Imaging Sequences  

 With an understanding of the basic physical principles giving rise to MR 

signal and many of the process that can affect it, it is much easier to understand 

the variety of imaging sequences used for GBM management and the clinical 

significance each. The recommended imaging protocol for all brain tumors 

includes the following: Pre- and post-contrast 3D T1-weighted imaging, pre- and 

post-contrast 2D Axial T2-weighted FLuid Attenuated Inversion Recovery 

(FLAIR) imaging, and 2D Axial diffusion-weighted imaging (DWI) (66). 

Additional studies that may be of some use per response assessment guidelines 

include dynamic susceptibility perfusion weighted imaging, dynamic contrast-

enhanced permeability imaging, and proton magnetic resonance spectroscopy 

(67). 

Pre- and Post-Contrast T1-weighted Imaging 

 Contrast-enhanced, T1-weighted (CE-T1w) imaging sequences have been 

the standard for detection, characterization, and response assessment in GBM for 
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decades. A pre-contrast image is generally acquired before the IV administration 

of a GBCA to identify any 𝑻𝟏 native hyperintense regions (i.e. fatty collections, 

blood products, microcalcification) that may obscure contrast-enhancement. A 

bolus of GBCA at approximately 0.1 mmol/kg body weight is then administered IV 

at a rate of 1 mL/s, and a second “contrast-enhanced” T1w acquisition with the 

same imaging parameters is performed. Disruption of the blood-brain barrier 

(BBB) can lead to accumulation of these agents in the interstitial spaces 

surrounding the leaky vasculature, resulting in substantial 𝑻𝟏 shortening and 

increased signal intensity on T1w images (68). This phenomenon can be used to 

qualitatively observe regions of abnormally high signal as a surrogate marker of 

disease like malignancy, hemorrhage, or abscess (66).  

 Contrast-enhancement is of significant importance in the evaluation of 

gliomas as it has been shown not only to correlate significantly with glioma grade 

and mitotic activity, but also to show efficacy in predicting survival (69-71). 

Similarly, robust contrast-enhancement in the parenchyma is quite specific for the 

histological presence of GBM (75% - 100%) and the presence of a central region of 

low signal due to tissue necrosis is nearly pathognomonic for the disease (72-74). 

Not only does the presence of GBM cause an increase in the baseline permeability 

of the BBB, but significant angiogenesis and neovascularization associated with 

GBM results in an immature, leaky neovasculature (75). These structural 

abnormalities in the BBB allow GBCA leakage from the vascular space into the 

extravascular, extracellular space resulting in pronounced parenchymal 

enhancement. The hypointense region within the enhancing rim originates from a 

focus of hypoxic, tightly-packed glioma cells that outgrow their initial blood 
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supply, resulting in frank cell death and the observed necrosis (76).  Interestingly, 

a radiogenomic study by Naeini, et al. linked the volumes of the enhancing and 

necrotic regions of GBMs with the mesenchymal molecular subtype previously 

discussed. This suggests that the quantitative assessment of these tumor regions 

may not only describe underlying biological processes, but considering the 

significantly different prognosis of patients with mesenchymal subtype vs others, 

these values may also be useful in evaluating survival (77).   

Pre- and Post-Contrast T2-weighted FLAIR Imaging 

 Also standard for clinical diagnosis and monitoring of brain tumor are T2-

weighted (T2w) or T2w/FLAIR imaging. These imaging studies assist in the 

detection and characterization of a number of tumor characteristics and effects 

including vasogenic edema, mass effect, and tumor heterogeneity (68).  T2 

relaxation is, however, not highly affected at the concentrations of GBCA that reach 

the parenchyma in the brain; thus, the administration of GBCAs does not generally 

augment T2w imaging (65). Images can also help with the identification of 

hemorrhage due to the unique T2 properties of protons in blood breakdown 

products like hemosiderin or methemoglobin (68; 78).  An early study of T2w 

imaging sequences found that the overall accuracy of glioma grading by 

experienced neuroradiologists using T2w features alone was rather high (80% - 

94%) (68).  However, the abnormalities present in T2w imaging for GBM tend to 

be more severe in terms of intensity, size, and mass effect than those of lower grade 

gliomas. Moreover, studies have found that approximately 30% - 40% of contrast-

enhancing brain tumors originate from nonenhancing, T2w hyperintense regions 
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of MRI, sometimes even in the presence of antiangiogenic therapy (79; 80). Thus, 

T2w abnormalities observed in brain tumor patients not only describe tumor-

related effects, but also give insight into the location of potential contrast-

enhancement in both low-grade gliomas (LGGs) and GBM. 

 T2w/FLAIR sequences have an inversion recovery pulse for negating the 

signal acquired from protons in the cerebrospinal fluid (CSF) (81; 82). By applying 

a 180° preparatory pulse before applying the 90° excitatory pulse, the signal from 

a single tissue with a specific T1 can be nullified if the excitatory pulse is applied as 

the net magnetization vector of the tissue passes through the xy plane. Because this 

tissue has no longitudinal component to excite into the transverse plane, these 

spins are not excited into the xy plane to generate MR signal (Figure 1.14A).  For 

most tissues, the time at which the net magnetization vector crosses the xy plane 

after the 180° pulse occurs at the time 𝑻𝟏*ln 2.  The time between the null point 

and the 180° pulse is termed the inversion time (TI), and is unique for each tissue.  

Though this technique results in a lower signal-to-noise ratio than T2w sequences, 

the suppression of free water and CSF results in a T2w image that is sensitive to 

edematous or inflammatory changes in white matter (81; 82). 
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Figure 1.14. Mechanics of inversion recovery resulting in T2W/FLAIR 

images. The spins within the tissue that is selected for nullification are excited to 

the –z axis and have relaxed to the xy plane when the excitatory 90º pulse is 

applied, effectively preventing their contribution to the MR signal (A). When the 

90º pulse is set at the TI marked in B, the signal from the CSF and other free water 

is nullified, and a T2w/FLAIR image can be generated (C).  
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Diffusion-Weighted Imaging 

 One of the most widely used physiologic MR imaging sequences in glioma 

is DWI. This is because DWI offers insight into the tumor microenvironment by 

elucidating the diffusion properties of water within tumor and normal surrounding 

tissue (83-85). The diffusion of water through an inhomogeneous magnetic field 

causes a dephasing of proton spins resulting in a signal attenuation (SA) that is 

proportional to the distance traveled (Eq. 1.10). In MRI, SA can be generated 

using unidirectional diffusion-sensitizing gradients that dephase spins along a 

predetermined spatial axis following the relationship 

     𝑺𝑨𝒙  =  𝑺𝒐𝒆
−𝒃𝑫𝒙         (Eq. 1.10) 

 where 𝑺𝒐 is the baseline signal before the application of the sensitizing gradients, 

𝒃 reflects the strength and timing of these gradients, and 𝐷𝑥 describes the physical 

diffusion coefficient, a parameter describing the flux of water particles through a 

given area per unit time, along the x-axis.  Regions where water diffusion is limited, 

or “restricted”, due to impermeable membranes (i.e. grey matter) exhibit little SA 

while those where water diffuses freely, or is “unrestricted” (i.e. CSF), experience 

much more SA. Using the geometric mean of 𝐷𝑥, 𝐷𝑦, and 𝐷𝑧, a global statistical 

parameter known as the apparent diffusion coefficient (ADC) can be generated as 

follows 

     𝑨𝑫𝑪 =  −
𝟏

𝒃
𝐥𝐧

𝑺𝑫𝑾𝑰

𝑺𝒐
         (Eq. 1.11) 

 These diffusion measures provide information about tissue architecture and 

the orientation of intra- and extracellular spaces, and have shown considerable 

utility in describing parameters important to brain tumor management such as 
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tumor cellularity and nerve fiber orientation (86). In neuroimaging, restricted 

regions exhibit low ADC values, are dark on ADC maps, and are generally 

associated with regions of tightly compacted cells while unrestricted regions 

exhibit large ADC values, are bright on ADC maps, and are associated with the 

absence of cells. Clinically, the former represents tissues that have experienced an 

increase in intracellular water due to cytotoxic edema, as seen in cerebral 

infarction, or the reduction in the extracellular space due to increased cellularity, 

as seen in certain neoplasms (Figure 1.15) (87). 

Though DWI is a common sequence acquired in glioma, studies regarding 

its use in diagnosis and management have been ambiguous (86-90). The utility of 

DWI in discriminating between LGG and HGG is limited as there is significant 

overlap in ADC values from these populations. In a study by Kono et al., GBM and 

grade II astrocytomas exhibited significant differences in ADC values; however, 

the authors reported that neither voxel nor texture-based measures of ADC was 

able to identify peritumoral neoplastic cell infiltration in patients (91). Similarly, 

Fan et al. showed some utility of DWI metrics in differentiating anaplastic 

astrocytoma from other non-enhancing tumors, yet ultimately concluded that the 

observed ADC in the peritumoral regions of these tumor types were not 

significantly different (92). Though the addition of diffusion measures using DWI 

to routing imaging may increase our understanding of the tumor 

microenvironment and contribute to diagnostic accuracy, the use of DWI for 

glioma measurement is quite limited, and DWI-guided therapy has failed to reach 

any meaningful clinical implementation (91). 
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Figure 1.15.  Impact of cellularity on water diffusion and DWI/ADC 

intensity. Low cellularity allows for the water molecules (blue circles) to flow in 

the extracellular space more freely resulting in high ADC (A). Higher cellularity 

(black circles) limits the extracellular space in which water can diffuse resulting in 

low ADC (B). Reproduced from O’Flynn E.A., et al. 2011, Breast Cancer Res. 2011 

13(1). DOI: 10.1186/bcr2815 under the Creative Commons Attribution (CC BY) 

license (93). 
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Perfusion-Weighted Imaging 

 An advanced MR imaging technique that has seen incredible development 

and clinical utilization in the last decade for glioma is that of perfusion-weighted 

imaging (PWI). Using the two main methods of PWI, T2w dynamic susceptibility 

contrast-enhanced (DSC) perfusion and T1w dynamic contrast-enhanced (DCE) 

imaging, physicians can evaluate and quantify a number of parameters describing 

the tumor vasculature. These methods rely on the IV injection of a GBCA bolus and 

describe the distribution of these tracers, in terms of T1 and T2 contrast changes, 

within bodily tissues over time.  Regions with abnormal perfusion (e.g. tumor 

vasculature) show abnormal signal changes over time from which quantitative 

parameters can be derived describing various properties including blood volume 

and flow as well as blood vessel permeability and surface area. 

 DSC imaging begins with the administration of an IV GBCA bolus followed 

by a series of rapid image acquisitions over a given region of interest (e.g. the 

brain). As the contrast agent passes through the regional circulation, it generates 

local magnetic field distortions that result in spin dephasing, and consequently, 

signal loss.  By measuring signal intensity over time and utilizing the relationship 

between the GBCA concentration ([GABC]) and the T2-relaxation rate (ΔR2), a 

concentration-time curve (Figure 1.16) can be generated using 

   [𝑮𝑩𝑪𝑨]  ∝   ∆𝑹𝟐 = −
𝟏

𝑻𝑬
𝐥𝐧

𝑺𝒕

𝑺𝒐
        (Eq. 1.12) 

where 𝑺𝒐 is the baseline signal in a given voxel and 𝑺𝒕 is the signal at time 𝒕 at the 

same voxel.  
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Figure 1.16. Examples of a concentration-time curve and AIF for a DSC 

perfusion experiment. 
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 From this concentration-time curve, a number of perfusion parameters can 

be computed with various physiological meanings and uses. For example, it is well 

established that, ignoring recirculation effects, the volume of blood that passes 

through a voxel, or the cerebral blood volume (CBV), can be computed as the area 

under the concentration-time curve (𝑪𝒕𝒊𝒔𝒔𝒖𝒆), or  

        𝑪𝑩𝑽 ∝  ∫ 𝑪𝒕𝒊𝒔𝒔𝒖𝒆
∞

𝟎
(𝒕)𝒅𝒕                  (Eq. 1.11) 

Moreover, one can approximate the flow of blood passing through a voxel, or the 

cerebral blood flow (CBF), if information describing the temporal shape of the 

input concentration curve, also known as the arterial input function (AIF), is 

available. Because the AIF is different for every voxel and cannot be directly 

measured, it is generally estimated by measuring the concentration-time curve in 

a large feeding artery of the brain, like the middle cerebral artery, and applying this 

function to all voxels of the brain. As 𝑪𝒕𝒊𝒔𝒔𝒖𝒆 is a combination of the AIF and 

inherent tissue properties, a mathematical operation known as deconvolution, a 

topic that is beyond the scope of this work, is employed to separate these effects. 

By definition, CBF is the magnitude of the first time point of the solution of 

                𝑪𝑩𝑭 ∗ 𝑹(𝒕)  =  𝑭𝑻−𝟏 (
𝑭𝑻(𝑪𝒕𝒊𝒔𝒔𝒖𝒆(𝒕))

𝑭𝑻(𝑨𝑰𝑭(𝒕))
)                   (Eq. 1.13) 

where 𝑹(𝒕) represents the residual function after deconvolution while 𝑭𝑻  and 

𝑭𝑻−𝟏 represent the one-dimensional forward and inverse Fourier transforms. Both 

CBV and CBF are routinely used clinically to identify regions of abnormal 

perfusion and vessel architecture in a number of pathologies including ischemia 

and neoplasia. 
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 While DSC is based on the T2-relaxivity properties of GBCAs and describes 

first-pass parameters like flow and volume, DCE relies on the T1 relaxivity 

properties of GBCAs and describes the dynamic features of BBB contrast agent 

leakage. Like with DSC, a direct association between GBCAs and signal intensity 

allows for the generation of concentration-time curves, though the explicit 

relationship between the two varies based on the methods used to model tracer 

dynamics (94). Regardless of the model, many of the parameters derived using 

DCE can be appreciated within the context of a simple two-compartment 

pharmacokinetic model (Figure 1.16) describing the flow of GBCAs from the 

plasma to the tissue space. Per this model, the concentration of GBCA in the tissue 

(𝑪𝒕) is associated not only with the concentration of tracer within the plasma (𝑪𝒕) 

and the extravascular, extracellular space (EEC), but also permeability and surface 

area of blood vessels within the imaging voxel according to 

       
𝒅𝑪𝒕

𝒅𝒕
 =  𝑷𝑺 (𝑪𝒑 −

𝑪𝒕

𝒗𝒆
)                  (Eq. 1.13) 

where 𝑷 is permeability, 𝑺 is the surface area per unit mass, and 𝒗𝒆 is the EEC 

volume fraction. Though 𝑷 and 𝑺 can be evaluated separately, the exact 

relationship between the two can be difficult to determine, so most models 

condense them into a 𝑲𝒕𝒓𝒂𝒏𝒔 term describing tracer transport from the capillary 

(Figure 1.17).  
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Figure 1.17. A basic two-compartment model of Ktrans. This model 

describes the flow of GBCAs from the intravascular space to the tissue space which 

is composed of the extravascular extracellular space (EEC) and the intracellular 

space (IC). 
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The hemodynamic parameters generated using PWI are increasingly used 

as diagnostic aids and for monitoring therapeutic response in patients with glioma 

as vascular morphology and the degree of angiogenesis have been shown to 

correlate with the biological aggressiveness of gliomas (69; 95-97). Several studies 

have shown statistically significant correlations between tumor CBV glioma grade, 

tumor vascularity, histopathology, and OS with GBM showing much greater CBVs 

than any other tumor (98-102). Similarly, high pretreatment vessel permeability 

(elevated 𝑲𝒕𝒓𝒂𝒏𝒔) has been associated with worse PFS and OS (103). CBV has also 

been reported to be elevated in regions considered to be robustly infiltrated with 

tumor outside of contrast-enhancement in T2/FLAIR abnormalities (104). 

Interestingly, a study combining both DSC and DCE in GBM found that 𝑲𝒕𝒓𝒂𝒏𝒔 and 

CBV both correlated significantly with OS even though each metric describes 

different hemodynamic phenomena. Additionally, PWI has been used to evaluate 

treatment response in patients with HGG, particularly those with apparent 

radiation necrosis, though the relationship between hemodynamics, recurrence, 

and radiation necrosis in GBM is not yet clear (104-107).   

1.4.3 MRI in GBM Standard-of-Care Therapy  

 Treatment of patients with GBM is traditionally divided into surgical, 

radiotherapeutic, and chemotherapeutic modalities.  Currently, the standard-of-

care for newly diagnosed GBM consists of maximal safe surgical resection followed 

by 60 Gy fractionated RT plus concomitant and adjuvant TMZ (9; 108). MRI plays 

an integral role in GBM management from diagnosis and treatment planning to 

prognosis and response assessment. What follows is a brief description of the use 
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of MRI in surgical and RT intervention as well as response assessment in patients 

with GBM. 

Surgical Therapy 

 The central goals of GBM surgery are to sample tissue for histological 

diagnosis, relieve mass effect by maximizing the removal of neoplastic tissue while 

minimizing collateral damage to surrounding brain and vascular structures, and 

support adjuvant therapy by decreasing the tumor burden (1). These goals are 

generally accomplished with a craniotomy whereby a surgeon excises a substantial 

amount of tumor tissue through a relatively large surgical opening in the skull. If 

craniotomy is contraindicated, as in the case of an inoperable tumor that lies in 

critical brain structures, the surgeon may opt to obtain a small amount of tissue 

for histological diagnosis with a needle biopsy without tumor debulking. When 

craniotomy is possible, the surgeon must attempt to remove as much of the tumor 

as safely possible as many studies have shown substantial survival benefits for 

patients that have a large proportion of their tumor removed, or high extent-of-

resection (EOR) (109).  In GBM, as with all HGGs, the resection target is the 

contrast-enhancing component of the tumor on CE-T1w MRI.  

 Regardless of the procedure performed (biopsy or craniotomy), it is 

imperative that at all times the surgeon have firm grasp of the tumor distribution 

in the brain while in the operating room. One of the most widely used methods to 

do this is to use an intraoperative stereotactic neuronavigation with MRI guidance. 

This technique relates the position of the surgeon’s instrument in space to the 

location of intracranial structures on MR images by establishing a fiducial-spatial 

coordinate system similar to that used in global positioning devices (Figure 1.18) 
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(110). Using fiducial markers on each instrument as a reference, the navigation 

tower is able to triangulate the position of the instrument relative to specific 

intracranial structures, like tumor or ventricle, within image space (111). This 

allows the surgeon not only to visualize the neoplastic tissue with his eye, but also 

direct resection or biopsy based on neuroimaging findings displayed on a monitor 

at the bedside. The ability to perform real-time intraoperative guidance increases 

the accuracy and safety of resection and biopsy, and such technology has become 

a standard in neurosurgery around the world (110). 
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Figure 1.18. Neuronavigation using frameless system with instrument 

fiducials.  
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One of the central challenges in GBM surgery is that neoplastic tissue 

detected using MRI is often indistinguishable from normal brain. Studies 

evaluating the extent of brain tumor resection highlight the fact that in many cases, 

especially in diffusely invasive brain tumors, a significant amount of residual 

tumor remains even after GTR, with deleterious effects on patient outcome (46-

48; 112-114). Moreover, surgeons have a limited ability to predict when all 

resectable tumor has indeed been removed. Consequently, a variety of technologies 

have been developed to improve surgical outcomes. Retrospective analyses suggest 

that intraoperative MRI, an approach in which brain tumor resection is performed 

in a highly specialized surgical suite containing an MRI machine, improves EOR 

and outcome (115; 116). Intraoperative dyes, near infrared and visible, have been 

proposed as a means of identifying tumor margins intraoperatively, and recently a 

clinical trial has demonstrated that the use of a fluorescent dye may improve the 

EOR and six-month PFS in GBM patients (50). A number of efforts are underway 

to use dye-based and label-free intraoperative microscopy to improve the 

surgeon’s ability to distinguish tumor-infiltrated brain from noninfiltrated tissue. 

Radiation Therapy 

 The most effective adjuvant therapy for GBM after surgery is high dose 

external beam RT. The optimal RT dosing regimen for GBM treats a wide margin, 

including nonenhancing T2-weighted (T2w) or T2w/FLAIR-hyperintense regions 

to a moderate dose (45-54 Gy), and boosting the resection cavity and any residual 

CE-T1w abnormality to a higher dose (60 Gy) (117; 118). This is generally given in 

thirty, 2 Gy fractions five times per week using an intensity-modulated technique 
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that prevents high doses from being given to critical structures like the brain stem 

and the optic nerves.  

 There are three main volumes considered in RT planning: the gross tumor 

volume (GTV), the clinical target volume (CTV), and the planning target volume 

(PTV). The GTV1 describes the position and extent of the primary tumor 

encompassing any contrast-enhancing tissue as well as the resection cavity if 

present on CE-T1w images. The CTV1 surrounds the GTV and describes the extent 

of microscopic, occult tumor spread; this is generally accomplished by adding a 

uniform margin to the GTV. Once these two volumes are established, the third 

volume, the PTV1, which allows for uncertainties in planning or delivery, must be 

added, and the normal tissue structures in the vicinity of the target must be 

considered. All three of these target volumes are generated for the contrast-

enhancing lesion as well as any edematous T2-hyperintense abnormality 

surrounding it (GTV2, CTV2, and PTV3), resulting in six total tumor regions-of-

interest (ROIs). 

 While RT has long been used in the treatment of GBMs and will delay their 

progression, it generally will not control these tumors long term. Recurrence is 

largely due to the infiltrative nature of the tumor, with cells traveling to regions 

distant from the central contrast-enhancing regions. Because of this, regions of 

nonenhancing signal abnormality on T2w images are covered in a typical RT 

treatment plan too, albeit with moderate doses. However, T2w/FLAIR is not tumor-

specific due to difficulties in differentiating nonenhancing tumor from other 

causes of increased FLAIR or T2 signal (e.g. radiation effects, ischemic injury, 

edema, and infection) (119; 120). T1w-contrast-enhanced MRI displays the leaky 
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neovasculature associated with these tumors, indicating well-perfused tumor 

lesions with excellent oxygen and chemotherapeutic drug delivery.  Despite the 

constant effort of tumor cells to recruit new blood vessels (neoangiogenesis), there 

is a significant gradient of oxygen. Hypoxia occurs in tumors 100 µm away from 

the blood supply, and tends to be widespread in GBMs. The viable hypoxic cells 

existing in solid tumors are associated with the failure of radiation and certain 

chemotherapy regimens due to the absence of reactive oxygen species (121). This 

combination of occult infiltration and RT resistance due to hypoxia severely limits 

the efficacy of RT in GBM management. 

Therapy Planning: Limitations of Standard MRI 

 As previously stated, the primary target for resection and high dose RT is 

contrast-enhancing tissue on CE-T1w imaging. Contrast-enhancing tissue is 

targeted because diffusion of contrast into the parenchyma is indicative of the 

leaky neovasculature associated high-grade tumor (122). However, intravenous 

contrast agents do not effectively reach tumor regions beyond this neovasculature, 

leaving large portions of viable tumor unseen (123). Unfortunately, these occult 

neoplastic foci are highly infiltrative and are largely credited with initiating GBM 

recurrence (67).  The presence of contrast-enhancement in a brain tumor is often 

regarded as an indication of higher grade (grade III and IV). However, Scott et al. 

reported that nonenhancing gliomas were malignant in approximately one third of 

cases, in a sample size of 314 patients (124). In a cohort of 20 patients, Kondziolka 

et al. found that MRI cannot be used as a reliable tool to predict the histological 

diagnosis of low grade versus high grade astrocytoma (50% false-positive rate) 
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(125). From a study of 393 patients using an international multicenter brain tumor 

MRI database, the value of routine MRI in the classification of brain tumors in 

terms of both cell type and grade was estimated to be 65% for sensitivity and 95% 

for specificity in high grade tumors (126). Perhaps the use of contrast-

enhancement as the sole target in surgery and the primary target in RT is the 

reason that approximately 80% of patients with GBM recur within 2 cm of their 

original tumor (127). 

 To account for the occult infiltration not seen with CE-T1w imaging, regions 

of T2w/FLAIR abnormality are covered for RT with added margins. Determining 

the boundary of T2-hyperintensities can be challenging, however, as the edges are 

not discrete and fade into normal tissue especially on low resolution images. This 

is because changes in T2 relaxation due to disease are quite subtle and GBCAs do 

not have a strong T2 relaxivity (128; 129). Furthermore, T2w/FLAIR suffers from 

limited specificity as nonenhancing tumor is difficult to differentiate from other 

tumor-related abnormalities (e.g. vasogenic edema, ischemic injury, and infection) 

(69; 119; 120; 130; 131). Moreover, using the entire T2/FLAIR abnormality to 

define a GTV2 often translates into a CTV2 and PTV2 that cover a large portion of 

the brain resulting in doses of ionizing radiation above the dose/volume tolerance 

of normal tissue (132; 133).  

1.4.4 MRI in Glioma Response Assessment 

 The evaluation of GBM treatment rests on either the duration of patient 

survival or some measure of radiographic response, most often the presence of 

tumor-associated findings on MRI (134). Thus, serial imaging with CE-T1w and 
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T2/FLAIR at 1-3 month intervals is the mainstay for assessing treatment response 

in these patients.  Clinical response is generally graded using a myriad of imaging 

and clinical features per the guidelines set forth by the McDonald or Response 

Assessment in Neuro-Oncology (RANO) criteria (67; 135).  

 Using the product of the two largest orthogonal tumor diameters on CE-T1w 

images, the McDonald method denotes progression as a 25% diameter-product 

increase on two consecutive contrast-enhanced T1-weighted MRI scans. However, 

the limitations of this method have been reviewed in detail and include: a difficulty 

measuring irregularly shaped tumors, a lack of assessment of the non-enhancing 

tumor, and a lack of guidance for the assessment of multifocal tumors (136). To 

overcome the limitations of the McDonald criteria, the RANO criteria added the 

following to a diagnosis of progression: a significant increase in T2/FLAIR 

nonenhancing lesions on stable/increasing doses of corticosteroids compared with 

baseline scan or best response after initiation of therapy; the appearance of any 

new lesions; clear progression of non-measurable lesions; or definite clinical 

deterioration not attributable to other causes apart from the tumor, or to decrease 

in corticosteroid dose (67).  

Response Assessment: Limitations of Standard MRI 

 The substantial dependence of the McDonald and RANO criteria on the use 

of CE-T1w presents a significant limitation in terms of response assessment. First, 

the addition of TMZ to RT severely complicates interpretation of standard imaging 

and increases the likelihood of false progression. About 40% of patients receiving 

RT and TMZ experience “early progression” seen as increased contrast-enhancing 
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areas on follow-up T1-weighted images using the MC (4; 137). More than half of 

these cases, however, turn out to be pseudoprogression (PsP) -- a TMZ+RT-

induced, inflammatory reaction resulting in increased vessel permeability and 

larger contrast-enhancing regions that are not associated with tumor progression 

and clinical deterioration (57). Consequently, a large fraction of patients that 

would not show progression on histopathology are treated as non-responders with 

large steroid and TMZ doses for up to four months before pseudoprogression is 

determined. Lastly, enhancement can be influenced by changes in corticosteroid 

dose, antiangiogenic therapies, and radiologic techniques. Thus, medications and 

imaging studies prescribed for supportive and adjuvant reasons may affect 

response assessment using CE-T1w imaging.  

 The additions that came with the RANO criteria, along with the authors’ 

avid recommendation of volumetric tumor measurement, broadened the 

definition of progression by including corticosteroid dosage, and addressed the 

imaging concerns associated with multifocal and non-enhancing tumor. However, 

the increasing use of new molecularly-targeted agents further diminishes the 

reliability of standard MRI in response determination. The recent addition of 

epigenetic and vascular modulators to GBM treatment –like histone deacetylase 

inhibitors (HDACi) and bevacizumab (BEV), further complicate response 

monitoring in this way. For example, HDACi antagonize histone deacetylases 

(HDAC), altering histone acetylation profiles and modulating gene expression 

causing vast changes in global cellular metabolism resulting in cytostasis rather 

than cell death (138-140). However, since HDACi’s are not overtly cytotoxic, tumor 

and vascular morphology remains relatively unchanged, limiting the usefulness of 
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CE-T1w imaging. On the other hand, BEV is a monoclonal antibody directed to 

VEGF which ultimately decreases BBB permeability, a phenomenon that hides 

what limited contrast-enhancing tissue is present (67; 141; 142). This image 

obscuring response to BEV therapy has been termed pseudoresponse (PsR). 

Though BEV is FDA approved as salvage therapy due to its relief of mass effect and 

increase in quality of life, it unfortunately has not been shown to confer an OS 

benefit for GBM in randomized clinical trials (143). The gene expression and 

physiologic changes associated with HDACi and BVZ confound the interpretation 

of conventional imaging, leading to equivocal findings and, consequently, halt any 

meaningful changes in anti-tumor therapy during the immediate post-RT period.  

 Another source of confounding in GBM response assessment concerns the 

MR-based spatial measurement method set forth in both the McDonald and RANO 

response criteria. Using the product of the two largest orthogonal tumor diameters 

measured by a radiologist, these methods denote progression as a 25% diameter-

product increase on two consecutive CE-T1w scans (67; 144).   However, the 

limitations of this linear measurement method have been reviewed in detail and 

include a difficulty measuring irregularly shaped tumors and a lack of guidance for 

the assessment of multifocal tumors (136). Moreover, GBMs are inherently 

heterogeneous in shape and composition, comprised of various tumor grades, 

necrotic tissue, and areas of tumor-infiltrated yet morphologically normal tissue, 

they are incredibly difficult to classify in this manner. Additionally, gliomas are 

often heterogeneously enhanced upon contrast injection, and enhancement is not 

uniform across a patient population complicating longitudinal analysis this way. 

Lastly, this method does not account for the changes associated with residual 
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tumor volume expansion upon hemispheric debulking or the infiltration of blood 

products into the resection cavity postoperatively: parameters that must be 

considered by the attending neuroradiologist. This is both subjective and time 

consuming. Unfortunately, the use of these criteria for evaluating GBM response 

in clinical trials may result in a gross skewing of response rates and PFS measures 

due to this inaccurate method of volume determination. 

1.5 Molecular Imaging in Glioma 

 Per the Society of Nuclear Medicine and Molecular Imaging (SNMMI), a 

community committed to the development, improvement, and expansion of 

molecular imaging for the betterment of health care services, molecular imaging is     

 “ a type of medical imaging that provides detailed pictures of what is                   

 happening inside the body at the molecular and cellular level (145).” 

Where other diagnostic imaging procedures – including x-rays, CT, and ultrasound 

– generate images describing physical structure or physiology, molecular imaging 

gives insight on how the body is functioning at a chemical and cellular level. With 

many molecular imaging modalities these biological phenomena become 

quantifiable allowing clinicians and scientists to objectively evaluate the molecular 

and cellular ongoings within the body using all 3 spatial dimensions in a non-

invasive manner. Using the information obtained from molecular imaging studies, 

scientists and healthcare providers are able to gain better understanding of 

molecular pathways in disease, quickly assess new drugs, improve and personalize 

the selection of therapy, accurately monitor patient response to therapy, and 

identify individuals at risk for certain diseases.  
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 Glioma has received significant interest in the field of molecular imaging as 

a disease where the understanding of molecular and cellular phenomena is 

essential to effectively diagnosing and treating patients. For example, the 

molecular characterization of gliomas using positron emission tomography (PET), 

single photon emission CT (SPECT), and MR spectroscopy (MRS) are changing the 

way that gliomas are defined and assisting in the non-invasive determination of 

tumor grade and prognosis (146; 147).  Intraoperatively, fluorescent dyes and 

probes are used as optical tracers to identify the presence of cancerous tissue in 

real-time and precisely guide the resections of tumor tissue at the contrast-

enhancing margins (148). After surgery and/or RT, amino acid PET shows 

excellent promise in being able to differentiate tissue changes due to treatment and 

changes due to malignant transformation or infiltration. Molecular imaging has a 

potential role to play during every phase of glioma management, from diagnosis to 

response assessment. There is no doubt that the emerging molecular imaging 

technologies for imaging, especially those that can accurately define tumor 

metabolism, with have a great impact on the management of patients with glioma 

and will facilitate the development of more effective biological treatment 

strategies.  

 As molecular imaging is a vast, ever-evolving field, a complete discussion of 

each technique and its uses in glioma is beyond the scope of this thesis. However, 

a detailed introduction to two molecular imaging methods at the center of the 

dissertation work is essential for a complete understanding of the chapters to 

come. These two techniques are intraoperative fluorescence microscopy and high-

resolution, whole-brain spectroscopic MRI (sMRI). 
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1.5.1 Intraoperative Optical Imaging 

 Intraoperative optical imaging (IOI) utilizes infrared, visible, and/or 

ultraviolet light to identify and describe tissue of interest in the operating room in 

real time. Using the physicochemical properties of compounds within tissue or 

exogenous tracers administered beforehand, surgeons can visualize tissue with 

specific metabolic characteristics or expression profiles using the light remitted 

after tissue excitation. Superior spatial and temporal resolution along with the ease 

with which it can be integrated into the operating room environment and workflow 

make IOI an ideal method for assisting tumor resections.  This is why a significant 

amount of work has been done to develop and apply IOI to the resection of gliomas 

over the past decade (148). The IOI probe that has seen the most development and 

greatest clinical success in glioma surgery is 5-aminolevulinic acid (5-ALA), an oral 

prodrug that is converted to the fluorescent compound in glioma cells, permitting 

real-time intraoperative visualization of malignant tissue with fluorescence 

microscopy. 

5-Aminolevulinic Acid 

  5-ALA is a naturally occurring molecule that is found in humans, and is 

necessary for some basic physiological processes (149-151). The metabolism of 

aminolevulinic acid (ALA) is the first step in the biochemical pathway resulting in 

heme synthesis (Figure 1.19A). Aminolevulinic acid is not a photosensitizer, but 

rather a metabolic precursor of protoporphyrin IX (PpIX), which is a 

photosensitizer. The synthesis of 5-ALA is normally tightly controlled by feedback 

inhibition of the enzyme, 5-ALA synthetase, presumably by intracellular heme 
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levels. 5-ALA, when provided to the cell, bypasses this control point and results in 

the accumulation of PpIX, which is converted into heme by ferrochelatase through 

the addition of iron to the PpIX nucleus (152-157).  
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Figure 1.19. Heme biosynthetic pathway leading to the accumulation of 

PpIX. PpIX accumulates within glioma cells for a number of reasons, most 

notably decreased ferrochelatase and increased PBG deaminase activity (A). Upon 

excitation at ~405 nm, fluorescence helps the surgeon visualize infiltrating glioma 

tissue unseen under white light (B and C). Panel A reproduced from Ishikawa, T., 

et al. (2011) Pharmaceutics 3(3), DOI:10.3390/pharmaceutics3030615 under the 

Creative Commons Attribution (CC BY) license (158). 
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Approximately 350 mg of ALA is synthesized in humans each day for 

endogenous heme production, and the oral administration of exogenous 5-ALA 

results in the production of high intracellular (mitochondrial) concentrations of 

PpIX (159). It is preferentially taken up by the liver, kidney, endothelia and skin as 

well as by malignant gliomas (WHO grade III and IV) resulting in an accumulation 

of PpIX in these tissues (160). Four hours after oral administration of 20 mg/kg 

body weight 5-ALA, the maximum PpIX plasma level is reached. This level rapidly 

declines during the subsequent 20 hours and is not detectable anymore 48 hours 

after administration.  5-ALA is eliminated quickly with a terminal half-life of 1-3 

hours. Approximately 30% of an orally administered dose of 20 mg/kg body weight 

is excreted unchanged in urine within 12 hours. 

 Malignant glioma tissue (WHO grade III and IV) has also been 

demonstrated to synthesize and accumulate porphyrins in response to 5-ALA 

administration (160). The concentration of PpIX is significantly lower in white 

matter than in cortex and tumor, though normal tissue surrounding the tumor may 

also exhibit a small amount of PpIX accumulation (161; 162). Fortunately, 5-ALA 

induced PpIX formation is significantly higher in malignant tissue than in normal 

brain. At the recommended oral dose of 20 mg/kg body weight, tumor to normal 

brain-fluorescence ratios are usually high and offer lucid contrast for visual 

perception of tumor tissue under violet-blue light for at least 9 hours (Figure 

1.19B and C). In contrast, in low-grade tumors (WHO-grade I and II) no visible 

fluorescence is generally observed though spectroscopic tools can identify the 

presence of PpIX in tumor tissue. The phenomenon of PpIX accumulation in WHO 

grade III and IV malignant gliomas may be explained by higher 5-ALA uptake into 
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the tumor tissue or an altered pattern of expression or activity of enzymes (e.g. 

increased PBG deaminase and decreased Ferrochelatase) involved in hemoglobin 

biosynthesis in tumor cells. Explanations for higher 5-ALA uptake include a 

disrupted blood-brain barrier, increased neo-vascularization, and the 

overexpression of membrane transporters in glioma tissue.  

 After excitation with blue light (λ=400-410 nm), PpIX is strongly 

fluorescent (peak at λ=635 nm) and can be visualized after appropriate 

modifications to a standard neurosurgical microscope (163). Fluorescence 

emission is generally described as intense (solid) red fluorescence for solid tumor 

tissue and vague pink fluorescence for infiltrating. Conversely, normal brain tissue 

reflects the violet-blue light and appears blue because it lacks an elevation in PpIX. 

The positive predictive value of tissue fluorescence for identifying malignant 

histology in biopsy samples is quite high, ranging from 90% to 98% in a number 

of qualitative and quantitative trials (161; 164-166). The sensitivity and specificity 

of fluorescence, though not quite as high, are still considerable ranging from 75% 

- 90% and 71% - 96%, respectively. Comparative studies have found that FGS can 

identify tumor tissue outside of contrast-enhancement, but also that the tumor 

detection rate (per histopathological classification) in GBM is higher for 5-ALA 

fluorescence than with neuronavigation or intraoperative MRI (167-169). Taken 

together, these studies suggested that fluorescence accurately described the 

presence of tumor cells in tissue, thus solidifying its utility as an intraoperative 

marker for malignant glioma tissue with the aim of improving the surgical 

resection of these tumors. 
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 A European Phase III randomized, controlled multicenter trial 

demonstrated a significant clinical benefit to patients who underwent 

fluorescence-guided surgery (FGS) of their malignant glioma after 5-ALA 

administration compared to those who underwent conventional resection (50). A 

larger number of “complete” resections (defined as absence of contrast-enhancing 

tumor as revealed by early postoperative MRI) was achieved using FGS (65% vs 36 

%) than with conventional microsurgery (50; 51; 170).  In addition, the trial showed 

a significantly greater 6-month progression free period (41% vs 21%) and no 

significant drug-based toxicity. Interim analysis resulted in the early detection of 

statistical significance with primary endpoints being the number of patients 

without contrast-enhancing tumor on MRI (within 72 hours of surgery) and 6-

month progression free survival. Continued enrollment in the pivotal trial resulted 

in reproduction of the endpoints upon trial completion. 

 The Stummer trial supported market approval and deployment under a risk 

management program in Europe, and ultimately a myriad of follow-up studies on 

the technique (171). Since then, 5-ALA studies from around the world have shown 

that high EOR, particularly those approaching gross-total-resection (GTR), 

portend significant increases in OS (≈1-8 months) relative to subtotal resection 

even when known confounders like age and performance status are controlled (42; 

43; 52; 172-174). Furthermore, many studies that have failed to reach significance 

show non-significant trends in survival supporting aggressive resection (175; 176).  

Taken as a whole, the current collection of work sets forth evidence –at the level 

2b per the Oxford Center for Evidence-based Medicine –calling for larger, 
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prospective GBM brain tumor resection studies in the United States to more 

accurately elucidate 5-ALA and EOR’s effect on patient outcomes.  

1.5.2 Magnetic Resonance Spectroscopy 

 Proton magnetic resonance spectroscopy (1H-MRS) is an analytical method 

that enables the identification and quantification of small molecules non-

invasively in vivo. MRS is the in vivo application of nuclear magnetic resonance 

(NMR), a technique long used by physicists and chemists to investigate the 

magnetic moments of nuclei and elucidate the physical structure of small organic 

molecules, respectively. Similar to MRI, the hydrogen atom is generally used as the 

signal source in MRS as it is the most abundant, naturally occurring nucleus with 

a magnetic moment in human tissue and has a high gyromagnetic ratio (177). MRS 

differs from conventional MRI, which is only sensitive to the relaxation of protons 

in water molecules, in that signal from unique protons on a number of small 

molecules is recorded over time, providing spatially-encoded chemical 

information (178). As such, every spatial location is filled with a chemical shift 

spectrum describing the signal received from a myriad of molecular species within 

the imaging voxel (Figure 1.20). These spectra are significantly altered in many 

neurological disorders reflecting the alteration of a number of biological processes 

including cellular energetics, protein synthesis, phospholipid metabolism, and 

more (179). 

 Spectra of metabolites are shown on x and y axes where x represents the 

chemical shift of the metabolites in units of parts per million (ppm) and y 

represents the arbitrary signal amplitude of the metabolites. Based on convention, 
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the ppm increases from right to left. The height of each metabolite peak refers to a 

relative concentration and the area under the curve to metabolite concentration 

(180). Although the resonance frequency of each nucleus changes with the main 

magnetic field (Eq 1.7 and 1.8), the shift at which a specific metabolite is seen is 

the same regardless of field strength (Eq 1.9).  
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Figure 1.20. Characteristic spectra from MRS. MR spectra from normal and 

ischemic brain give spectra with structural differences indicating a change in the 

molecular profile of the tissue. 
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 What follows is a technical discussion of the aspects that require special 

consideration in spectroscopy, methods used to optimize MRS acquisition, 

categories of MRS sequences, and important factors in data processing. It should 

be noted that the physics governing the signal excitation and acquisition are the 

same as outlined in 1.4.4 (Chemical Shift section), and the only difference in each 

technique is the RF pulse sequence and field gradient magnitude/orientation.  

Though this section is by no means comprehensive, it should give an adequate 

introduction to important concepts in spectroscopic acquisitions, the differences 

in spectroscopic methods, and the pros/cons of each approach. 

1.5.3 Spectroscopic Magnetic Resonance Imaging 

MR Spectra 

 Each peak in the chemical shift signal represents a proton or set of protons 

on a small molecule that exhibits a unique resonance frequency. However, the 

signal from any specific metabolite protons does not occur at a single Larmor 

frequency, but is spread out over a narrow range of frequencies due to the T2 

relaxation and magnetic field inhomogeneity within the voxel. T2 relaxation that 

occurs during the acquisition period causes a spreading of the peak in the temporal 

frequency domain, which is characterized by the linewidth (full width at half 

maximum) of the peak. Also, the range of magnetic field values within the voxel 

result in a range of Larmor frequencies, and this range of Larmor frequencies is 

manifested in a spreading of the chemical shift peak. Similarly, interactions 

between the atomic nuclei of neighboring chemical groups within the same 

molecule causes each peak to be broken down, or “split”, into a set of peaks 
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(doublet, triplet, multiplet). This is called J-coupling and results in a fixed 

frequency shift between peaks independent of magnetic field amplitude. 

There are a limited number of metabolites that can be investigated with 

MRS as only those with appreciable concentrations in the brain that exhibit shifts 

between the water and lipid resonance frequencies are considered. Even given 

these limitations, several small molecules describing a number of metabolic and 

cellular processes can be evaluated by identifying the chemical shift peak 

pathognomonic for each metabolite. A limited list of metabolites that are generally 

evaluated using standard brain MR spectroscopy can be found in Table 1.2 along 

with the chemical shifts of their most descriptive peak, their T2 length, and the 

roles with which they are associated in tissue.  
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Table 1.2.  Metabolites observed with proton MRS with chemical shifts, 

T2 length, and role within tissue. 

 

 

 

 

 

 

 

Metabolite Abbrev PPM T2 length Role

Myo-inositol MI 3.6 Short Glial marker/osmolyte

Choline CHO 3.2 Long
Phospholipid biosynthesis, PLC 

signaling

Creatine Cr 3.0 Long Cellular Energtics

Glutamine/

Glutamate
Glx 2.1-2.5 Short Excitatory neurotransmitter

N-acetylaspartate NAA 2.0 Long Neuronal Marker

Lactate Lac 1.3 Long Anaerobic glycolysis

Free Lipids Lip 0.9 Long
Tissue Necrosis (high grade 

tumor)
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The Effect of TE on Spectra 

 As in MRI, the TE of the pulse sequence affects the information present 

within the chemical shift spectrum.  Sequences with short TEs (20-40 ms) acquire 

signal from metabolites that have short and long T2 relaxation times, while those 

with long TEs (135-288 ms) only acquire signal from those with long T2 relaxation 

times (i.e. all the short T2 metabolites have reached equilibrium). Because of less 

signal loss due to T1 and T2 effects and the early signal acquisition, short TE 

sequences have higher SNR and additional metabolites in each spectrum (e.g. MI, 

Glx, and others) compared to long TE sequences.  The addition of these short T2 

metabolites allows the evaluation of a number of additional metabolic process; 

however, these extra metabolites can cause peak overlap in the spectrum resulting 

in lower spectral resolution (i.e. separation of metabolite peaks in spectrum) (179). 

Conversely, as the TE becomes longer, the SNR drops and the complexity of the 

spectrum decreases due to the suppression of short T2 metabolites. This results in 

spectra that are less noisy with fewer sharp resonances (Figure 1.21).  
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Figure 1.21. Representative spectra of long (left) and short (right) TE 

pulse sequences. 
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Water and Lipid Suppression 

 Metabolite levels range from approximately 1 mM to 10 mM in a normal 

brain while protons in brain water are approximately 80 M and lipid concentration 

in peri-cranial fat is quite high as well. Therefore, to acquire signal from the lower 

concentration metabolites without having their signal obscured by massive water 

and lipid peaks (4.7 ppm and 1.3 ppm, respectively), suppression techniques are 

used to negate the signal from these sources. 

 One method for nulling water and lipid signal is by the use of chemical shift 

selective suppression (CHESS). CHESS involves the pre-saturation of water or 

lipid with frequency-specific 90º RF pulses with narrow bandwidths centered at 

the resonance frequencies of 4.7 ppm and 1.3 ppm (Figure 1.22).    Much like the 

FLAIR sequence in 1.4.2, the initial frequency selective pulse excites the water and 

lipid spins into the transverse plane while leaving the metabolite spins at rest. In 

the transverse plane, the lipid and water spins begin to dephase, a process hastened 

by the addition of spoiler or dephasing gradients. As there is no longer any 

longitudinal component of the magnetism for water or lipid, the 90º pulse at the 

beginning of the spectroscopic sequence only excites protons present on the 

metabolites. Thus, the resultant echo is effectively devoid of lipid and water signal.  
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Figure 1.22. CHESS saturation sequence and its impact on different 

spins. CHESS is a preparatory sequence run before the spectroscopic sequence 

begins.  
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 Another method by which unwanted subcutaneous lipid around the skull 

can be suppressed is known as outer volume suppression (OVA).  OVA is a spatial 

saturation method similar to CHESS that allows the nulling of signal in a defined 

region. The regions to be saturated are generally defined by the user on anatomical 

images that allow visualization of lipid-laden tissue (i.e. subcutaneous and 

periorbital fat). Using these precisely-placed, location-specific pulses that are 

analogous to the frequency-specific pulses of CHESS, lipid signal is saturated 

before the spectroscopic pulse sequence begins to prevent the metabolite signal 

from being obscured by lipid contaminants. 

Metabolites and their functions  

The three strongest signals in in vivo MR spectroscopy of a normal human 

brain come from the molecules N-acetylaspartate (NAA), creatine (CR), and 

choline (Cho) (Figure 1.23). NAA is a free amino acid found in rather high 

concentrations (average: 10.3 mM) almost exclusively in the CNS and PNS (181). 

Though its function is not completely known, NAA has been connected with a 

number of intracellular processes including the storage of aspartate, an osmolyte, 

and a precursor to N-acetylaspartylglutamate, the most prominent excitatory 

dipeptide neurotransmitter in the mammalian CNS (182; 183). Although 

concentrations appear to differ among neuron types and it has been found in some 

glial cell types, NAA is commonly considered to be a marker of neuronal density 

and decreases in NAA concentration are associated with neuronal dysfunction and 

degeneration (181; 184; 185).  
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Figure 1.23. Chemical structures of small molecules commonly 

evaluated using in vivo MRS. The red groups in each structure demarcate the 

functional groups that give rise to NMR signal in the clinically evaluated ppm 

interval. 
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Unlike NAA, CR is a nitrogenous organic acid that is ubiquitous in the 

human body (e.g. brain, muscle, kidney, and liver) that serves as a reservoir for 

ATP generation through its phosphorylated intermediate, phosphocreatine. The 

concentrations of phosphorylated and unphosphorylated forms range from 4.0 

mM – 5.6 mM in the human brain, and are relatively stable with age and disease, 

with the exception of tumor and stroke (183). Because of its stability, many have 

used CR as a reference marker to normalize other metabolites in the brain. 

However, this practice is losing hold as more precise, quantitative approaches are 

being developed.  Choline is an essential nutrient that is required for the synthesis 

of membrane phospholipids like phosphatidylcholine and neurotransmitters like 

acetylcholine. The signal in MRS studies interpreted as Cho is actually composed 

of free choline and a number of Cho containing compounds, the primary 

contributors of which are glycerophosphorylcholine and phosphorylcholine. The 

combined concentration of these species, termed total choline (tCho) in NMR, 

ranges from 1.0 mM – 2.5 mM and are non-uniformly distributed in the brain with 

the caudal cerebrum exhibiting the lowest levels (183; 186). Though 

interpretations of tCho changes on MRS are complicated by the myriad of 

metabolites contributing to signal, changes in this peak are generally associated 

with alterations in phospholipid biosynthesis and membrane choline kinase 

activity. Increases in tCho are associated with the membrane synthesis in 

proliferating cells within tumor and gliosis while decreases are associated with 

infarct due to ischemic stroke and hepatic encephalopathy (187; 188).   

 There are three chemical species that are generally only present when short 

TE pulse sequences are used: myo-inositol (MI), glutamate (Glu), and glutamine 
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(Gln). These molecules have short T2 times and multiple protons with unique 

resonances resulting in the nullification of these signals in long TE sequences and 

the absorption these peak into the larger peaks of the other molecules, respectively. 

For example, MI is a cyclic sugar alcohol described as a glial marker, a precursor 

to a number of intracellular secondary messengers, and an osmolyte with a 

concentration similar to CR in the brain (range 4mM – 8 mM). However, MI has a 

number of resonant protons that exhibit extensive J-coupling, giving rise to a 

complex chemical shift spectrum. This splitting of signal results in low intensities 

of individual peaks despite relative abundance of MI as a whole. One of these peaks 

(resonant at 3.6 ppm) is absorbed by choline and is completely unidentifiable while 

another (resonant at 4.05 ppm) is nulled during CHESS as it generally falls within 

the bandwidth of water saturation pulses (183). Similarly, the separation of Glu 

and Gln, an excitatory neurotransmitter and its precursor (which range from 6.0 

– 12.5 mM and 3.0-5.8 mM in the normal brain, respectively), is very difficult 

because of their similar structures and complex resonance profiles. Moreover, 

many of their resonances (those between 2.0 ppm and 2.3 ppm) are absorbed by 

the largest peak in the MRS spectrum, the NAA peak at 2.0 ppm.  As such, most 

spectroscopists refer to a Glu/Gln composite waveform between 2.3 and 2.5 ppm 

as Glx, the combined resonance of unique protons on both Glu and Gln.  

 Lactate (Lac) and lipid (Lip), particularly long-chain fatty acids, have proton 

resonances that range from 0.9 to 2.0 ppm; however, the largest, most clinically 

relevant peaks for each lie at 1.3 and 1.35, respectively (183). Lac is a product of 

anaerobic glycolysis that is generally low in the normal brain (< 1 mM) even under 

conditions that increase lactate peripherally like strenuous physical exertion (189). 
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Increases in brain Lac levels have been reported in conditions where blood flow is 

restricted, such as can be seen with stroke, trauma, or tumors (188). Increased Lac 

is also commonly found in necrotic tissue or fluid-filled cysts. Lip, on the other 

hand, is highly concentrated in the subcutaneous and periorbital tissues and is 

composed of a number of hydrophobic compounds including mono and 

polyglycerides, arachidonic acid derivatives, and cholesterol derivatives. Many of 

these compounds have fatty acid components with a large number of methylene 

groups that have NMR active protons. This results in a substantial NMR signal 

(several orders of magnitude) at 1.35 ppm that crowds-out any of the smaller 

metabolite peaks including lactate. Lip saturation techniques mask much of this 

signal, allowing most of the metabolite signals to be retained with the exception of 

Lac. As such, highly specific Lip suppression techniques like spectral editing must 

be implemented to retain Lac signal (190).  

Magnetic Field Homogeneity and Spectral Quality 

 To analyze the differences between metabolite resonance frequencies, 

excitation and signal readout must be done in a highly homogenous magnetic field. 

A heterogeneous field results in resonance frequency dispersion causing peak 

broadening, resulting in an increased linewidth. This decreases the SNR and 

spectral resolution, causing adjacent peaks (like Cho and CR) to merge and even a 

loss of small metabolite peaks (like MI or Glx) in background noise.  To prevent 

this, sophisticated “shimming” protocols are completed before MRS acquisitions 

to homogenize the static field as much as possible. Shim coils in the MR scanner 

generate additional magnetic fields that can interfere (either constructively or 
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destructively) with the static magnetic field to obtain the homogenous field 

necessary for MRS.   

Shimming becomes more difficult as the volume and complexity of the 

region imaged increases because of the complexity of magnetic perturbations in 

space. This is particularly true in regions where the magnetic susceptibility of two 

tissues changes (i.e. the interface of brain and bone or brain and a metallic 

implant). This change in susceptibility causes local field distortions that lead to 

frequency shifts and spin dephasing. The former can cause an absence or shifting 

of spin excitation resulting in either the absence of signal or the spatial shift in 

signal acquired, resulting in signal loss and image distortion. If the homogeneity 

shifts the water proton resonance outside the bandwidth of the suppression RF 

pulses, the unsuppressed water will drown out the metabolites, leaving little 

metabolic data intact. Additionally, spin dephasing can cause a decreased T2 

relaxation time, ultimately resulting in the loss of short TE metabolites in the 

chemical shift spectrum.  

Spatial Localization 

 There are two general categories that describe spatial localization in MR 

spectroscopy: single voxel spectroscopy (SVS) and multi-voxel spectroscopy, also 

known as magnetic resonance spectroscopic imaging (MRSI) or chemical shift 

imaging (CSI) (64).  In the former, a single spectrum is recorded from a single voxel 

in a specified brain region. In the latter, an entire ROI is excited and signal from 

multiple regions is acquired by varying the field gradients. Each technique has 

advantages and disadvantages, and choosing the right one for a specific purpose is 

important to improve the quality of results. 
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 SVS utilizes three orthogonal slice selection RF pulses that converge at a 

single voxel from which spectroscopic data will be acquired (Figure 1.24A). 

Signal from all surrounding regions is eliminated by the intentional dephasing of 

spins using additional gradients or dephasing RF pulses. After the dephasing is 

completed, the signal is read unaltered from that location only. This technique is 

advantageous when the investigator is only concerned with the chemical 

information from one voxel, requires substantial field homogeneity, and desires 

improved water suppression and spectral resolution. 

The RF pulse intervals, flip angles, and gradient strengths differentiate SVS 

slice selection techniques into more specific groups including point resolved 

spectroscopy sequence (PRESS) and stimulated echo acquisition mode (STEAM) 

sequence (Figure 1.24B and C). STEAM sequences generally produce a better 

slice profile (i.e. sharp voxel edges), are more effective at water suppression, and 

are less sensitive to chemical shift artifact than PRESS because of the 90º pulse 

trains used and the dephasing gradient added during an interval called the “mixing 

time” (TM).  PRESS sequences, on the other hand, generally give spectra with 

higher SNR and lower sensitivity to motion than STEAM at the expense of a longer 

TE. Though these two sequences differ in a few key points, they are generally 

recognized as being comparable in clinical brain spectroscopy and their use 

depends on the specific application required. For example, if a very short TE is 

required, the STEAM sequence is preferable because of its shorter 90º pulse. 

Conversely, if a longer TE is acceptable, PRESS may be preferable because of its 

higher SNR and its resilience to motion artifact. 
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 Figure 1.24. Single voxel localization techniques. Single voxel localization 

is accomplished by collecting signals from voxels at the intersection of three 

orthogonal slice selection RF pulses (A). This is achieved differently for different 

sequences. The PRESS sequence uses a 90º-180º -180º RF pulse train with the x, 

y, and z gradients on, respectively (B), while STEAM utilizes 90º RF pulses with 

shorter slice selection gradients and a large dephasing gradient (C). Adapted from 

Progress in Nuclear Magnetic Resonance Spectroscopy, 49, Barker, P.B., Lin, D. 

D. M., In vivo proton MR spectroscopy of the human brain, 99-128, (2006), with 

permission from Elsevier (177). 
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While SVS acquires signal from a single voxel after slice selection, multi-

dimensional spectroscopic sequences, or MRSI sequences, collect multiple 

spatially-arrayed spectra from individual slices or volumes after excitation 

(Figure 1.25).  This is done by a repetition of excitation sequences with varying 

gradients that alter the phase of the spins before or during signal readout (Figure 

1.26B and C). This procedure is called “phase encoding” and links the phase 

change experienced by the spins in the presence of the field gradient to their 

location in space. This is comparable to structural MRI sequences which encode 

the spatial information of the voxels in the phase of the MR signal. However, unlike 

MRI, MRSI does not utilize the frequency of the spins to encode the other spatial 

dimensions. Instead, phase is again modulated with orthogonal gradients and 

signal readout is performed in the absence of a frequency encoding gradient to 

retain the frequency information for chemical shift analysis.     
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Figure 1.25. Array of spectra acquired using a 2D-MRSI sequence of a 

suspicious brain lesion. 
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Figure 1.26. Basic pulse sequences for SVS, 2D-MRSI, and 3D-MRSI. 

While SVS just reads out the signal from a single voxel after water suppression and 

localization (A), MRSI sequences excite a slice or volume of interest and use the 

variation in gradient amplitude to link spin phase to location (B and C). The 

dimension of the image formed is based on the number of the gradients used for 

phase encoding. The spatial resolution of the spectroscopic image is related to the 

size of the imaged area and the number of phase-encoding increments used. 
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1.5.4 Overview of Spectroscopic Data Processing 

 Following acquisition, spectroscopic data are modified through a number of 

well-defined procedures to generate reliable estimates of metabolite signal and to 

map metabolite concentration within the human brain. A comprehensive 

discussion of this process is beyond the scope of this work; however, a brief 

explanation of the workflow and a description of the processing pipeline used for 

this work, the Metabolite Imaging and Data Analysis System (MIDAS), are 

included in the following pages.  

 The general workflow used to generate meaningful spectroscopic 

information, including the generation of chemical shift spectra or metabolite 

levels, from raw signal output of an MR scanner can be found in Figure 1.27. 

Though this description may vary slightly due to the hardware available or the 

protocol and parameters used for acquisition, the aforementioned workflow is 

sufficiently general and describes most of important aspects of data processing 

necessary for clinical utilization.  
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Figure 1.27. Flow chart for processing of MR signals for spectroscopic 

applications. The bar at the bottom defines the depth of processing for SVS and 

MRSI sequences. 
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Spectroscopic Data Pre-processing 

 The pre-processing of spectroscopic data serves to deconvolve the spatial-

phase link between metabolite signals, generate frequency domain data (e.g. 

chemical shift spectra) from time domain data (e.g. free induction decay recorded 

by receiver coils), and correct the frequency domain data for structural obscurities 

that could confound further data processing (61). These processes include 

phase/frequency adjustment and line shape correction to prevent the loss of signal 

from destructive interference and line broadening associated with field 

homogeneities and relaxation effects (Figure 1.28).  Baseline correction 

strategies are also implemented to subtract away the signal from other species that 

can obscure the MR signal from the small molecules of interest. Proton-dense 

macromolecules like non-suppressed lipids and polypeptides can cause an increase 

in baseline that should be accounted for. 
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Figure 1.28. The impact of phase and baseline correction on spectral 

quality. Without phase correction (A), spectra exhibit both peaks and troughs 

that obscure peak amplitude. Without baseline correction (B), integrating peak 

areas become problematic as the lower limit of all peaks are not the same. When 

phase and baseline correction is completed (C), the relative amplitudes of the 

peaks are much easier to see and integration becomes much more accurate. 
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Spectroscopic Data Processing 

 This step of the process is generally concerned with fitting spectral data to 

a set of known models based on prior knowledge (e.g. known chemical shift, 

relative abundance, and peak profile), computing parameters for the peak models 

like area under the curve (AUC), and determining the confidence of the 

measurements using error estimation (61). The reference molecule from which 

chemical shift is generally measured in clinical spectroscopy is generally 

tetramethylsilane, though some processing schemes utilize other salts like 2,2-

dimethyl-2-silapentane-5-sulfonate, primarily because of their solubility in water 

(183; 191). Based on this chemical shift, well-established, individual spectral 

profiles are used as a starting point to model the raw data (Figure 1.29). All 

estimated parameters, from peak areas to linewidth measures, are generally 

reported with error terms like the Cramer-Rao lower bound (CRLB): an estimate 

of the lowest possible estimator-independent error associated with the noise in the 

spectrum (192). For example, the CRLB for the NAA peak in Figure 1.29D (the 

largest peak in the spectrum) is 2.5%, meaning that the lowest possible error in the 

computation of the NAA AUC is 2.5%. As a general rule, parameters with CRLB < 

20% are considered measured with sufficient precision while those above this 

threshold should be considered with caution. 
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Figure 1.29. Fitting of raw frequency domain data (A). Estimates of peak 

position and height based on prior knowledge (B) are fitted to the raw data then 

combined (C) to generate a composite spectrum that describes the underlying 

spectrum (D).  
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Metabolite Mapping 

 Whereas SVS only maps a single spectrum to a single voxel, MRSI maps a 

spectrum to each voxel within the imaging volume, allowing the evaluation of the 

spatial relationship of metabolites within the brain. To do this, however, steps 

must be taken to ensure that the signals coming from adjacent voxels are based on 

the metabolite concentration alone and no other scan-related factors like field 

inhomogeneity. Additionally, voxels must be correctly oriented relative to each 

other in space and relative to anatomical MR images taken during the imaging 

protocol in space. The former requires the comparison metabolite data for each 

voxel to known tissue-specific populations (e.g. white matter, grey matter, or CSF) 

from a database of normal metabolite values or by normalizing each value to other 

signals intrinsic to the voxel, like voxel water. The result is a multiparametric data 

set, containing at each voxel the intensity-normalized spectral parameters and the 

tissue contributions to that voxel (Figure 1.30). Spatial transformation 

parameters are also encoded to permit image registration with an atlas or some 

other anatomical MRI. An additional piece of information is an estimate of the 

‘quality’ of the data in terms of CRLB and peak linewidth at that location, which 

can be used to exclude spectra of inadequate quality from further analysis. 
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Figure 1.30. Results of MRSI spatial mapping procedure. Anatomical 

MRI images (A) are registered in space to a number of metabolite parameter maps 

including the CRLB for NAA area (B), the CRLB and linewidth-based quality map 

(C), and the normalized NAA metabolite value map (D). At each voxel location, a 

spectrum is available for manual evaluation. The spectrum in E comes from a voxel 

with a high CRLB and linewidth (yellow box with red border), while the spectrum 

in F comes from a voxel with low CRLB and linewidth (yellow box with green 

border). The NAA peak is bounded by the pink lines in E and F. 
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1.5.5 Spectroscopic Methods Used in this Work 

Imaging Pulse Sequences Used in This Work 

 To obtain the highest resolution and sensitivity possible, our group has 

adapted a whole-brain Echo Planar Spectroscopic Imaging (EPSI) sequence for a 

Siemens 3T TRIO/TIM system with a 32-channel head coils. The basic EPSI 

sequence consists of a 3 pulse “WET” water suppression scheme, a slab selective 

short TI (198 ms) inversion recovery (STIR) lipid suppression scheme, a slab 

selective spin-echo with 73º excitation pulse, and an oscillating read gradient and 

phase-encoding in 2 dimensions (193; 194). The STIR pulse also reduces 

underlying macromolecule signals in the spectrum and decreases the sensitivity of 

the metabolite signals to potential changes in T1 relaxation times (195; 196). This 

sequence also includes an interleaved small flip angle (20º) water reference 

acquisition using generalized auto-calibrating partially parallel acquisitions 

(GRAPPA) to shorten scan time. Scan parameters are as follows: TR/TE/TI = 

1710/70/198 ms, matrix size 50 x 50 (in-plane) x 18 partitions (along z); 280 x 280 

mm2 FOV, 180 mm slice thickness; 140 mm excitation slab thickness, resulting in 

a nominal voxel size of 4.6 mm x 4.6 mm x 5.4 mm. Prior to data acquisition, field 

map-based 1st order shimming was optimized manually after a vendor-based 

automated shim protocol. T1-weighted 3D Magnetization-Prepared Rapid-

Acquisition Gradient Echo (MPRAGE, 1 mm3, TR/TE/FA = 2300ms/3.4ms/9°), 

T2-weighted FLAIR (TR/TE/FA = 10,000ms/121ms/90°), and DWI (TR/TE/FA = 

5400ms/105ms/90°, b=0/1000) were acquired with every scan in addition to 

EPSI. These scans were used for tissue segmentation and spatial registration.  
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Metabolite Image Analysis and Display System (MIDAS) 

 The MIDAS program provides an integrated set of MRI and MRSI 

processing functions and a whole-brain MRSI acquisition method that has been 

implemented on MRI systems from three major manufacturers (e.g. Siemens 

Medical Solutions, Phillips Medical Systems, and General Electric Healthcare). 

This processing can be done on either MRI or MRSI data in a modular fashion, or 

a full procedure can be developed to process both simultaneously with batch 

processing. Also, the MIDAS system provides a framework for managing large 

numbers and different types of data files (including image, spectroscopic, and 

demographic files) for managing the images acquired, the processing functions 

used, and the results generated from spectroscopic processing. 

 MIDAS is used for all spectroscopic processing in this document; as such, a 

brief outline of the protocol used can be found in Figure 1.31. In our procedure, 

the MIDAS program takes as input three separate data files: Digital Imaging and 

Communications in Medicine (DICOM) files for the T1w MRI from the imaging 

protocol, the DICOM MRSI metabolite files, and DICOM MRSI water reference 

files acquired during the metabolite signal acquisition.  
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Figure 1.31. Complete MIDAS MRI and MRSI processing protocol. 

Reproduced by permission from John Wiley and Sons, Inc. from Maudsley, A. A., 

et al. (2006) NMR in Biomedicine 19(4): 10.1002/nbm.1025 under the Creative 

Commons Attribution (CC BY) license (197). 
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 Metabolite and water reference images are reconstructed in a fully 

automated manner in MIDAS including spatial smoothing and interpolation to 64 

x 64 x 32 points (198; 199).  Spectra in voxels for which the water signal intensity 

linewidth was 16 Hz or less were analyzed using an automated parametric spectral 

analysis procedure to generate volumetric metabolic images of NAA, CR, and Cho 

(200).  Metabolite concentrations in arbitrary units were calculated as a ratio to 

the brain water signal from the same ROI to adjust for tissue water content (201).   

From the analyzed data format generated by MIDAS, volumetric metabolite 

data were generated in the DICOM format using an in-house, C++-compiled image 

converter. These volumes were then imported into VelocityAI (Varian Medical 

Systems), an FDA 510K-cleared image analysis suite for the display, registration, 

and annotation of multi-modal medical images. In VelocityAI, the metabolite 

volumes were registered to MRIs acquired clinically and resampled into this image 

space. Using white matter maps generated by MIDAS, ROIs of normal appear 

white matter (NAWM) were segmented and used to model normal brain signal. 

Statistical parameters derived from these models (mean, standard deviation, etc.) 

were used to generate standardized abnormality index maps for each metabolite. 

The entire process from MIDAS to index maps is a new processing step that 

generates novel spectroscopic images; we have termed them spectroscopic 

magnetic resonance images (sMRI).  In this work, they will be referred to as such. 

1.5.6 MR Spectroscopy in Glioma Management 

 Single voxel spectroscopy and MRSI have each been used extensively to 

evaluate human brain tumors. Though both have their merits, a key consideration 

for glioma imaging is tumor inhomogeneity: structural and metabolic. The 
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metabolite components present within a spectrum are highly dependent on the 

region of the tumor sampled. For example, the spectrum from the necrotic core of 

a GBM may show little to no metabolites, while a spectrum from the contrast-

enhancing component may show significant Cho elevation. Using SVS, only a small 

piece of information about the tumor’s metabolism is obtained, and it must be 

assumed that this “snap-shot” of metabolism is representative of the tumor as a 

whole. Even more troubling is the placement of the imaging ROI before spectrum 

acquisition. For example, peri-tumoral edema and invasive, non-enhancing tumor 

tissue are nearly identical on T2w imaging. Even though these two regions are 

known to be different metabolically, differentiating the two with conventional 

imaging is impossible, making the placement of a single ROI for SVS quite difficult. 

As such, MRSI is often favored over SVS for evaluating brain tumor metabolism. 

Because of this, and the sheer number of studies selecting MRSI over SVS for brain 

tumor evaluation, this section will focus exclusively on the use of MRSI for glioma 

management. 

 It was realized early in the development of proton MRS techniques that the 

spectra from regions with suspected glioma exhibited marked differences from 

those observed in normal brain (202). Most obvious was the fact that glioma 

spectra generally displayed elevated Cho and decreased NAA. As the decrease in 

NAA is widely interpreted as loss, dysfunction, or displacement of neuronal tissue 

and Cho has been linked to membrane synthesis in vitro and in vivo, the Cho/NAA 

ratio gained popularity early as a marker describing the proliferation and growth 

of non-neuronal cell types in the brain. Additionally, changes in Lac, Lip, and MI 

have been observed and shown to associated with the presence of glioma (203; 
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204). Although ischemia has been linked to Lac production and this may be playing 

a part in the accumulation of Lac in glioma, the greatest contributor of Lac in 

glioma is believed to be the unsustainable anaerobic glycolysis associated with 

malignant transformation (204; 205). Lip signal changes are generally associated 

with the accumulation of mobile lipid fractions resulting from membrane 

degradation, and thus are most often seen in regions of frank necrosis (206-208). 

Though MI signal is not as robust as any of those mentioned above and MI is not 

a metabolite commonly seen elevated in HGGs, some studies have found links 

between MI and glioma types, most notably oligodendrogliomas and low-grade 

astrocytomas, as well as the rare and diffusely infiltrative gliomatosis cerebri (209; 

210).  

MRS in Tumor Diagnosis and Classification 

A commonly asked question is whether MRS can help to diagnose tumor 

type and grade non-invasively, as this information could have significant impact of 

treatment and diagnosis. Two particularly important image-based diagnoses are 

the differentiation between HGGs and LGGs, or between primary and metastatic 

brain tumors. With regards to the former, high-grade brain tumors are usually 

treated more aggressively than low-grade tumors, and a preoperative diagnosis of 

tumor grade may help guide clinical decision-making before tissue is acquired.  

Several studies investigating MRS in astrocytomas have suggested there is 

a significant positive correlation between Cho levels and tumor grade, with more 

aggressive tumor having higher membrane turnover and cellular density (211-213). 

This, however, may not always be the case for GBM, particularly those with 
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necrotic regions. In these tumors, necrosis can dilute the Cho signal in surrounding 

areas making them difficult to differentiate from lower grade gliomas (207). This 

fact also underscores the need for not only proper placement of the volume of 

interest for spectroscopic imaging, but also a high-resolution spectroscopic 

modality that limits partial volume effects and signal bleed from adjacent voxels.  

To address tissue selection, a recent study evaluated glioma metabolism using PWI 

to guide volume of interest placement (214). In this work, Chawla et al. found that 

a number of metabolic markers, including Cho, were indeed able to differentiate 

high and low grade gliomas. However, this was only the case in those that were 

hyperperfused on PWI; no significant differences were found for any metabolites 

in regions that were hypoperfused or isoperfused relative to normal cerebrum.   

Using machine learning and other bioinformatic techniques, several groups 

have shown that MRS can be used to accurately differentiate a number of tumor 

types including astrocytoma, oligodendroglioma, meningioma, and metastasis 

(215-218). For example using linear discriminant analysis, Preul et al. were able to 

correctly classify a preoperative tumor as a grade II astrocytoma, grade III 

astrocytoma, GBM, meningioma, or metastasis with spectral profiles alone with a 

99% success rate (218). This was a significant improvement over the classification 

of these tumors using conventional imaging in the same study (77% success rate). 

Similarly, in a multi-institutional study, Tate et al. were able to discriminate 

between low grade gliomas, meningiomas, and “aggressive tumors” (GBMs and 

metastases) using the same method resulting in a positive classification rate of 

~92% (215). Unfortunately, because of lesion variability and their dependence on 
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data collection and analysis techniques, these techniques have proven difficult to 

replicate in general clinical practice.  

Because of this variability, MRS is generally used in brain tumor evaluation 

as an adjunct technique to be considered alongside conventional MRI and clinical 

findings. In particular, MRS can be very helpful in predicting the histology of a 

single contrast-enhancing lesion. For instance, high Cho and low NAA levels seen 

in a non-necrotic, contrast-enhancing tumor increase the likelihood of finding 

oligodendroglioma or astrocytoma histology as mobile lipid is almost exclusively 

seen in metastases and GBM (219). Conversely, low levels of metabolites and 

elevated Lip in a necrotic region surrounded by contrast enhancement with 

elevated Cho is more indicative of metastases or GBMs. Similarly, it has been 

suggested that the investigation of peri-tumoral edema on T2w imaging may be 

useful in differentiating metastatic and primary brain tumors. Whereas gliomas 

are often invasive lesions which show elevated Cho in surrounding tissue, 

metastatic lesions tend to be more encapsulated and do not typically show 

pronounced metabolic abnormalities outside of enhancement (220; 221). 

MRS in Surgical and RT Planning 

Because the prognosis and treatment plan is based on the histopathological 

grade of the tumor and the goal of local therapy (surgery and RT) is to treat tumor 

while minimizing treatment to normal tissue, accurate image-based guidance in 

glioma is incredibly important (57). The spatial-encoded metabolic information 

generated using MRSI may assist the surgeon in obtaining representative samples 

of the tumor tissue for histological diagnosis or assist the oncologist in determining 
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the region targeted for high-dose RT (222; 223). MRSI also describes tumor 

heterogeneity, allowing the differentiation of normal tissue, infiltrating tumor, and 

vasogenic edema, with metabolic information that would be beneficial in guiding 

surgical resection and RT as well (224). 

 MRS can enhance the diagnostic and therapeutic yield of surgical 

interventions by guiding surgeons to regions of high tumor metabolism during 

biopsy or infiltrative, yet anatomically normal margins during surgery. Many 

studies have investigated the role of MRSI in biopsy direction, and recognize that 

regions with elevated Cho and decreased NAA represent good targets for tissue 

sampling while regions with low Cho and NAA generally represent regions of 

radiation necrosis, astrogliosis, or macrophage infiltration (225-229). In one 

representative study in 26 patients with glioma, preoperative MRSI correctly 

classified all histologically confirmed WHO grade III-IV and 80% WHO grade II 

gliomas (223). The most definitive targets based on spectroscopy in this study, with 

increased Cho, decreased NAA, and isointense CR, included GBM as well as 

anaplastic oligodendrogliomas and astrocytomas. In another study where 

spectroscopy was mapped to the anatomical imaging and used in real-time during 

the biopsy, Cho/NAA was found to have a significant correlation with tissue 

cellularity with regions of intermediate invasion having lower Cho/NAA levels on 

average than those from bulk tumor. In a small number of subjects, however, 

biopsies sampled from regions with normal Cho/NAA showed tumor infiltration. 

The authors attributed these false negatives to the coarse spatial resolution of the 

spectroscopic sequence used (~0.5 cm3) (228). Similarly, region based histologic 

measures like cell number per field and percent tumor in the zone immediately 
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outside contrast-enhancing tumor were found to have a significant inverse 

relationship with NAA in a more recent, retrospective study (230). No correlation 

with Cho was detected, and the authors concluded that NAA concentration is the 

most significant parameter in detecting low levels of tumor cell infiltration.  

MRSI has even been evaluated as a guide for RT planning when registered 

with conventional MRI scans and treatment-planning CT scans (231-234). Park et 

al. correlated the pattern of recurrence after RT with pre-treatment MRSI findings 

and noted that 8 of 9 patients with a growing enhancing lesion post-RT had 

recurrence in regions with high Cho/NAA (235). The potential of 1H MRSI to 

improve the accuracy of target volumes definition based on metabolic information 

was evaluated in 34 patients with WHO grade II-IV gliomas (236). Comparison of 

the extent (and location) of active tumor as defined by MRI and MRSI 

demonstrated differences between the two techniques in the same study. This 

report and later studies documented that the area of metabolic abnormality as 

defined by MRSI may exceed the area of abnormal T2-weighted signal (228; 229; 

237). Furthermore, a study in 26 patients with WHO grade IV gliomas treated with 

gamma knife surgery showed that patients in whom the volume of metabolically 

active lesion defined by MRSI was mostly within the radiosurgically treated 

volume had a longer survival time than patients with a lesser overlap (227). Lastly, 

Stadlbauer et al. demonstrated in gliomas that MRSI-derived Cho/NAA ratios 

frequently identified regions at higher risk of tumor beyond the T2w signal 

abnormalities, and concluded that MRSI may be useful for delineating infiltrating 

non-enhancing tumor (beyond contrast enhancing tumor), which has clear 

implications for therapeutic planning (238). 
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In using MRS for application to brain tumors, the limited spatial resolution 

(~1 cm3 for MRSI and > 4 cm3 for single voxel) should be considered. For example, 

MRSI voxels containing both tumor and normal tissue have the potential to be 

miss-classified as normal tissue (i.e. false negative) if partial volume effects are not 

considered. For this reason, use of  the highest possible spatial resolution is 

recommended (228). High resolution MRSI with good signal-to-noise ratios is best 

performed using high magnetic field strengths and multi-channel phased-array 

coils, and efficient pulse sequences. Multi-slice or 3D MRSI techniques which 

provide full lesion coverage, as well as including surrounding and contralateral 

brain regions, are also very important. While the utility of MRS in diagnosis and 

therapy planning for brain tumors has been documented, it has not been accepted 

as a routine clinical tool. Robust and automated procedures are needed to collect 

spectroscopic data, analyze chemical shift spectral, and display imaging results in 

a timely fashion. Standardization across sites and different vendors of acquisition 

and analysis techniques is also important.  

1.6 Organization of The Dissertation  

The original goal of my proposed graduate study was to establish 

quantitative, high-resolution, volumetric proton sMRI and associated 

bioinformatic techniques as reliable methods for identifying tumor infiltration and 

predicting outcomes in GBM. This involved attempting to predict not only the time 

to recurrence and expiration, but also the location of contrast-enhancing tumor 

after completion of therapy. During the course of my study, however, I became 

involved in a number of promising side projects that supplanted my original goal, 

and took me into image-guided surgery and RT applications instead of outcome 
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prediction. As a part of a surgical applications study, I had the great fortune to take 

part in the development of an image processing method to evaluate surgical 

outcomes in a trial utilizing 5-ALA. Using this method, I was then able to evaluate 

tumor morphology in a cohort of GBM patients receiving 5-ALA FGS and link these 

findings to their resection outcomes as well as their progression-free and OS.  

Further work with the 5-ALA clinical trial afforded me the opportunity to then 

validate the use of sMRI for identifying the infiltrating margin in GBM by 

stereotactic surgical means. Upon completion of these surgical projects, I was then 

able apply sMRI to RT dose planning and evaluate its impact on the dose 

distribution and dose constraints required for effective RT regimens.  

Given the convoluted trajectory of my work, the dissertation is made up of 

6 chapters organized as follows: 

Chapter 1: Brief Introduction to Important Concepts (i.e. Glioma, MRI, 

Molecular Imaging Techniques)  

Chapter 2: Quantitative tumor segmentation for the evaluation of extent 

of GBM resection 

Chapter 3: Semi-Automated Volumetric and Morphological Assessment of 

GBM Resection with FGS 

Chapter 4: Whole-brain spectroscopic MRI biomarkers identify 

infiltrating margins in GBM patients 

Chapter 5. The Impact of Integrating Volumetric Whole-Brain sMRI into 

RT Planning for GBM  

Chapter 6. Overall Discussion and Future Directions 
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Chapter 7. Closing Remarks 

Chapters 2 through 6 have been published in peer-reviewed journals; and 

as such, begin with an abstract of the work followed by an Author’s Contribution 

and Acknowledgment of Reproduction section. In the latter section the original 

citation can be found. Finally, this work will end with a brief discussion of the 

presented work and future directions for the project as well as closing remarks.  
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Chapter 2  

 

Quantitative tumor 

segmentation for the evaluation 

of extent of GBM resection 
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2.2 Abstract 

Standard-of-care therapy for GBMs, the most common and aggressive 

primary adult brain neoplasm, is maximal safe resection, followed by radiation and 

chemotherapy. Since maximizing resection may be beneficial for these patients, 

improving tumor EOR with methods such as intraoperative 5-ALA FGS is currently 

under evaluation. However, it is difficult to reproducibly judge EOR in these 

studies due to the lack of reliable tumor segmentation methods, especially for 

postoperative MRI scans. Therefore, a reliable, easily distributable segmentation 

method is needed to permit valid comparison, especially across multiple sites. We 

report a segmentation method that combines versatile region-of-interest 

generation with automated clustering methods. We applied this to GBM cases 

undergoing FGS and matched controls to illustrate the method’s reliability and 

accuracy. Agreement and inter-rater variability between segmentations were 

assessed using the concordance correlation coefficient, and spatial accuracy was 

determined using the Dice similarity index and Hausdorff distance.  Fuzzy C-

means clustering with three classes was the best performing method, generating 

volumes with high agreement with manual contouring and high inter-rater 

agreement pre- and postoperatively. The proposed segmentation method allows 

tumor volume measurements of contrast-enhanced T1-weighted images in an 

unbiased, reproducible fashion necessary for quantifying EOR in multicenter 

trials.  

2.3 Introduction 

 GBM is the most common and most aggressive primary brain neoplasm in 

adults. Current imaging evaluation for GBM management relies heavily on the 
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subjective analysis of T1-weighted (T1W) MR images (9; 10).  Simple 

unidimensional and bi-dimensional measurements of T1W contrast-enhancing 

regions of the tumor are the crux of response criteria in clinical trials, although 

limitations of such methods have been reviewed previously in detail, particularly 

with regards to post-surgical tumor analysis (67; 136; 144). For example, these 

linear methods of measurement are not well-suited for evaluating curvilinear 

tumor remnants such as those along the edges of a postoperative resection cavity. 

In addition, they may not accurately account for the presence of T1-hyperintense 

blood products (methemoglobin) in and around the resection site, which can be 

confused with enhancing tumor tissue. While not currently the standard-of-care, 

these morphological nuances can be accounted for by a neuroradiologist with 3D 

volume-rendering software that allows for the manual tracing of images, or 

“contouring”; however, this process is time-consuming, cost-prohibitive, and 

suffers from limited reproducibility (128; 240; 241). In order to overcome these 

limitations, many sophisticated algorithms have been developed for the automated 

segmentation of multiple images; however, few have achieved the simplicity, 

speed, accuracy, and limited user interaction required for routine clinical use (242-

245). Moreover, many of the software environments in which these techniques 

have been designed are not standardized for clinical use, compounding the 

challenge of their implementation in clinical trials (246). Due to the inadequacies 

surrounding the manual and automated segmentation methods that are currently 

available, it would be desirable to develop a hybrid method of tumor segmentation 

that is adaptable to various clinically-available tools for the reproducible 

segmentation of contrast-enhancing tumors in multicenter neurosurgical trials. 
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 Coupling a flexible image sampling method, such as region-of-interest 

(ROI) blob (ROI-blob) generation, to an unsupervised statistical classification 

algorithm appears to exhibit the clinically-desired balance for semi-automated 

tumor segmentation. Two well-established classification schemes that can be 

adapted for unsupervised image segmentation are Otsu’s multi-level thresholding 

(Otsu) and Fuzzy C-means clustering (Fuzzy) (247-249).  The Otsu method uses 

discriminant statistical analysis for image histogram intensity thresholding, 

exhaustively determining intensity thresholds (between tissue classes) that 

minimize the intraclass variance among each class of voxels (250; 251). The 

division algorithm modifies each threshold by fitting the histogram with a number 

of probability curves and iteratively computing the variances and positions of each 

until curve overlap is minimized. The result is a 3D map with discrete classes 

containing voxels that exhibit similar signal intensities. When this method is used 

to divide a contrast-enhanced, T1W ROI-blob into three or four classes, the 

resultant map differentiates strongly and weakly enhancing regions from 

surrounding tissues.  

 The Fuzzy algorithm similarly computes cluster centroids, and clusters 

voxels based on intra/interclass signal intensity variance. Unlike Otsu –which 

classifies voxels into discrete clusters (hard-clustering)– Fuzzy treats each data 

element as a member of all clusters with an associated level of membership in each, 

which can be expressed as a continuous value (soft-clustering) (252-254).  

Therefore, Fuzzy classification results in a set of maps, each representing a class 

with a similar signal intensity range, where each voxel’s value indicates the degree 

of its residence (expressed as a probability) in that class. Fuzzy has been 
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investigated for tumor segmentation using multi-dimensional feature vectors over 

the last couple of decades with varying degrees of success (255-257); however, to 

our knowledge, no investigation has been done to evaluate its performance coupled 

to ROI-blob analysis.  

In this study, we develop and validate a flexible semi-automated tumor 

segmentation tool for the assessment of pre- and postoperative GBM tumor 

burden based on contrast-enhanced T1W images. As proof of principle, we applied 

ROI-blob/voxel classification methods (Otsu and Fuzzy) to GBM patients receiving 

FGS with 5-ALA and retrospectively matched control patients in order to: 1) 

illustrate the reliability and accuracy of the segmentation method, and 2) 

corroborate the EOR findings of the ongoing Phase II 5-ALA clinical trial (50; 51; 

161; 163; 170; 258; 259). The desired outcome is to develop a reliable and user-

friendly segmentation method for the generation of T1W contrast-enhancing 

tumor volumes that may be used in multicenter neurosurgical clinical trials in 

GBM patients. 

2.4 Methods  

2.4.1 Preoperative and Postoperative Imaging 

 Per the institutional review board-approved 5-ALA Phase II clinical trial, 

high-resolution, 3D preoperative MR images, including 1 mm3 T1W 

magnetization-prepared rapid gradient-echo (MP-RAGE) images (repetition 

time/echo time = 1900/3.52, 256 x 256 matrix, flip angle = 9°, before and after 

intravenous administration of gadolinium-based contrast medium) generated 48 

h or less prior to surgery for 5-ALA patients were analyzed. Postoperative images 
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consisted of T1W MP-RAGE and/or low-resolution (1 x 1 x 5 mm, repetition 

time/echo time = 450-2000/9.2-20, 256 x 224-177 matrix, flip angle = 90°-130°) 

images acquired before and after the intravenous administration of gadolinium-

based contrast medium postoperatively, within 24 h of surgery. Control patients 

matched for GBM tumor size and location were retrospectively selected from an 

Emory University/Winship Cancer Institute Department of Radiation Oncology 

database for case-comparison. These pre- and postoperative MR images exhibited 

similar characteristics in terms of the aforementioned pulse sequence parameters 

and the timing of the scans relative to surgery (24-48 h post-surgery). 

2.4.2 Image Analysis 

 The 510(k), FDA-cleared medical imaging platform VelocityAI (Velocity 

Medical Solutions, Atlanta, GA) was used to outline tumors manually and generate 

ROI-blobs using pre- and postoperative T1W scans with and without intravenous 

contrast. As per a European randomized multicenter FGS trial, complete tumor 

resection was defined as ≤ 0.175 cm3 of residual contrast-enhancing tumor after 

surgery using volumetric assessment (50). The conventional imaging definition of 

GTR (residual contrast-enhancing tumor < 1 cm3) was also evaluated. 

2.4.3 Computer-Assisted, Manual Contouring  

Preoperative and postoperative tumor volumes were manually delineated 

using VelocityAI by an experienced board-certified neuroradiologist (CAH). 

Enhancing-tumor control points were initiated, and tumor regions were 

interactively grown or contracted in two dimensions, and post-hoc edits were made 

as needed. This manual method of contouring is commonplace in the generation 
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of tumor volumes for both radiotherapy planning and validation of simulated 

segmentations (243; 260; 261).  

2.4.4 Semi-automated Segmentation Method 

Preoperative tumor ROI-blobs for Otsu and Fuzzy processing were 

generated in VelocityAI by coarsely contouring around enhancing tumor on T1W 

images, including the first and last image on which the tumor is visible, and every 

sixth axial slice in between, and then automatically interpolating to a cohesive 3D 

structure (Figure 2.1A and B). As few as two slices (at the superior-most and 

inferior-most poles of the tumor, respectively) and as many as every slice 

containing tumor can be contoured and interpolated to give a cohesive ROI-blob; 

however, based on practical clinical experience, we have found that contouring 

every 6th slice gives ROI-blobs that adequately encompass even the most complex 

contrast-enhancing brain tumors within a reasonable time-frame. This type of 

initialization can be done with any volume-rendering platform capable of 

exporting DICOM blobs making implementation of the method simple at multiple 

sites.  
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Figure 2.1. Segmentation procedure for preoperative and 

postoperative images. Preoperative (A and B) and postoperative (C and D) 

ROI-blobs (2D and 3D) generated by coarse contouring. Subtraction image (C) 

accounts for blood product accumulation in resection cavity (dark region). 

Resultant 2D and 3D tumor segmentations for preoperative (E and F) and 

postoperative (G and H) contrast-enhanced T1W images using Fuzzy3 algorithm.  
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ROI-blobs and parent images were then exported and processed offline 

using C++-generated Otsu and Fuzzy algorithms. Algorithms utilized standard 

code from the Insight Segmentation and Registration Toolkit (ITK), and were 

compiled as a command-line executable taking as input DICOM images (ROI-

blobs) and outputting segmentation masks in the same format. Algorithm pre-

processing included fade correction for signal differences due to magnetic field 

gradients in a bias-field estimation manner. No smoothing functions were utilized, 

epsilon was set at 0.01, and iterations set at 30 as these were found to be optimal. 

For these algorithms, the number of tissue classes is a definable parameter, and 

any number of strata represented by a positive integer can be generated; however, 

stratification of voxels into more than 5 classes is of limited utility, as discrete 

tissue types (such as contrast-enhancing tumor rims) become erroneously 

subcategorized. Therefore, only maps stratified into 3 or 4 classes were generated 

with the naming convention as follows: classification of 4 classes using the Fuzzy 

and Otsu algorithms are named Fuzzy4 and Otsu4, respectively, and classification 

of 3 classes using the Fuzzy and Otsu algorithms are named Fuzzy3 and Otsu3, 

respectively. It should be noted that Otsu3 was abandoned in the preliminary 

analysis as resultant maps did not differentiate parenchyma from enhancing 

tissue, and therefore is not reported herein. These maps were then imported into 

VelocityAI for display and evaluation. 

To produce post-resection tumor volumes, image difference maps 

(subtraction images) were generated by subtracting white matter-normalized, 

spatially co-registered pre-contrast T1W images from post-contrast T1W images. 

This was done in order to correct for the presence of T1-hyperintense postoperative 
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blood products and cavity deformation. Normalization of postoperative images 

included fade correction and pre-contrast image signal scaling with post-contrast: 

pre-contrast intensity ratio. These normalized subtraction images were then used 

to draw coarse ROI-blobs and generate segmentation maps using both algorithms 

outlined above (Figure 2.1C and D). This was done for all pre- and postoperative 

images by two research specialists (non-radiologists), Reader 1 (JSC) and Reader 

2 (JA), independently and many days apart (>20 days). 

2.4.5 Statistical Methods 

 Statistical analyses were performed with the Statistical Analysis System 

(version 9; SAS Institute, Cary, NC); all were 2-sided, and statistical significance 

was set at p < 0.05.  The concordance correlation coefficient (CCC), a 

reproducibility index evaluating the agreement of two readings by measuring their 

combined variation from the line y = x, was used to measure the agreement of 

tumor volumes generated by Readers 1 and 2 using Otsu4, Fuzzy4, and Fuzzy3 with 

those generated manually by the neuroradiologist (262-264). Spatial agreement 

between each segmentation and the manual contour was evaluated using the Dice 

Similarity Index (Dice) and the mean Euclidean distance (MED) –volume overlap 

and surface distance metrics, respectively– for each pair, and means between 

readers were subjected to analysis of variance with Tukey’s correction (265; 266). 

It is generally accepted that Dice values > 0.70 represent a significant overlap in 

structures, with values > 0.80 considered to be “good” and values > 0.90 

considered to be “excellent”. For surface distance, a value of 0 is an ideal MED; 

however, for practical purposes, a mean distance of ~ 1 mm is considered very good 
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(~1 voxel-width error in MP-RAGE images). Inter-rater agreement, in terms of 

CCC, was evaluated for the method that had the highest agreement with manual 

contouring as a metric of inter-rater variability. Wilcoxon signed-rank test and 

Chi-square/Fisher’s exact analysis were used to compare manually-generated and 

algorithm-generated volume outcomes (i.e., residual tumor volume and EOR) for 

16 5-ALA: control pairs in the 37 case sample. Performance metrics (sensitivity, 

specificity, positive predictive value, and negative predictive value) were computed 

using a two-by-two contingency table for post-resection tumor volume cut-offs of 

≤ 1 cm3 and ≤ 0.175 cm3, with manual contouring by an experienced 

neuroradiologist as the “ground truth” for these 16 ALA:control pairs (267). 

2.5 Results 

2.5.1 Fuzzy3 Shows Greatest Volume Agreement with Manual Contouring 

 A total of 37 cases were accrued for validation of the segmentation methods; 

16 of which had received FGS in the 5-ALA trial, and 21 retrospective controls. 

Examples of pre- and postoperative ROI-blobs and tumor volumes generated using 

Fuzzy3 are shown in Figures 2.1A-D and E-H, respectively, and raw volume data 

for all cases and methods are in Tables 2.1 and 2.2. The CCC for each method 

with manual contouring pre- and postoperatively is shown with 95% confidence 

intervals in Figure 2.2. The extra five cases are included with 5-ALA cases for 

CCC, method comparison, and spatial analysis in Figures 2-4. Although 

differences in agreement between Fuzzy4 and Otsu4 were subtle preoperatively, 

greater differences were apparent postoperatively, with CCCs for Fuzzy4 

approaching unity, while those for Otsu were below 0.84.  This trend held for both 
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readers pre- and postoperatively suggesting a reproducible finding attributable to 

the method. Moreover, pre- and postoperative differences in inter-reader mean 

CCC between Otsu4 and Fuzzy4 were found to be statistically significant at p = 

0.027 (Table 2.3) and p=0.002 (Table 2.4), respectively. 
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Table 2.1. Preoperative contrast-enhancing tumor volumes (cm3) generated 

using manual, Otsu, and Fuzzy methods. Readers 1 & 2 are remote in time. Line 

demarcates the end of 32 cases in 5-ALA trial. 

ID Manual 
Reader 1 

Otsu4 
Reader 2 

Otsu4 
Reader 1 
Fuzzy3 

Reader 2 
Fuzzy3 

Reader 1 
Fuzzy4 

Reader 2 
Fuzzy4 

Case 1 3.59 2.41 6.10 3.58 3.51 3.547 3.547 

Case 2 83.98 82.08 83.21 90.36 86.15 96.88 88.83 

Case 3 22.36 23.23 27.69 22.47 22.64 22.56 21.14 

Case 4 41.81 48.45 47.05 41.82 41.64 39.75 39.75 

Case 5 8.38 9.20 8.72 8.49 8.01 8.25 8.32 

Case 6 42.73 47.31 44.71 42.12 45.09 43.89 37.23 

Case 7 11.94 15.24 12.77 12.72 10.85 12.05 10.45 

Case 8 51.19 61.85 50.14 50.81 48.74 51.41 50.90 

Case 9 4.15 6.59 3.68 4.38 3.34 4.02 3.61 

Case 10 15.95 15.77 6.91 15.73 15.17 16.27 15.69 

Case 11 4.80 4.87 4.65 4.87 4.88 5.07 4.16 

Case 12 76.19 88.52 77.80 80.56 77.82 76.80 75.42 

Case 13 66.75 89.27 68.63 66.30 67.62 69.69 65.81 

Case 14 4.13 3.31 3.94 4.17 4.05 3.98 4.04 

Case 15 53.34 51.98 50.44 52.94 52.9 53.09 57.10 

Case 16 18.23 16.43 19.99 18.14 18.03 18.42 16.35 

Case 17 13.97 14.54 15.16 14.00 14.49 13.45 14.07 

Case 18 54.13 61.69 52.58 49.30 52.01 52.45 51.18 

Case 19 10.92 7.24 16.30 10.85 11.10 11.02 11.60 

Case 20 20.05 14.69 34.83 20.82 21.31 19.44 19.03 

Case 21 30.94 31.03 31.11 32.75 28.95 31.46 30.65 

Case 22 35.72 40.71 42.84 36.35 33.79 36.65 37.51 

Case 23 54.41 65.54 59.19 54.88 55.74 61.82 60.76 

Case 24 89.40 126.8 84.66 92.59 89.80 87.98 95.39 

Case 25 3.92 4.19 9.30 3.60 3.67 3.66 3.39 

Case 26 16.23 23.51 15.84 16.38 15.14 17.29 15.47 

Case 27 29.66 32.50 32.64 29.98 30.03 29.54 29.11 

Case 28 101.75 121.36 112.38 112.97 95.59 106.56 78.63 

Case 29 65.59 84.86 45.88 65.10 64.63 65.51 67.64 

Case 30 23.88 22.29 23.16 23.82 23.38 24.09 24.58 

Case 31 33.40 30.77 31.17 33.11 33.89 33.05 30.63 

Case 32 54.60 53.62 52.83 54.86 54.37 53.95 53.76 

Case 33 29.22 25.97 24.23 28.9 20.90 28.79 21.04 

Case 34 15.01 15.51 13.88 14.70 13.83 15.22 13.15 

Case 35 9.67 8.98 8.51 9.32 9.13 9.81 9.01 

Case 36 34.91 31.38 30.67 33.59 34.15 33.05 32.30 

Case 37 82.58 72.00 67.66 81.93 70.54 84.29 58.78 
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Table 2.2. Postoperative tumor volumes generated using manual, Otsu, 

and Fuzzy methods. Readers 1 & 2 are separate readers remote in time. Line 

demarcates the end of 32 cases in 5-ALA trial. 

ID Manual 
Reader 1 

Otsu4 
Reader 2 

Otsu4 
Reader 1 
Fuzzy3 

Reader 2 
Fuzzy3 

Reader 1 
Fuzzy4 

Reader 2 
Fuzzy4 

Case 1 0.22 0.41 1.46 0.43 0.30 0.28 0.29 

Case 2 8.25 15.24 19.88 7.07 8.00 8.91 5.25 

Case 3 1.49 2.11 2.84 1.77 1.42 1.62 1.93 

Case 4 0.82 2.71 0.99 0.65 1.72 2.12 2.17 

Case 5 0.62 0.47 0.90 0.62 0.69 0.39 0.75 

Case 6 5.0 5.28 6.32 4.32 5.26 4.97 5.84 

Case 7 0.08 0.97 0.90 0.05 0.05 0.03 0.00 

Case 8 0.05 0.72 0.60 0.65 0.55 0.41 0.65 

Case 9 0.01 0.28 0.33 0.11 0.19 0.10 0.31 

Case 10 0.69 1.53 3.49 0.65 0.76 0.68 0.90 

Case 11 0.04 1.80 3.33 0.06 0.03 0.13 0.66 

Case 12 5.87 10.32 10.87 5.58 5.28 7.07 5.88 

Case 13 3.94 3.93 2.59 3.66 4.95 3.60 5.01 

Case 14 0.64 0.80 0.75 0.72 0.66 0.74 0.52 

Case 15 0.52 1.44 6.21 0.86 1.38 0.41 1.28 

Case 16 0.05 0.35 0.11 0.08 0.09 0.04 0.04 

Case 17 1.28 0.61 0.70 1.26 1.97 1.44 1.58 

Case 18 8.06 5.16 5.42 7.83 8.31 8.08 4.54 

Case 19 1.20 0.83 2.03 1.28 1.21 1.30 0.84 

Case 20 2.36 2.10 2.12 2.17 2.94 2.39 3.61 

Case 21 1.58 2.07 2.59 2.02 1.95 1.98 0.96 

Case 22 10.42 11.33 11.89 9.70 10.67 10.29 9.29 

Case 23 8.60 9.37 10.89 8.35 8.98 8.55 9.31 

Case 24 1.91 3.61 5.24 2.56 1.68 2.60 3.05 

Case 25 0.64 1.11 3.18 1.38 1.21 0.84 1.71 

Case 26 0.03 0.89 0.79 0.55 0.72 0.33 0.27 

Case 27 2.12 1.53 1.62 2.36 2.79 2.15 1.29 

Case 28 7.28 11.31 15.49 8.27 7.77 9.34 5.89 

Case 29 5.77 13.0 13.64 5.70 5.14 8.33 8.80 

Case 30 8.62 9.40 8.31 9.83 9.79 8.36 7.49 

Case 31 2.95 1.80 6.21 2.94 2.83 3.09 4.05 

Case 32 0.91 0.99 0.92 0.92 0.94 0.93 0.79 

Case 33 3.73 3.95 2.84 3.16 2.35 3.70 3.46 

Case 34 7.63 9.03 9.35 7.20 7.92 8.00 5.60 

Case 35 0.91 0.99 0.95 0.88 1.15 1.58 1.23 

Case 36 0.58 0.53 0.51 1.76 0.67 0.98 0.43 

Case 37 1.14 2.29 2.54 1.93 2.17 1.56 2.01 
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Figure 2.2. Preoperative and postoperative manual tumor contour 

volume vs. semi-automated segmentation (Otsu 4, Fuzzy 4, or Fuzzy3 

from top to bottom) by two separate readers. CCC = Concordance 

Correlation Coefficient ± SEM; C.I. = Confidence Interval. 
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 Otsu 4 Fuzzy 4 Fuzzy 3 

CCC 0.981*,** 0.993*,° 0.998**,° 

SEM 0.006 0.002 0.001 

95% C.I. (0.963, 0.990) (0.988, 0.998) (0.997, 0.999) 

 

Table 2.3. Mean CCCs with SEM and 95% confidence intervals for 

preoperative tumor volumes generated using automated methods 

versus manual contouring by two separate readers (Reader 1 and 

Reader 2). *p = 0.027, **p = 0.005, °p = 0.025. CCC = Concordance Correlation 

Coefficient; C.I. = Confidence Interval.  
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 Otsu 4 Fuzzy 4 Fuzzy 3 

CCC 0.780*,** 0.971*,° 0.990**,° 

SEM 0.062 0.009 0.003 

95% C.I. (0.626, 0.875) (0.953, 0.990) (0.983, 0.996) 

 

Table 2.4. Mean CCCs with SEM and 95% confidence intervals for 

postoperative tumor volumes generated using automated methods 

versus manual contouring by two separate readers (Reader 1 and 

Reader 2). *p = 0.002, **p = 0.001, °p = 0.045. CCC = Concordance Correlation 

Coefficient; C.I. = Confidence Interval. 
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 Based on its near-perfect agreement with manual contouring both pre- and 

postoperatively, Fuzzy clustering was selected as the most promising segmentation 

method, and another simulation using only three classes was then investigated in 

an attempt to optimize the method.  With the use of only three classes, Fuzzy3 

segmentation volumes (Figure 2.2, Row 3) exhibited higher agreement with 

manual contouring - in terms of CCC - than Fuzzy4 segmentations, both pre- and 

postoperatively. The differences in inter-rater mean CCCs were found to be 

statistically significant in the pre- and postoperative settings as well (p = 0.025 in 

Table 2.3 and p=0.045 in Table 2.4, respectively). 

2.5.2 Fuzzy3 Algorithm Shows Greatest Spatial Agreement with Manual 

Contouring 

 To evaluate spatial overlap of algorithm-generated tumor segmentations 

versus manual contours, Dice and MED metrics were used (Figure 2.3A). Mean 

Dice and MED values with SEMs and 95% confidence intervals for Otsu and Fuzzy 

methods versus manual contouring were computed for subjects pre- and 

postoperatively and reported in Figure 2.3B. Fuzzy4 again outperformed Otsu4, 

in terms of Dice and MED values, exhibiting a significantly higher mean Dice value 

and significantly lower MED preoperatively and postoperatively (p < 0.05). 

Subsequent Fuzzy3 simulations produced segmentations that also differed 

significantly in terms of Dice and MED from Otsu4; however, no significant 

difference in these values was found between segmentations produced using 

Fuzzy3 and 4. Moreover, preoperative intra-rater variability - as measured by the 

coefficient of variation for Dice and MED - were found to be increased in Otsu4 



170 

 

relative to those for Fuzzy3 and 4 which were similar (0.070/1.27 and 0.083/1.38, 

respectively).   
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Figure 2.3.  Pre- and postoperative Dice and MED. Two-dimensional 

illustration depicting impact of manual and segmented structure overlap on Dice 

and MED (A) along with mean pre- and postoperative Dice and MED values with 

SEM and 95% confidence for Otsu and Fuzzy methods versus manual contouring 

(B). *p < 0.05, **p < 0.05, + p < 0.05, + + p < 0.05, ° p < 0.05, °° p < 0.05, ªp < 0.05, 

ª ª p < 0.05. C.I. = Confidence Interval. 
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2.5.3 Fuzzy3 Algorithm Exhibits Exceptionally High Inter-rater Agreement  

 Fuzzy3 outperformed both Otsu4 and Fuzzy4 in all measured parameters 

(CCC, Dice, and MED), although only non-statistically significant trends were 

found vs. Fuzzy4 in regards to spatial agreement with manual contouring. This, 

along with anecdotal evidence that Fuzzy4 requires more computation time than 

Fuzzy3 (as more centroids must be evaluated and more thresholds optimized), led 

to the selection of the Fuzzy3 method as the best candidate for inter-rater 

reproducibility analysis. The CCC, SEM, and 95% confidence intervals between 

separate readers using Fuzzy3 for tumor volume generation are reported, along 

with their agreement plots, in Figure 2.4 for subjects pre- and postoperatively, as 

a measure of inter-rater agreement. The use of Fuzzy3 for tumor segmentation 

resulted in inter-rater CCCs for pre- and postoperative tumor volumes that 

approached unity (0.990 and 0.983, respectively), with narrow confidence 

intervals (0.981 - 0.995 and 0.981 - 0.995, respectively). This was particularly 

noteworthy postoperatively, as accurate post-surgical residual tumor 

measurements are typically difficult to determine, even using the most time-

consuming manual segmentation methods, due to their complex morphology and 

the presence of T1-hyperintense blood products. 
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Figure 2.4. Inter-rater reliability analysis. Pre- (top) and postoperative 

(bottom) tumor volumes generated using Fuzzy3 by Reader 1 vs. Reader 2. CCC = 

Concordance Correlation Coefficient ± SEM; C.I. = Confidence Interval. 
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2.5.4 Fuzzy3 Algorithm Performs Well Per Diagnostic Performance Metrics 

 Chi-square comparison of Fuzzy3-generated postoperative tumor volumes 

vs. manually contoured tumor volumes by an experienced neuroradiologist 

(ground truth) for 16 case-control pairs showed a sensitivity of 0.929 (95% CI: 

0.661-0.998) and specificity of 1.0 (95% CI: 0.815-1.0), at a volume cut-off of ≤ 1.0 

cm3. Accuracy, positive predictive value, and negative predictive value at ≤ 1.0 cm3 

were 0.969, 1.0 (95% CI: 0.753-1.00), and 0.947 (95% CI: 0.740-0.999), 

respectively. At a postoperative tumor volume cut-off of ≤ 0.175 cm3, sensitivity 

and specificity for Fuzzy3 were found to be 0.667 (95% CI: 0.223-0.957) and 1.0 

(95% CI: 0.868-1.000), respectively, with accuracy, positive predictive value, and 

negative predictive value of 0.938, 1.0 (95% CI: 0.398-0.1.0), and 0.929 (95% CI: 

0.765-0.991).  The mean EOR, as computed using Fuzzy3 volumes, was found to 

be 94.5 ± 4.8% for the ALA patients and 86.5 ± 11.5% for the controls. 

Furthermore, no statistically significant difference between EOR determined using 

Fuzzy3 or manual contouring was found with p = 0.313 for ALA patients (manual: 

95.0 ± 1.2%) and p = 0.115 for control patients (manual EOR: 86.5 ± 3.0%). 

2.6 Discussion   

In any clinical trial analyzing surgical resection, a major hindrance in image 

analysis must be addressed: the unbiased and reproducible measurement of pre- 

and postoperative tumor volumes. We believe that Fuzzy C-means clustering 

coupled to ROI-blob initialization offers a feasible solution to this hindrance. 

Fuzzy3 performs as well as other complex semi- and fully-automated methods 

proposed in recent years.  Fuzzy3’s preoperative Dice values (mean of 0.92) lie well 
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within the range of similar values generated using edge and region-based  

segmentation  algorithms (0.72-0.98), including content-based active contours, 

fuzzy connectedness, and fluid vector flow methods (268-272). This holds true for 

comparison of Fuzzy3 to other classification/clustering methods - utilizing 

neighborhood regularization, deformable models, and/or global constraints based 

on atlases - which exhibit Dice coefficients ranging from 0.40 to 0.90 (243). These 

values include those generated by newly developed methods utilizing conditional 

markov fields, support vector machine classification, decision forests, and 

expectation-maximization, and markov random field methods (273-276). 

Moreover, MED observed using Fuzzy3 (mean 0.142 mm) preoperatively exhibited 

similar comparability to other segmentation studies using this metric (0.73 – 4.5 

mm) (277-280). Dice and MED values for postoperative segmentations barely 

failed to reach the generally known thresholds of reasonable segmentation (> 0.70 

and 1 mm, respectively), but still fell within the range of those reported in other 

studies. These lower scores are likely due to the large volume contribution of 

surrounding blood vessels to end segmentation. This is currently being addressed 

with post-processing methods, including the use of shape-identifiers to find and 

remove blood vessels in T1W images.  

Computer-assisted, manual contouring decreases the inter- and intra-rater 

variability of volume generation in multiple anatomical regions (i.e. cervix, lung, 

brain, pancreas and liver); however, this requires a great deal of time and effort 

(241; 246; 281-283). Sorensen et al. found that manual contouring of tumor 

volumes resulted in an average completion time of approximately 20 minutes per 

tumor - a time requirement that clearly limits its routine use (241). Ongoing work 
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shows that when a group of cases (tumor volumes 8.0 – 100.0 cm3) are segmented 

by a research specialist using Fuzzy3 and a neuroradiologist using computer-

assisted manual contouring, Fuzzy3 generates segmentations in significantly less 

time (186.7 ± 35.3 s vs. 378.5 ± 49.9 s; p < 0.001). Furthermore, whereas the 

entirety of the manual contouring time consists of user interaction, this only 

accounts for an average of 86.4 s ± 34.4 s (< 50% of total time) using Fuzzy3, as 

the most time-intensive component of the Fuzzy3 segmentation is computation. 

Furthermore, the Fuzzy3 and manual segmentations were equally accurate, as no 

statistically significant difference was found in terms of the Dice means (Dice: 

0.943 ± 0.018 and 0.945 ± 0.015, p = 0.741, respectively). Lastly, Fuzzy3 can be 

used for batch processing, allowing multiple tumors to be segmented sequentially 

and simultaneously: an advantageous quality when data from multiple centers are 

analyzed at a single site. The user (most likely an imaging technician) need not 

laboriously contour the intricate morphology of each tumor; he or she need only 

draw a simple coarse blob around the tumor for each patient and process multiple 

cases in a single batch. The algorithm will fill in the fine morphological details of 

the tumor for the neuroradiologist to confirm afterward. The proposed semi-

automated segmentation method delineates the intricacies of tumor morphology 

in a manner comparable to manual contouring with high fidelity, but in less time 

and with less user interaction and, consequently, with less potential for user-

introduced bias. 

Semi-automated segmentation methods have been developed in an attempt 

to combine the high-level visual processing and specialized knowledge exhibited 

by humans with the objectivity of computers; however, most of these methods 
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remain restricted to their individual development sites, having not gained 

widespread acceptance (257; 284-288).  This is likely due to an absence of 

segmentation algorithm/software transparency, the technical complexity of the 

algorithms, and the difficulty with which input data is generated.  For example, 

artificial neural networks are capable of identifying very complex voxel-based 

dependencies within large 3D MRI data sets, offering clear advantages over less 

sophisticated methods. However, implementing these processes is not trivial, as 

the algorithm must be trained - requiring a slow, tedious learning phase - and 

segmentation trouble-shooting requires a proficiency in data abstraction 

processes, such as hierarchical self-organized mapping (242; 289). Conversely, 

ROI-guided semi-automated segmentation methods using algorithms similar to 

those used here have been shown to quantify enhancing tumor reproducibly in the 

presence of resection cavity collapse and non-neoplastic enhancing tissues in less 

time than manual contouring, lending credence to the standardization and 

utilization of similar methods in neurosurgical trials (290-292).   

Precision in image registration is crucial to postoperative tumor 

segmentation, as evaluating the complex morphology of residual tumor requires 

the ability to differentiate residual enhancing tumor tissue from T1-hyperintense 

blood products (methemoglobin), non-neoplastic enhancing structures, such as 

normal blood vessels, and parenchyma in the presence of an often deformed 

resection cavity. When the proposed algorithms are applied to ROI-blobs that 

sample image difference maps (subtraction images), misregistration of the 

resection cavity and surrounding tissues may result in misclassification of voxels. 

For example, if voxels containing post-surgical blood products, which are 
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hyperintense on T1W images, are slightly misregistered, these voxels may 

subsequently be subtracted from voxels containing enhancing tumor, resulting in 

incorrect lower residual tumor volumes. As the current work utilized only rigid 

image registration algorithms for the fusion of pre- and post-contrast images, the 

use of more sophisticated registration methods, including deformable registration 

algorithms, such as multi-resolution modified basis spline or multi-modality 

Demons, may prove to be advantageous.  Due to the low error of VelocityAI's 

deformable registration algorithms, as shown by Kirby et al., a sample of cases with 

sub-cubic centimeter residual tumor volumes were segmented using Fuzzy3 after 

both rigid and B-Spline deformable image registration to investigate the impact of 

registration on algorithm performance (293).  Although no significant difference 

was found, a trend in both MED and mean-percent volume error for rigid and 

deformable segmentation (1.61 ± 0.73 mm/50.7 ± 35.3% and 0.89 ± 0.64 mm/47.6 

± 37.3%, respectively) suggests that deformable registration may increase the 

accuracy of postoperative tumor segmentation, and lends credence to its use in 

future studies. 

Although the Fuzzy3 method described herein exhibited high agreement 

and reproducibility for the systematic determination of contrast-enhancing tumor 

volumes, it did exhibit some weaknesses common to intensity-histogram 

thresholding. As the threshold between classes/clusters is determined solely by the 

intensity of the voxels within the image histogram, other strongly enhancing, non-

neoplastic tissues or high-intensity noise may be misclassified as contrast-

enhancing tumor. Although this is a significant problem when utilizing global 

thresholding techniques, it is less of an issue when using local thresholding, since 
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generating versatile ROI-blobs that exclude obviously non-neoplastic enhancing 

tissues (dura, blood vessels, etc.) can mitigate segmentation errors. Furthermore, 

these regions may be accounted for by the classification algorithms or simple post-

processing procedures. The ROI-selection and post-processing techniques are 

more systematic, more reproducible, and more easily standardized than manual 

contouring and should be considered as important components of tumor 

segmentation using this methodology. Also, in this study, these algorithms were 

applied to a population of MR images with variable acquisition parameters and 

spatial resolutions. Ideally, in future work, only high-resolution 3D images (i.e. 

MP-RAGE) would be acquired and analyzed, as this decreases misclassification 

due to partial volume effects. Furthermore, as deformable registration seems to be 

favorable, acquiring high-resolution images is important, as registration 

performance is inversely proportional to image spatial resolution (294).  

 The proposed method, Fuzzy3, overcomes many of the perceived pitfalls of 

manual and other semi-automated segmentation methods by coupling a flexible 

shape of blob-generation method with simple, local histogram 

thresholding/clustering. The proposed algorithm allows for significant control of 

segmentation parameters - including the selection of pertinent data for analysis 

(i.e. ROI-blob) and the desired number of clusters to be classified - while 

maintaining an intuitive workflow. Moreover, Fuzzy3 is easily integrated with 

volume-rendering software that is currently being used for clinical purposes, such 

as RT planning, thereby expanding the potential for implementation across 

multiple sites. As such, Fuzzy3 should be considered for the generation of pre- and 

postoperative tumor volumes for EOR analysis in multicenter trials for GBM (or 
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other tumors). Future directions concerning this method consist of addressing the 

aforementioned drawbacks of intensity-histogram thresholding, further 

automating and standardizing the method, particularly in regard to ROI-blob 

generation and post-processing procedures, and further investigating the effect of 

deformable registration and spatial resolution on segmentation accuracy. 
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Semi-Automated Volumetric 

and Morphological Assessment 

of Glioblastoma Resection with 

Fluorescence-Guided Surgery 
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3.2 Abstract  

GBM neurosurgical resection relies on contrast-enhanced MRI-based 

neuronavigation. However, it is well-known that infiltrating tumor extends beyond 

contrast enhancement. FGS using 5-ALA was evaluated to improve EOR of GBMs. 

Pre-operative morphological tumor metrics were also assessed. Thirty patients 

from a Phase II trial evaluating 5-ALA FGS in newly diagnosed GBM were assessed. 

Tumors were segmented pre-operatively to assess morphological features as well 

as post-operatively to evaluate EOR and residual tumor volume (RTV). Median 

EOR and RTV were 94.3% and 0.821 cm3, respectively. Pre-operative surface area 

to volume ratio and RTV were significantly associated with OS, even when 

controlling for the known survival confounders. This study supports claims that 5-

ALA FGS is helpful at decreasing tumor burden and prolonging survival in GBM.  

Moreover, morphological indices are shown to impact both resection and patient 

survival. 

3.3 Introduction 

 The goal of surgery in patients with GBM is maximum safe resection to 

relieve tumor mass effect, confirm diagnosis, and enhance the efficacy of adjuvant 

therapy. In recent years, however, the value of “more complete” resection (i.e. 

removal of the entire contrast-enhancing tumor) in extending PFS and OS has 

been recognized (41-46; 48; 49). Consequently, much work has been done to 

enhance tumor resection, including the development of intraoperative 

technologies like FGS (41-43; 46; 116; 296). One of the most well-studied 

fluorescent markers used for FGS in malignant gliomas is 5-ALA (297). 5-ALA is 

an oral prodrug that is converted to the fluorescent compound PpIX during heme 
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biosynthesis in glioma cells, permitting real-time intraoperative visualization of 

malignant tissue with fluorescence microscopy (155; 157; 171; 258; 298-300). 

Though the exact mechanisms of 5-ALA penetration of glioma are still uncertain, 

it appears that bulk flow of 5-ALA across the leaky GBM vasculature and active 

transport at the blood-brain and blood-CSF interfaces contribute to 5-ALA-

induced fluorescence in both in vitro and in vivo tumor models (159; 299; 301-

303). In a randomized Phase III study, Stummer et al. demonstrated that more 

extensive GBM resection and higher PFS rates were achievable with 5-ALA FGS 

compared to conventional resection, leading to multiple follow-up studies on the 

technique (42; 43; 50; 52; 148; 172-176; 304; 305).  

 One critical, yet often overlooked, component of determining neurosurgical 

efficacy  is the metric(s) by which resection is evaluated (109).  Since convention is 

to target the enhancing component of contrast-enhanced T1-weighted images (CE-

T1w) for resection, most studies utilize EOR, a comparison of pre- and post-

operative CE-T1w tumor volumes (41-46; 48; 50; 161). However, recent work 

suggests that residual contrast-enhancing tumor volume (RTV) more accurately 

reflects disease burden and patient survival (304). Furthermore, the measurement 

of GBM tumor volume at a single time point is known to be inaccurate and 

irreproducible (67; 136). Taking the quotient of two separate measurements 

compounds this error, potentially resulting in erroneous relationships between 

EOR and survival (306).   

  The method by which tumor volumes are measured is also a potential 

source of error in resection analyses. Linear measurements are often used to 

evaluate response to chemoradiation therapy, but they are poorly suited for 
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evaluating the curvilinear tumor remnants around a resection cavity (67; 144).  

Modeling RTV with ellipsoids is also known to be largely inaccurate and highly 

susceptible to intra- and inter-reader variability (67; 128). Some automated 

digital-image segmentation techniques have shown promise in measuring pre-

operative tumor volumes, but few are designed to evaluate RTV where T1-

hyperintense blood products (methemoglobin) and cavity collapse obscure 

measurements (242; 243). Such structural nuances can be accounted for using 

manual image contouring; however, this process is time-consuming and suffers 

from limited reproducibility (128; 240; 241; 307). These limitations often lead to a 

resection being labeled as a GTR (with an RTV of predetermined volume) despite 

the presence of residual contrast-enhancement, potentially skewing endpoints. 

Due to the inadequacies of conventional methods, careful consideration of image 

segmentation techniques – particularly those specially designed for the 

measurement of pre- and post-operative contrast-enhancing tumor volumes – is 

essential for the generation of accurate relationships between resection and 

survival outcomes. 

 A Phase II study of 5-ALA FGS was initiated in 2011 at Emory University to 

evaluate its efficacy in the resection of newly diagnosed and recurrent malignant 

gliomas. To overcome the tumor measurement limitations of previous studies, a 

rigorously validated, semi-automated segmentation method designed specifically 

for resection-related outcomes was utilized to measure tumor pre- and post-

operative tumor volumes (239). We report the primary endpoints, EOR and RTV, 

for a prospective cohort of newly diagnosed GBM patients that have undergone 5-

ALA FGS, and interim findings for secondary endpoints including adverse event 
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(AE) rates, PFS, and OS. To the best of our knowledge, this is the largest 

prospective 5-ALA study in North America utilizing a semi-automated volumetric 

method designed specifically for tumor resection analysis, and the first to show 

pre-operative morphological metrics are not only associated with resection 

outcomes, but also survival outcomes for GBM patients receiving FGS. 

3.4 Materials and Methods  

3.4.1 Patient Selection 

 All patients included in this analysis were part of a prospective Phase II 5-

ALA FGS study at Emory University Hospital Midtown and Emory University 

Hospital (2011-2014). Patients who had newly diagnosed or recurrent malignant 

gliomas suspected by MRI were eligible for FGS. The trial included all patients 18 

years of age or older with normal bone marrow, renal, and liver function, KPS ≥ 

60%, and able to understand and sign an informed consent document before 

surgery. Patients with midline, basal ganglia, or brainstem tumors, and those 

receiving any experimental therapies prior to surgery, or with a family history of 

porphyria, were excluded. The inability to achieve a GTR was not an exclusion 

criterion.  Demographic, genomic, and clinical values were recorded for each 

patient as potential covariates for endpoint analyses and included age (continuous 

and above/below 55 years), KPS before and 6 weeks after surgery, tumor location 

eloquence, MGMT gene promoter methylation status (methylated versus 

unmethylated), EGFR amplification status, and PTEN deletion status.  
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3.4.2 Fluorescence-Guided Surgery  

 5-ALA (Gliolan®; provided by photonamic GmbH & Co. KG, Wedel, 

Germany and manufactured by medac Gmbh, Wedel, Germany) was administered 

to patients orally at 20 mg/kg of bodyweight 3-5 h before induction of general 

anesthesia. Image-guided microsurgical resection was then carried out using a 

standard surgical operating microscope adapted for fluorescence excitation and 

emission at wavelength ranges of 400–410 nm and 480–750 nm, respectively.  

Fluorescence-guided microsurgical removal of tissue was performed 

intermittently during the tumor resection, mainly along the contrast-enhancing 

tumor margins on neuronavigation. Tissue sampled at regions of residual tissue 

fluorescence was sent for histological confirmation by neuropathology.  

3.4.3 Image Acquisition and Analysis 

 Pre-operative, high-resolution 3D MR images, including 1 mm3 T1w 

MPRAGE images (TR/TE = 1900/3.52, 256 x 256 matrix, FA = 9°) before and after i.v. 

administration of gadolinium-based contrast agent (GBCA), were generated ≤ 7 days 

prior to surgery for neuronavigation and tumor segmentation. The same high-

resolution T1w 3D MP-RAGE images were acquired post-operatively, within 48 h 

(usually within 24 h) of surgery, to evaluate EOR and RTV.  

 The 510(k) FDA-cleared image analysis platform VelocityAI (Varian 

Medical Systems, Palo Alto, CA) was used to semi-automatically segment contrast-

enhancing tumors with a highly-sensitive fuzzy c-means clustering algorithm 

(Fuzzy) on pre- and post-operative CE-T1w images as previously described (239). 

Spatially co-registered segmentation masks for contrast-enhancing tumor and 
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necrotic tissue were generated for volume and surface area (SA) measurements 

(Figure 3.1). An experienced neuroradiologist confirmed all final segmentations. 

This method of verification is commonplace for the generation of tumor 

segmentations for radiotherapy planning and segmentation algorithm validation 

(243; 260).   

 Based on the European Phase III 5-ALA FGS trial criterion, a “complete” 

resection of the contrast-enhancing tumor (CRET) was defined as ≤ 0.175 cm3 of 

residual contrast-enhancement after surgery using volumetric assessment (50). 

The traditional definition of GTR (residual contrast-enhancing tumor volume ≤ 1 

cm3) was also considered. Tumor EOR calculations were determined by 

comparison of tumor volumes from pre- and post-operative volumetric MRI 

studies. Morphological indices based on segmentation results were generated as 

measures of tumor structure and included surface area (SA), percent of necrosis in 

tumor volume (NV%), and tumor surface area-to-volume ratio (SAVR). Patients 

were monitored by CE-T1w and T2w/FLAIR at 3, 6, and 9 months post-surgery, or 

until tumor progression was confirmed per RANO criteria (67).  
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Figure 3.1. Example of semi-automated tumor segmentation results 

used for volumetric and morphological analysis. Preoperative CE-T1W 

images of GBM patients are segmented using a semi-automated method to 

generate volumes for contrast-enhancing (green contour) and necrotic (yellow 

contour) components (a). Voxels are classified into one of three tissue types 

(normal, contrast-enhancing, and necrotic) and image masks are generated for 

volumetric comparison (necrotic class pictured with contours, b). 3-Dimensional 

tumor surface reconstructions show the structural complexity of each tumor and 

can be used for surface area measurement (c). Pre-contrast images are subtracted 

from post-contrast enhancing images (d) to account for non-neoplastic enhancing 

blood products in the resection cavity (methemoglobin in blood) and to generate 

T1 difference maps (e). This subtraction image is then segmented using the same 

semi-automated method to generate contrast-enhancing tumor masks (f) and 

calculate residual contrast-enhancing tumor volumes (RTVs) (blue contour, d-f). 

Post-operative tumor morphology can also be visualized using this method (g).  
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3.4.4 Statistical Methods 

 Statistical analyses were performed with the Statistical Analysis System 

(version 9; SAS Institute, Cary, NC), were all 2-sided, and with statistical 

significance set at p < 0.05.  Univariate analyses were first used to evaluate the 

association of individual covariates with EOR and RTV. The impact on primary 

endpoint of dichotomous covariates was evaluated by conducting paired t-tests on 

group means and that of continuous covariates was evaluated by testing Pearson's 

correlation coefficients (ρ) versus no correlation (H0: ρ = 0). Multivariate analysis 

was then performed using a general linear model to assess the effects of multiple 

covariates on RTV. As RTV is the summation of contrast-enhancing voxels after 

surgery, it can be modeled as a Poisson process. Thus, a Poisson distribution was 

used for regression. A general, step-wise model selection procedure was used to 

select covariates to be included in the final model with the controlling variables 

age, pre-operative tumor volume, and MGMT gene promoter methylation status 

(308). 

 PFS and OS were evaluated using a right-censored univariate Cox 

regression model, and corresponding hazard rate ratios (HR) are reported with 

95% confidence intervals. Covariates in Cox regression survival analysis were the 

same as those of the primary endpoint analysis, with the addition of EOR, RTV, 

pre-operative KPS, and 6 week KPS. The univariate and multivariate analysis 

procedures used for the survival outcomes were the same as those used for the 

primary endpoint analysis with controlling variables age, pre-operative KPS, and 

MGMT gene promoter methylation status. Pre-operative and 6-week KPS values 



199 

 

were compared using the Wilcoxon signed-rank test to evaluate post-surgical 

functional outcomes. 

3.5 Results 

3.5.1 Study Accrual 

 Between October 2011 and December 2014, 56 patients were enrolled in the 

Phase II 5-ALA FGS trial. Four patients were excluded as histology failed to 

confirm HGG (metastasis, n = 2; LGG, n = 2), and two patients consented for the 

study, but dropped out before surgery. A total of 31 newly-diagnosed GBM, 7 

recurrent GBM, 4 newly-diagnosed WHO grade III (anaplastic) glioma, and 8 

recurrent WHO grade III glioma patients were enrolled and completed 5-ALA FGS. 

Newly-diagnosed GBM patients were the only group analyzed in the currently 

reported study, as they were the largest, most homogenous group in the cohort. 

One patient was excluded from endpoint analysis due to an exceptionally large 

RTV (25.1 cm3) that was found to be an extreme outlier (> 3 interquartile ranges 

(IQRs) above the third quartile). Pertinent baseline clinical characteristics of 

analyzed data from 30 patients are shown in Table 3.1.  

3.5.2 Primary endpoints: EOR and RTV 

 Median EOR and RTV were found to be 94.8% (IQR: 11.1%; range: 70% - 

100%) and 0.76 cm3 (IQR: 5.8 cm3; range: 0 - 15.3 cm3), respectively. CRET 

resection was achieved in 9 patients (30%), and GTR (≤ 1cm3) was achieved in 16 

patients (53.3%).    Age (> 55 or ≤55 yrs.) was the single strongest covariate for 

predicting EOR and RTV with p = 0.003 and 0.004, respectively (Table 3.2). No 

other covariate was found to be significantly associated with EOR, although NV% 

exhibited a moderate positive trend. Pre-operative SAVR showed statistically 
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significant negative correlation with RTV (ρ = -0.43, p = 0.02), while pre-operative 

SA and volume exhibited a positive correlation with RTV (ρ = 0.37, p = 0.04 and ρ 

= 0.50, p = 0.01).  
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% of patients 
(n = 30) 

Gender Male 20.0 66.7% 

 Female 10.0 33.3% 

    
Age Range 24-79 

 

 

 Median 60.0  

 SD 12.2  

 > 55 10.0 33.3% 

 ≤ 55 20.0 66.7% 

    
Preoperative KPS Range 60-90 

 

 

 Mean 78.0  

 SD 9.5  

 < 80 11.0 36.7% 

 80-100 19.0 63.3% 

    

Preoperative    Tumor 
Volume (cm3) 

Range 1.6-132  

 Mean 43.9  

 SD 27.3  

    
Tumor Location Eloquent 26.0 86.7% 

 
Non- 
Eloquent 

4.0 13.3% 

    
Histology Primary 28.0 93.3% 

 Secondary 2.0 6.7% 

    
Therapy after FGS RT + TMZ 24.0 80.0% 

 
Other 
Therapy 

4.0 13.3% 

 No TX 2.0 6.7% 

Table 3.1. Patient and tumor characteristics for 5-ALA FGS trial. *Other therapy 

includes TMZ only, RT only, experimental treatment, or any combination of these 

excluding RT + TMZ.  
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Dichotomous 

 EOR (%) RTV (cm3) 

N 

Group 

Mean 

(SEM) 

p-value 

Group 

Mean 

(SEM) 

p-value 

Age 
> 55 20 89.66 (2.23) 

<0.01* 
4.78 (1.09) 

<0.01* 
≤ 55 10 97.66 (0.68) 0.88 (0.39) 

Site 
Eloquent 27 91.95 (1.80) 

0.44 
3.66 (0.89) 

0.40 
Non-eloquent 3 95.70 (1.27) 1.87 (0.54) 

MGMT 
Promoter 

Methylated 20 91.61 (2.13) 
0.53 

4.30 (1.14) 
0.08 

Unmethylated 10 93.78 (1.89) 1.85 (0.50) 

EGFR 

Amplification 14 90.51 (2.77) 

0.32 

5.18 (1.45) 

0.06 No 
Amplification 

16 93.92 (2.09) 1.99 (0.78) 

PTEN 
Deletion 25 92.09 (1.90) 

0.72 
3.58 (0.93) 

0.77 
Intact 5 93.54 (1.51) 2.97 (0.80) 

Continuous 

     

N ρ (SEM) p-value ρ (SEM) p-value 

Age (yrs.) 30 -0.34 (0.18) 0.07 0.26 (0.18) 0.17 

SA (mm2) 30 -0.08 (0.19) 0.67 0.37 (0.18) 0.04* 

Preoperative Tumor 
Volume (cm3) 

30 -0.13 (0.19) 0.49 0.50 (0.16) <0.01* 

NV% (%) 30 0.33 (0.18) 0.07 -0.12 (0.19) 0.52 

SAVR (mm2/cm3) 30 0.26 (0.18) 0.17 -0.43 (0.17) 0.02* 
 

Table 3.2. Univariate analyses of EOR and RTV outcomes. *Significant at 

p ≤ 0.05. 
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 The final set of variables included in the multivariable RTV model with their 

coefficients and p-values can be found in Table 3.3. The controlling variables, 

although either significant or nearly significant in the univariate analysis, all failed 

to reach significance when considered with more morphological descriptors. Pre-

operative SA and SAVR both retained their significance, with very small weights, 

in the multivariable model. Notably, although non-significant when analyzed 

alone, NV% reached significance in this model, exhibiting a very strong, negative 

correlation with RTV (coefficient = -5.55, p = 1E-5). Taken as a whole, 

morphological indices describing tumor shape, complexity, and composition 

appear to have a substantial impact in determining the residual tumor burden after 

5-ALA FGS.   
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Coefficient 

(SEM) 
p-value 

Age (yrs.)** 0.01 (0.01) 0.56 

SA (mm2) 0.01 (0.01) <0.01* 

Preoperative 
Tumor Volume 
(cm3)** 

-0.03 (0.02) 0.09 

NV% (%) -5.55 (1.03) <0.01* 

SAVR (mm2/cm3) -0.04 (0.01) <0.01* 

MGMT Gene 
Promoter 
Methylation** 

0.48 (0.38) 0.21 

 

Table 3.3. Final multivariate, general linear model describing RTV. 

*Significant at p ≤ 0.05. **Controlling Variables. 
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3.5.3 Secondary Endpoint: PFS and OS 

 Two patients who underwent 5-ALA FGS opted not to have chemoradiation, 

and were not included in the secondary endpoint analysis (n = 28).  The 

proportions of patient’s progression-free at 6, 9, and 12 months were 45%, 29%, 

and 23%, respectively.  In the Cox proportional hazard regression of PFS for these 

patients, MGMT gene promoter methylation decreased the risk of true tumor 

progression by 75.9% (HR: 0.24, 95% CI: 0.09–0.68, p = 0.01), while no significant 

effect was found for the previously associated covariates of age and KPS (Table 

3.4). Furthermore, no significant impact of EOR, RTV, or morphological indices 

was found on PFS. These findings were recapitulated in the multivariate analysis, 

with MGMT gene promoter methylation status being the only variable significantly 

associated with PFS (Table 3.5). 
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Dichotomous 

PFS OS 

HR (95% CI) 
p-

value 
HR (95% CI) p-value 

Age 
> 55 vs 

0.97 (0.38, 2.45) 0.94 1.45 (0.54, 3.89) 0.11 
≤ 55 

Site 
Eloquent vs 

0.53 (0.15, 1.87) 0.32 0.95 (0.21, 4.25) 0.94 
Non-eloquent 

MGMT 
Promoter 

Methylated vs 
0.24 (0.09, 0.68) 0.01* 0.45 (0.16, 1.31) 0.14 

Unmethylated 

EGFR 

Amplification 
vs 

0.78 (0.30, 2.03) 0.61 0.70 (0.26, 1.91) 0.48 
No 
Amplification 

PTEN 
Deletion vs 

0.85 (0.19, 3.86) 0.84 0.42 (0.12, 1.54) 0.19 
Intact 

Continuous 
HR (95% CI) 

p-
value 

HR (95% CI) p-value 

Age (yrs.) 1.01 (0.97, 1.05) 0.63 1.03 (0.98, 1.07) 0.24 

KPS before surgery 0.99 (0.93, 1.04) 0.61 0.93 (0.87, 0.99) 0.04* 

KPS after surgery 0.99 (0.95, 1.04) 0.87 0.95 (0.92, 0.99) 0.01* 

SA (mm2) 1.00 (1.00, 1.00) 0.23 1.00 (1.00,1.00) 0.86 

Preoperative Tumor     
Volume (cm3) 

0.99 (0.97, 1.01) 0.12 1.00 (0.98, 1.02) 0.83 

NV% (%) 0.10 (0.01, 2.98) 0.18 0.04 (0.01, 1.48) 0.08 

SAVR (mm2/cm3) 1.00 (1.00, 1.01) 0.39 1.002 (1.00, 1.01) 0.56 

EOR (%) 0.99 (0.93, 1.05) 0.65 0.94 (0.89, 0.99) 0.03* 

RTV (cm3) 0.99 (0.91, 1.08) 0.82 1.09 (1.00, 1.18) 0.06 

Table 3.4. Univariate Cox proportional hazard regression analysis for 

PFS and OS. *Significant at p ≤ 0.05. 
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 PFS OS 

 
Coefficient       

(95% CI) 
p-value 

Coefficient                
(95% CI) 

p-value 

Age (yrs.)** 1.01 (0.97, 1.06) 0.52 1.05 (0.98, 1.12) 0.14 

RTV (cm3) - - 1.17 (1.03, 1.34) 0.02* 

SAVR (mm2/cm3) - - 1.01 (1.01, 1.02) 0.03* 

NV% (%) 0.04 (0.01, 1.93) 0.11 0.06 (0.01, 3.33) 0.17 

KPS before 
surgery** 

1.00 (0.94, 1.06) 0.99 0.95 (0.87, 1.04) 0.29 

MGMT promoter 
methylation vs no 
methylation** 

0.19 (0.06, 0.57) <0.01* 0.14 (0.03, 0.63) <0.01* 

 

Table 3.5. Final multivariate Cox proportional hazard regression 

models of PFS and OS. *Significant at p ≤ 0.05. **Controlling Variables. 
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The proportion of patients alive at 6, 9, and 12 months was 81%, 52%, and 

39%, respectively. Cox proportional hazard modeling showed higher KPS before 

and 6 weeks after surgery, as well as EOR, all moderately decreased the risk of 

death in the follow-up period, with RTV trending toward significance (Table 3.4). 

When considered in a multivariable model alongside age and morphological 

measures, pre-operative and 6-week post-operative KPS lost their significant 

association with OS (Table 3.5). Instead, MGMT gene promoter methylation, 

SAVR, and RTV reached significance. Notably, NV% showed strong association 

with OS in the univariate and multivariate analyses, but fell short of statistical 

significance in both (HR: 0.04, 95% CI: 0.01-1.48, p= 0.08 and HR: 0.06, 95% CI: 

0.01-3.33, p= 0.17, respectively).   

3.5.4 Adverse events (AEs) 

 One severe adverse event potentially attributable to 5-ALA was observed in 

all 30 patients. A patient with a history of gastrointestinal perforation exhibited a 

second perforation within 24 h of 5-ALA administration. Surgical correction of the 

perforation resulted in a return to baseline shortly thereafter.  

 Substance-specific side effects associated with 5-ALA (cardiac, 

gastrointestinal, and dermatological) were infrequent (Table 3.6). 

Dermatological abnormalities were mild and rare (10% of patients) and did not 

include photodermatosis. Cardiac AEs were slightly more common, yet equally 

mild, with 5 patients exhibiting arrhythmias (sinus bradycardia, n = 4; sinus 

tachycardia, n = 1) and 2 patients exhibiting exacerbation of hypertension. Nausea, 

constipation, and gastroesophageal reflux were the most common gastrointestinal 

AEs, but were well-managed with standard pharmacotherapy. 
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Type of AE Recorded 
Number AEs 

recorded 

Percentage 

of total AEs (%) 

Hematological  39 9.8 

Cardiac Arrhythmia 5 1.3 

Cardiac General 6 1.5 

Coagulation 0 0.0 

Dermatology/Skin 4 1.0 

Gastrointestinal 24 6.1 

Metabolic/Laboratory 165 41.7 

Neurology 58 14.6 

Ocular/Visual 3 0.8 

Pain 17 4.3 

Surgery/Operative Injury 4 1.0 

Unknown Syndrome  1 0.3 

Vascular 0 0 

Table 3.6. Adverse events recorded during trial.  

 

 

 

 

 



210 

 

 Hematological and blood chemistry abnormalities were generally mild, and 

resolved without treatment or with supportive therapy. Anemia was the most 

common abnormality, affecting 50% of patients, followed by thrombocytopenia 

and leukocytosis, affecting 23% and 3% of patients, respectively. Mild supportive 

therapy restored baseline values for most of these patients within 6 weeks. 

Aminotransferases (AST and ALT) and alkaline phosphatase (Alk Phos) were 

elevated in nearly one-third of patients after surgery, but this number dropped 

substantially when evaluated at 6 weeks (Table 3.7). Hypoalbuminemia was the 

most common hepatobiliary disturbance observed, but returned to baseline in 

most patients.  Few patients with AST and bilirubin perturbations were observed, 

most of which normalized to baseline by week 6. Of note, the majority of patients 

received adjuvant chemoradiation (starting at 4-5 weeks post-surgery) and 

steroids (immediately after surgery as needed). These therapies are known to cause 

blood dyscrasias and likely contribute to these abnormalities. 

 Neurological AEs made up 14.6% of those identified, varying in severity 

from digital numbness to hemiplegia, and affected 60% of patients at some point 

in time. Most deficits normalized within the post-operative stay, with a single 

patient exhibiting ongoing deficits (i.e. dysphasia, visual field cut, and gait 

disturbance).  Median pre-operative and 6-week post-operative KPS were found to 

be significantly different at p = 0.03 (80% and 70%, respectively), implying poor 

outcomes. However, when stratified (≥ 80% and < 80% groups), no difference in 

medians was observed (p = 0.08). This is due to the low pre-operative KPS and 

significant drop at 6 weeks seen in 3 patients with tumors in eloquent brain 

regions.      
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 ≤48 H after surgery  6 weeks after surgery 

 
Number 

of patients 
Range  

Number 
of patients 

Range 

AST 5 13 – 103 Units/L  3 15 – 37 Units/L 

ALT 9 13 - 165 Units/L  6 16 – 74 Units/L 

GGT 9 6 - 316 Units/L  4 22 – 182 Units/L 

Albumin 22 2.5 – 4.1 g/dL  7 2.3 – 4.3 g/dL 

Bilirubin 2 0.3 – 2.8 mg/dL  0 0.3 – 1.8 mg/dL 

Alkaline 
Phosphatase 

7 20 - 116 Units/L  0 44 – 118 Units/L 

Table 3.7. Patients with hepatobiliary laboratory disturbances at 48 h 

and 6 weeks post-surgery  
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3.6 Discussion 

 The randomized, phase III European study provided evidence for the 

efficacy of 5-ALA FGS with more  resections of GBM and better PFS in comparison 

to conventional resection (50). However, FDA approval of 5-ALA for FGS of 

malignant gliomas requires separate trials carried out in the United States. Our 

trial is the first in North America to utilize 5-ALA FGS for malignant gliomas. Our 

study supports previous results and provides additional spatial metrics to describe 

the relationship between tumor morphology and resection. Furthermore, we have 

found that more complete resection of newly diagnosed GBM is associated with 

better OS, and that pre-operative tumor structure may impact survival by 

modulating the likelihood of complete resection. 

 While minimal interaction was found between pre-operative tumor volume 

measurements and EOR, the association of pre-operative tumor morphological 

metrics with RTV was notable. Structural indices could outperform current 

methods for predicting the complete resection of contrast-enhancing tumor.  As 

pre-operative tumor volume is the most salient feature in imaging, it is generally 

used to determine tumor resectability (309). However, this single metric can be 

misleading, particularly in the case of large, high NV% and SAVR tumors, which 

were shown here to be associated with more complete resections. A more suitable 

method for determining resectability would require the incorporation of 

morphological factors describing tumor shape and complexity.  A more accurate 

representation of tumor resectability is possible with the type of segmentation tool 

used here, and represents a paradigm shift in the pre-operative methods used for 

evaluating resection feasibility.  
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  Our study also supports  previous finding that more complete tumor 

resections ultimately result in greater OS (41-43; 46-48; 296). In our sample, we 

found an increase in risk of death by 17.5% per cm3 of residual tumor. Moreover, 

morphological analysis allowed the identification of moderate association between 

SAVR and OS (1.1% increase in risk of death for every mm2 increased at constant 

volume). Thus SAVR could potentially be interpreted as a quantitative marker of 

infiltrative capacity, with a large SAVR representing complexity at the tumor 

margin and an increased interaction of tumor with surrounding tissue. Further, 

the survival-SAVR association in this study could result from some unknown 

interaction between biological growth characteristics and morphological features 

(i.e.  high SAVR tumors may be intrinsically more aggressive than low SAVR 

tumors). This association becomes even more relevant when considered in concert 

with the strongest potential confounders of this comparison: MGMT gene 

promoter methylation status and RTV (310). Also of note is the seemingly 

protective effect exhibited NV% on OS, a finding largely attributed to gene 

expression patterns previously (311). The current work suggests that the protective 

effect of NV% may also be associated with the increased likelihood of complete 

resection via NV%’s modulation of RTV.  Further studies investigating the 

differences in morphology and growth patterns among biologically-distinct GBM 

subtypes could potentially shed light on these biology-resection-survival 

interactions and should be considered in larger, multi-site FGS trials investigating 

survival outcomes. 

 Though our study supports much of what others have set forth concerning 

the utility and safety of 5-ALA FGS, there are some points of disagreement. The 
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current study exhibited CRET in only 30% of cases, a rate lower than that reported 

by other studies (50; 161). Although it is possible these differences are due to 

surgeon experience and hardware, these differences are likely due to the 

combination of three unique factors in this study: the high proportion of patients 

with eloquent tumors, the high post-operative MR image resolution, and the high-

sensitivity tumor measurement method. Our study included over 25% more 

eloquent cases than the European multicenter study (86.7% vs 61.0%, 

respectively), increasing the likelihood of subtotal resections from the outset. 

Further, the post-operative MRI voxel volume used in that study (0.175 cm3) was 

orders of magnitude larger than that in our study (0.001 cm3). With such coarse 

spatial resolution and the lack of a sensitive segmentation tool, small RTVs 

approaching the size of a voxel (0.175 – 1 cm3) could be falsely labeled as "no 

tumor". Seven patients in our study fall within this RTV range (23%), all of which 

could have been misclassified as CRET based on lower resolution images. Second, 

modeling contrast-enhancing tumors with spheroids based on tumor diameters is 

known to be grossly inaccurate and highly susceptible to intra- and inter-reader 

variability (67; 128). The segmentation method used for measurement in this study 

was validated previously and showed high intra- and inter-reader reproducibility, 

as well as strong volume and spatial agreement with expert-segmented tumors 

(239).  Moreover, the combination of high-resolution MRI with voxel-level tissue 

classification allows the measurement of morphological parameters, like SA, that 

are highly sensitive to fine changes in tumor structure. This combination bolsters 

the novelty of the tumor structure/complexity claims in this work, as few studies 
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have described such metrics utilizing measurement methods specifically designed 

for resection analysis (312; 313). 

5.6.1 Limitations and Strengths 

 The absence of a control group, the small sample size, and inhomogeneity 

in salvage therapies after chemoradiation are clear limitations of this study. Our 

study does, however, represent one of the largest single-center, prospective studies 

analyzing resection and survival outcomes of 5-ALA FGS for newly diagnosed GBM 

in North America using a validated, semi-automated tumor segmentation method. 

Most studies to date, have used linear diameter or manual segmentation for this 

end, both of which are heavily user-biased and subject to inaccuracies (50; 67; 128; 

144; 240). Lastly, using precision segmentation, this study demonstrates the 

impact that morphological tumor features (SA, SAVR, and NV%) have on resection 

and survival outcomes. In a higher-powered study, these indices could be used to 

evaluate the biology-morphology relationships in distinct GBM subtypes to 

evaluate the specific impact of tumor structure and resection on survival outcomes 

in each type.  

3.6.2 Conclusions 

 This clinical study supports the previous randomized, European trial where 

5-ALA FGS is helpful at decreasing RTV and providing more complete tumor 

resections in GBM. We have also found that 5-ALA FGS does increase OS in 

patients with GBM. Multi-center FGS studies may provide further evidence to 

support 5-ALA FGS efficacy and safety in a larger, more diverse cohort, and more 

precisely define the relationship between pre-/post-operative imaging features 
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and resection/survival outcomes in the US to support FDA approval of Gliolan®. 

Features investigated in these studies should include morphological indices 

describing tumor complexity and composition, like SA, SAVR, and NV%, as they 

have been shown here to impact not only tumor resection, but also patient survival. 
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Chapter 4  

 

Whole-Brain Spectroscopic MRI 

Biomarkers Identify Infiltrating 

Margins in Glioblastoma 

Patients 
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4.2 Abstract 

The standard-of-care for GBM is maximal safe resection followed by RT 

with chemotherapy.  Currently, contrast-enhanced MRI is used to define primary 

treatment volumes for surgery and RT. However, enhancement does not identify 

the tumor entirely resulting in limited local control. Proton sMRI may better define 

the tumor margin. Here, we develop a whole-brain sMRI pipeline and validate 

sMRI metrics with quantitative measures of tumor infiltration. Whole-brain sMRI 

metabolite maps were co-registered with surgical planning MRI and imported into 

a neuronavigation system to guide tissue sampling in GBM patients receiving 5-

ALA FGS. Samples were collected from regions with metabolic abnormalities in a 

biopsy-like fashion before bulk resection. Tissue fluorescence was measured ex 

vivo using a hand-held spectrometer. Tissue samples were immunostained for 

SOX2 and analyzed to quantify the density of staining cells using a novel digital 

pathology image analysis tool. Correlations between sMRI markers, SOX2 density, 

and ex vivo fluorescence were evaluated. sMRI biomarkers exhibit significant 

correlations with SOX2-positive cell density and ex vivo fluorescence. Clinically, 

sMRI metabolic abnormalities predated contrast-enhancement at sites of tumor 

recurrence and exhibited an inverse relationship with PFS. As it identifies tumor 

infiltration and regions at high-risk for recurrence, sMRI could complement 

conventional MRI to improve local control in GBM patients. 

4.3 Introduction 

 Approximately 15,000 new cases of GBM are diagnosed each year in the 

United States, making it the most common primary malignant brain tumor in 
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adults (315). The standard-of-care for GBM is maximal safe surgical resection 

followed by RT with concurrent and adjuvant TMZ chemotherapy. Despite such 

aggressive management, the tumor recurrence rate is high –approximately 70% 

within 6 months of RT – and the median OS is 13-15 months (10). Currently, both 

surgery and RT are based on T1-weighted contrast-enhanced (CE-T1w) MRI using 

the intravenous injection of gadolinium-based contrast agents. While contrast 

agent accumulates in regions where GBM tumors have compromised the blood-

brain barrier or exhibit leaky neovasculature, they cannot effectively reach 

infiltrating tumor where perfusion is limited (67; 123). Multiple studies have found 

infiltrating tumor cells centimeters away from the contrast-enhancing mass (73). 

One study found that tissue extracted from a zone 6-14 mm outside of the CE-T1w 

region was composed of 60–100% tumor cells (316). Furthermore, these 

nonenhancing regions are biologically distinct, with varying oncogenic profiles 

that appear to influence treatment efficacy and recurrence (123; 317). Due to the 

remaining infiltrating cancer cells, nearly 80% of patients recur within 2 cm of the 

original CE-T1w tumor after therapy (127).   

 Molecular imaging techniques, including MR spectroscopy and 

fluorescence microscopy, have shown promise in identifying and directing therapy 

to tumor-infiltrated regions beyond the CE-T1w lesion (129). Proton spectroscopy, 

which includes 2D-chemical shift and 3D magnetic resonance spectroscopic 

imaging, is a molecular imaging technique that maps the metabolism of native 

small molecules to tumor regions in vivo without the need for exogenous tracers 

(193; 318). Using tumor metabolism, physicians can identify and target regions of 

significant tumor infiltration beyond contrast diffusion even when edema is 
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present (206; 224; 230; 318; 319). Additionally, infiltrating tumor cells can be 

identified intraoperatively using 5-ALA fluorescence microscopy (109). 5-ALA is 

an orally administered pro-drug that is readily metabolized by malignant gliomas 

to PpIX: a molecular species that fluoresces red (600-700 nm) under blue-violet 

light (400-410 nm). FGS with 5-ALA allows for the real-time visualization of 

tumor-infiltrated tissue with exceptionally high sensitivity, specificity, and positive 

predictive values (297). This technique has enabled surgeons to achieve 

significantly more complete malignant glioma resections compared to 

conventional methods and, consequently, has become indispensable in 

neurosurgical oncology departments around the world (297). 

 The complementary nature of MR spectroscopy and 5-ALA FGS is clear: 

spectroscopy allows the identification of tumor-infiltrated tissue via metabolic 

perturbations preoperatively, while FGS provides a method for confirming 

infiltration and directing the resection of tissue intraoperatively. However, the 

clinical use of spectroscopy has been limited due to various technical pitfalls 

including low spatial resolution, limited field-of-view, and insufficient tools for 

spectral display and analysis. To overcome these limitations, we have developed 

an imaging pipeline utilizing state-of-the-art, high-resolution (0.1cm3 nominal 

voxel size) spectroscopic imaging and automated analysis tools to allow the 

addition of whole-brain metabolic maps to intraoperative neuronavigation (193). 

Using this novel whole-brain spectroscopic MRI (sMRI) method, we performed 5-

ALA FGS in a cohort of GBM patients with sMRI scans and evaluated the 

relationship between metabolic markers, ex vivo tissue fluorescence, and 

histological measures of tumor infiltration. We also measured recurrence and 
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survival outcomes in patients on trial. Our aims are to provide quantitative 

evidence that sMRI non-invasively identifies infiltrating GBM tissue beyond the 

margin of contrast enhancement and to set forth clinical evidence for the use of 

sMRI to assist in directing surgery and RT in malignant gliomas. 

4.4 Materials and Methods 

4.4.1 Study Design 

 The objective of the surgical study was to describe the relationship between 

sMRI metrics, ex vivo fluorescence, and histological markers to test if sMRI is 

capable of identifying infiltrating GBM tissue. Patients included in this pilot study 

(n = 20) were part of an Institutional Review Board-approved, prospective Phase 

II 5-ALA FGS trial at Emory University (2011-2014) for patients with malignant 

glioma. The trial included patients ≥18 years of age with normal bone marrow, 

renal, and liver function; KPS ≥ 60%; and able to provide written informed 

consent. Patients with deep-seated tumors, receiving experimental therapies 

before surgery, and with a family history of porphyria were excluded. Tissue 

excised in a biopsy-like fashion from metabolically abnormal regions was analyzed 

as the primary endpoint. PFS (in days) was measured as a secondary outcome in 

those patients who had recurred after the standard-of-care (n=11) per the updated 

Response Assessment in Neuro-Oncology (RANO) criteria.(67) Survival data was 

frozen at August 2015 and the date of recurrence was retrospectively determined 

by a board-certified neuroradiologist backdating to the earliest known recurrence. 

Preoperative necrotic, contrast enhancing, and T2w-hyperintense tissue along 

with contrast enhancing tissue at recurrence were segmented semi-automatically 
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with a previously described method and confirmed by a neuroradiologist (239). 

Banked non-neoplastic tissue (n = 24 slides) from patients who had received 

surgery on a previous Institutional Review board-approved study for treatment-

refractory seizures were collected as controls. 

  The RT-recurrence study was meant to survey the location of recurrence 

relative to sMRI abnormalities before the start of RT. All patients (n = 13) were 

part of a separate Institutional Review Board-approved, prospective Phase II 

sMRI-RT trial at Emory University (2014-2015). Inclusion criteria were the same 

as the FGS trial, and individuals with MRI-incompatible implants, medical 

conditions that compromise RT tolerance, or previous cranial radiation were 

excluded.  Patients were scanned with the sMRI sequence ≤ 1 week prior to the 

beginning of RT and monitored every 1-3 months after completion of RT with 

standard MRI. Recurrence was determined according to the RANO criteria, and 

location of recurrence was noted relative to preRT metabolic abnormalities. 

 

4.4.2 Image Acquisition and Processing 

 Whole-brain sMRI combining 3D echo-planar spectroscopic imaging, 

generalized auto-calibrating partially-parallel acquisitions, and elliptical k-space 

encoding was conducted (TE/TR/FA = 17.6ms/1551ms/71°) on 3T MRI scanner 

with 32-channel head coil array (Siemens Medical). This single average sMRI 

sequence has a scan time of approximately 19 minutes. Intracellular water signal 

was collected in an interleaved manner for signal normalization and registration 

with anatomical images. Raw data were processed using the MIDAS (193; 197) to 

give DICOM images with nominal voxel size of 4.4 mm x 4.4 mm x 5.6 mm. 
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Metabolite maps generated include choline (Cho), Creatine (CR), and N-

acetylaspartate (NAA), as well as Cho/NAA, Cho/CR, and NAA/CR ratio maps. T1-

weighted 3D MPRAGE (1 mm3, TR/TE/FA = 2300ms/3.4ms/9°), T2w/FLAIR 

(TR/TE/FA = 10,000ms/121ms/90°), and diffusion-weighted images (DWI, 

TR/TE/FA = 5400ms/105ms/90°, b=0/1000) were also acquired. sMRI maps 

were then imported into VelocityAI (Varian Medical Systems), an FDA 510K-

cleared image analysis suite for the processing of multi-modal medical images, for 

registration to the surgical planning MRI and resampling into the planning MRI 

image space.  

 4.4.3 Tissue Sampling and Fluorescence Measurement 

5-ALA (Gliolan® Medac) was administered to patients orally (20 mg/kg 

bodyweight) 3-5 hours before surgery. Cho/NAA ratio maps were co-registered 

with surgical planning MRIs and imported into a neuronavigation system (Stealth 

Surgical Navigation System) to guide tissue sampling. Anatomy from water signal 

maps was visually compared to high-resolution anatomical imaging to verify co-

registration accuracy. Specimens (1-2 per patient) were sampled in a biopsy-like 

fashion from areas exhibiting elevated Cho/NAA and visible fluorescence using a 

location-reporting probe before surgical debulking, in order to minimize 

navigation error due to resection-related brain shift (Figure 4.1A-C). Twenty-six 

tissue specimens (11 from contrast-enhancing tissue, 11 from T2w/FLAIR 

abnormal tissue, and 4 from tissue devoid of either abnormality) were sampled in 

this manner. Multiple fluorescence measurements (3-5 per sample) were made 

immediately ex vivo using a hand-held spectrometer with tip 5-10 mm from the 

tissue (320). 
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4.4.4 SOX2 Immunohistochemistry 

 Paraffin-embedded 5-μm sections of sampled tissue were stained for tumor 

infiltration using a SOX2 marker. Immunohistochemistry against SOX2 was 

performed with rabbit monoclonal antibody (1:500, ab92494, Abcam) according 

to the manufacturer’s instructions (DAKO). Visualization was established using 

DAKO EnVision+ Dual (mouse and rabbit) Link System-HRP (K4061, DAKO) and 

DAB (K3467, DAKO), and slides were counter-stained with hematoxylin. Samples 

from control patients were stained similarly. 
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Figure 4.1. Procedure for tissue sampling and histological analysis using 

sMRI and 5-ALA FGS. View of anatomical and metabolic data in neuronavigation 

station with Cho/NAA ratio contours (yellow, 1.5-fold; green, 2-fold; orange, 5-fold; red, 

10-fold increases in Cho/NAA over normal contralateral white matter) (A). The inset 

image shows the 3D reconstruction of the patient surface anatomy along with the 

navigation probe (blue). The region of metabolic abnormality was identified using a 

stereotactic technique with a location-reporting probe and fluorescence was visualized 

using intraoperative microscopy (B). Tissue was sampled in a biopsy-like fashion before 

debulking, and fluorescence was measured ex vivo (C). Automated nuclear segmentation, 

digital unmixing (pictured), and nuclear classification using machine-learning techniques 

allowed the generation of a SOX2 density metric that were correlated with sMRI and ex 

vivo fluorescence signal (D). HXN, hematoxylin. Color bar depicts fold changes. 



234 

 

4.4.5 Automated Histology Slide Analysis 

 Tumor infiltration in terms of SOX2 density (SOX2-positive area/total 

tissue area) was quantified using automated, whole-slide image analysis. SOX2-

stained sections were digitized at 40X magnification using Hamamatsu’s High-

Resolution Nanozoomer 2.0HT Whole-slide Scanner. Automatic segmentation of 

nuclear boundaries was performed by digitally deconvolving hematoxylin and 

SOX2 signals into separate image channels (Figure 4.1D). An adaptive Gaussian 

mixture model was trained to classify image pixels into glass, tissue, and nuclear 

regions using maximum likelihood optimization of the hematoxylin. A graph-

cutting approach was used to smooth nuclear segmentation, while a marker-based 

watershed method was used to separate nuclei. Nuclear features were used to train 

a random forest classifier to label each as SOX2-positive or negative. Total tissue 

area was computed as the sum of nuclear and tissue areas. SOX2 and total tissue 

areas were generated by multiplying the number of pixels classified as SOX2-

positive or tissue, respectively, by the pixel dimensions (0.5 μm x 0.5 μm).  

4.4.6 sMRI-SOX2 Analysis 

 Each set of co-registered metabolite volumes was imported into MATLAB 

(version 8.4.0; MathWorks,) for preprocessing and analysis. Contralateral white 

matter contours were used to estimate normal brain signal parameters and 

generate standardized abnormality index (AImetab) maps for each metabolite 

(Figure 4.2). To account for potential navigation error, sMRI values to be 

correlated with SOX2 density were sampled from AImetab maps using an 8 mm 

isotropic ROI centered on the location of tissue extraction (Figure 4.2C, blue 

box).   
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Figure 4.2. Metabolite signal normalization scheme used for sMRI 

analyses. Normal appearing white matter (A and B) in hemisphere contralateral 

to the tumor was segmented using a white matter probability map to estimate 

mean normal brain signal. Normalized abnormality index (AI) maps (C) by linear 

scaling using the value in this contour. These are presurgical images of the patient 

in Figure 5C. ROI, region-of-interest; AICho, normalized choline abnormality 

index map; NAWM, normal appearing white matter; green contour, NAWM 

segmentation. Color bars depict fold changes. 
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4.4.7 Statistical Methods 

 Statistical analyses were performed with the MATLAB Statistics and 

Machine Learning Toolbox, were 2-sided, and had significance set at p ≤ 0.05.  

Differences in normal and tumor tissue SOX2 densities were evaluated using one-

way analysis of variance with Tukey-Kramer’s multiple comparisons correction. 

Standardized AImetab maps were generated for each sMRI volume using a linear 

scaling function (Figure 4.2). Mean differences and effect size for metabolite 

abnormalities in necrotic, contrast-enhancing, and T2w-hyperintense regions 

were evaluated using multivariate analysis of variance. All fluorescence 

measurements for a piece of tissue were averaged to generate mean fluorescent 

signal. Correlations between sMRI markers, mean ex vivo fluorescence, SOX2 

density, and PFS were evaluated using Pearson’s correlation coefficient (ρ) with a 

null hypothesis of no correlation. 

4.5 Results 

4.5.1 sMRI shows metabolic abnormalities beyond anatomical MRI  

 Co-registration of sMRI maps with conventional MRI allows the display of 

sMRI-detectable metabolites throughout the entire brain and illustrates the 

metabolic heterogeneity within GBM tumors (Figure 4.3A and B). The signal-to-

noise ratio for the sMRI sequence, calculated as the mean area under the NAA peak 

divided by the peak-to-peak noise, is outstanding (SNR = 39.7 ± 14.7) resulting in 

highly sensitive, quantitative metabolite maps (see Figure 4.4 for spectra). In the 

case pictured, increases in Cho, a marker of membrane synthesis and cellular 

proliferation, and decreases in NAA, a marker of neuronal integrity, expand well 
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beyond the CE-T1w and T2w signal abnormalities, indicating the potential 

infiltration of tumor cells across the genu of the corpus callosum. Conversely, CR, 

a marker of cellular energetics, remains relatively unchanged with the exception of 

the central necrotic portion of the tumor, where it is nearly absent. The 

intracellular water signal is acquired in an interleaved fashion with the spectral 

data (Figure 4.3C) and serves as a source of anatomical features for affine image 

registration, as well as a denominator for the absolute quantification of metabolite 

concentrations.  

  Over 1.3 million voxels from segmented necrotic, contrast-enhancing, and 

T2w-hyperintense tissue ROIs were evaluated for metabolic abnormalities. The 

average fold-change in each metabolite for all 20 presurgical patients can be found 

in Table 4.1 along with the percent variance in each region explained by metabolic 

changes (i.e. effect size for group mean difference, η2). There was a statistically 

significant difference in the mean metabolite abnormalities observed in each ROI 

from these patients indicating that each exhibits a distinct metabolic profile (Wilk’s 

Λ [1st dimension] = 0.64, p < 0.001; Wilk’s Λ [2nd dimension] = 0.94, p < 0.001). 

Though each imaging value exhibited a statistically significant contribution, only 

Cho/NAA, Cho/CR, and NAA exhibited moderate to strong effect in differentiating 

each ROI (η2= 0.11, 0.21, and 0.10, respectively). 
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Figure 4.3. sMRI quantitatively maps small-molecule metabolism throughout 

the entire brain and describes metabolic abnormalities outside of conventional 

anatomical MR imaging. Metabolite maps (choline, NAA, and creatine) show 

abnormalities beyond CE-T1w or T2w imaging, and give insight into the metabolic 

heterogeneity of the tumor and surrounding tissue (A and B). Internal water 

signal is used as a denominator of metabolite signal, allowing the generation of 

absolute metabolite concentrations (C). Color bars depict fold changes. 
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Figure 4.4. Representative sMRI spectra from normal and tumor 

tissue.  Spectra were generated from patient in Figure 3. The spectroscopic 

technique used gives chemical shift data with SNR of ~ 40, on average. SNR is 

calculated as the mean area under the NAA peak divided by the peak-to-peak noise.  
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Table 4.1. Fold-change of each metabolite in different tumor regions on CE-T1w MRI for all 

preoperative patients. The ADC was included for comparison. Eta-squared (η2) is a measure of effect size and 

can be interpreted as the proportion of variance in the ROIs explained by the metabolite evaluated. Statistically 

significant differences were found between each ROI using a multivariate ANOVA (Wilk’s Λ [1st dimension] = 0.64, 

p < 0.001; Wilk’s Λ [2nd dimension] = 0.94, p < 0.001). CE, Contrast-enhancing regions; T2W, T2w-hyperintense 

regions. 

Tumor 
Region 

Cho Cho/NAA Cho/CR NAA NAA/CR CR ADC 

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 

Necrosis 
(n = 20) 

0.821 0.627 2.830 2.094 2.352 1.755 0.270 0.392 1.163 1.565 0.390 0.354 1.531 0.408 

CE            
(n = 20) 

1.477 0.964 4.146 3.695 2.181 1.446 0.382 0.413 0.856 1.314 0.743 0.519 1.363 0.343 

T2W  
(n = 20) 

1.103 0.920 1.779 2.413 1.039 0.763 0.711 0.373 0.757 0.697 1.029 0.625 1.395 0.348 

η2 0.04 0.11 0.21 0.10 0.01 0.09 0.01 
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4.5.2 Integration of sMRI into neuronavigation system   

sMRI maps were integrated into the surgical neuronavigation station by 

fusion with standard anatomical MR images to allow real-time guidance of 

surgeons to metabolically abnormal tissue (Figure 4.1A). Each sMRI map was 

resampled into the anatomical MRI space for transfer to the neuronavigation 

system. Fusion of these images with the neuronavigation system’s fiducial 

coordinate system allows the real-time guidance of surgical instruments to a 

selected target with exceptional accuracy.  Contours representing various degrees 

of metabolic abnormality to be targeted are generated to describe abnormality 

thresholds.   

4.5.3 Automated histology image analysis gives objective marker of tumor 

infiltration  

 An automated whole-slide image analysis approach was developed to 

objectively quantify the density of immunostained tumor cells in tissue specimens. 

SOX2 is a transcription factor known to maintain pluripotency in stem cells; 

however, immunohistochemistry for SOX2 shows remarkable specificity for 

infiltrating neoplastic cells in glioma (321). A hematoxylin counterstain allows the 

delineation of nuclear boundaries, and the deconvolution of hematoxylin and 

SOX2 signals into separate image channels with digital unmixing allows the 

automated classification of SOX2-positive and negative populations (Figure 

4.1D) (322). SOX2 density (mm2 SOX2 / mm2 tissue), a quantitative metric of 

tumor infiltration in a tissue section, can then be calculated as the area of SOX2-

positive nuclei over the area of total tissue on each slide. Using this method, the 
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SOX2 densities in GBM (contrast-enhancing and nonenhancing regions) from 

Cho/NAA abnormal regions and control tissue samples were found to be 0.037 ± 

0.048, 0.035 ± 0.040, and 0.001 ± 0.0009 mm2 SOX2 / mm2 tissue, respectively. 

SOX2 density in nonenhancing and enhancing tissue were found to be significantly 

elevated relative to tissue acquired from controls (p < 0.01 and p <0.001, 

respectively) though no significant difference in SOX2 density was observed 

between them (p = 0.97). Though too few were acquired for a properly-powered 

comparison (n = 4), as sampling was generally targeted within T2w abnormal 

regions, tissue samples outside of T2w hyperintensities also exhibited elevated 

SOX2 density with a mean of 0.065 ± 0.040 mm2 SOX2 / mm2 tissue (Figure 

4.5A-D). Objective histological analysis not only confirms that tumor infiltration 

occurs in regions with Cho/NAA abnormalities regardless of contrast-

enhancement, but it also suggests that elevations in Cho/NAA may be able to 

identify infiltration beyond T2w abnormalities.  

 

 

 

 

 

 

 

 

 

 



243 

 

 

 

 

Figure 4.5. A normalized metric of tumor infiltration, SOX2 density, 

identifies tumor outside of conventional imaging. Though no obvious 

abnormality can be found on preoperative CE-T1w (A) or T2w imaging (B) in this 

patient, a striking elevation in Cho/NAA (C) on sMRI suggests substantial tumor 

infiltration. A light micrograph of tissue (including 200 μm scale bar) from the gold 

box showed elevations in SOX2 density along with the microvascular proliferation 

and nuclear atypia suggestive of GBM (D). 

A C B 

D 
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4.5.4 sMRI markers exhibit significant correlations with SOX2 density 

 AImetab maps depicting standardized metabolic changes between patients 

were used to evaluate the correlation between sMRI markers and SOX2 density. 

Significantly elevated SOX2 densities were found in all tissues from Cho/NAA 

abnormal regions exhibiting CE-T1w and T2w abnormalities, as well as in tissue 

outside of both abnormalities. Cho/NAA and Cho were the markers most highly 

correlated with SOX2 density, exhibiting strong, statistically significant 

associations (Table 4.2). NAA and NAA/CR maps both exhibited moderate 

negative correlations while Cho/CR and CR did not exhibit significant correlations 

with SOX2 density (ρ = 0.35, p = 0.08; ρ = 0.24, p = 0.23, respectively). In 

addition, the ADC, a DWI marker generally associated with the cellularity of tissue, 

did not exhibit significant correlation with SOX2 density (ρ = 0.18, p = 0.39). The 

coupling of stereotactic tissue sampling with objective histological analysis 

suggests a striking relationship between sMRI metabolic abnormalities and the 

infiltration of GBM into normal-appearing brain.  

 

 

 

 

 

 

 

 

 



245 

 

 

 

 

 

Biomarker ρ p-value 

NAA -0.42 0.04* 

NAA/CR -0.56 <0.01* 

Cho 0.69 <0.001* 

Cho/NAA 0.82 <0.0001* 

Cho/CR 0.35 0.08 

CR 0.24 0.23 

DWI-ADC 0.18 0.39 
 

Table 4.2. Pearson’s correlation coefficients for all sMRI metabolites 

and SOX2 density. *Significant at p < 0.05.  
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4.5.5 Ex vivo tissue fluorescence correlates with sMRI markers and SOX2 density  

 The average fluorescence signal measured in tumor specimens ex vivo was 

compared to both sMRI markers and SOX2 density.  Fluorescence was measurable 

in all tissues from Cho/NAA abnormal regions with an average fluorescence signal 

of 2.15 x 106 ± 1.29 x 106. These measurements exhibited a strong, statistically 

significant correlation with SOX2 density (ρ = 0.64, p = 5E-6). Furthermore, 

Cho/NAA and Cho exhibited statistically significant associations with ex vivo 

fluorescence (ρ = 0.36, p < 0.0001; ρ = 0.40, p < 0.001).  Thus, not only is ex vivo 

fluorescence highly associated with a histological marker of tissue infiltration 

(SOX2 density), but it also exhibits significant associations with metabolic markers 

generated preoperatively with sMRI.  

4.5.6 Cho/NAA identifies regions at high-risk for tumor recurrence  

 All patients in this analysis had histopathologically-confirmed GBM, 

completed RT (30 fractions of 2 Gy), and received follow-up care at a single 

institution. Five of the thirteen patients on trial had documented CE-T1w 

progression (38.5%) as of August 2015, and each recurrence was confirmed by 

serial imaging or histopathology. While both Cho and Cho/NAA measures showed 

high correlations with infiltration, Cho/NAA was chosen to evaluate recurrence as 

it is a more sensitive marker for identifying regions at risk for recurrence (323; 

324).  Red contours depicting 2-fold elevations in Cho/NAA (compared to 

contralateral normal-appearing white matter) are shown on each image to depict 

regions with a high likelihood of tumor infiltration (325). This level of elevation 
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equates to a mean Z-score of 6.62 in these patients, suggesting the identification 

of metabolic abnormalities with > 99.999% confidence. 

 All patients who had tumor recurrence in the follow-up period showed 

contrast-enhancement in regions that exhibited Cho/NAA abnormalities before 

RT; a few examples of this can be found in Figure 4.6. In row 4.6A, Cho/NAA 

elevation at the posterior aspect of the tumor resection cavity predates the 

appearance of a CE-T1w lesion in that region by roughly 5 months. This lesion 

continued to grow after the recurrence date, resulting in increased spatial 

agreement with the preRT 2-fold Cho/NAA abnormality [Z-score = 7.57 (tissue 

classified as abnormal with > 99.999% confidence)].  Similarly, in a patient with a 

large frontal GBM, preRT Cho/NAA abnormalities anterior to the resection cavity 

and even across the midline approximate later tumor recurrence volumes nearly 5 

months after completion of RT (Figure 4.6B).  The morphology of the CE-T1w 

lesion continued to evolve throughout the follow-up period to further approximate 

the morphology of the preRT 2-fold Cho/NAA abnormality [Z-score = 5.75 (tissue 

classified as abnormal with > 99.999% confidence)].  

 In some cases where GBM recurrence was observed, the recurrence sites 

exhibited clear metabolic abnormalities before surgical resection. For example, the 

40-year-old patient depicted in Figure 4.6C exhibited a striking tail of Cho/NAA 

elevation that coursed along the occipital horn of the left lateral ventricle even 

before surgery (Figure 4.2C). This abnormality continued to grow through the 

duration of RT, ultimately resulting in overt tumor invasion along the trajectory of 

the 2-fold Cho/NAA abnormality [Z-score = 6.53 (tissue classified as abnormal 

with > 99.999% confidence)].  
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Figure 4.6. Abnormalities in Cho/NAA describe regions at high risk for 

recurrence before RT in GBM. CE-T1w (first column), T2w/FLAIR (second 

column), and Cho/NAA (third column) images taken before RT are shown with 

first recurrence on CE-T1w imaging after RT (fourth column). In a patient with no 

residual contrast-enhancement and T2W abnormality that surrounded the entire 

resection cavity, increased Cho/NAA posterior to the resection cavity is coherent 

with the site of first recurrence 5 months after RT (A). Cho/NAA abnormalities 

anterior and contralateral to enhancing tumor before RT predate expansion into 

these regions 4 months after RT (B). Though no T2w abnormality was found 

contralateral before RT, the metabolic signature of tumor was present.  PreRT 

Cho/NAA map clearly shows infiltration of subependymal space that becomes 

contrast-enhancing 4 months later (C). The red contour illustrates the regions that 

exhibit a Cho/NAA abnormality ≥ 2-fold higher than normal contralateral brain. 

Color bars depict fold changes. 
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4.5.7 Cho/NAA ratio in T2-hyperintense regions correlates with PFS  

 Segmentation of necrotic, CE-T1w, and T2w abnormalities using a 

previously described semi-automated, blob-based algorithm allowed the 

comparison of quantitative sMRI findings with survival outcomes (239).  When 

Cho/NAA statistics in each segmentation were analyzed (mean, median, 

maximum, etc.), a striking relationship between Cho/NAA values in the T2w 

abnormality and PFS was identified (Figure 4.7). Patients that exhibited high 

maximum Cho/NAA values within the T2w abnormality (not including necrosis or 

contrast-enhancing tissue) preoperatively had shorter PFS than those with lower 

values in this region (ρ = -0.74, p = 0.012). No trend between Cho/NAA values 

within necrotic or enhancing regions and PFS were found, however. 

 4.6 Discussion 

 GBM is a devastating disease with the vast majority of patients exhibiting 

recurrence within 6 months despite aggressive treatment (10). It has long been 

suspected that the standard treatment regimen is not optimally effective because 

conventional imaging does not allow reliable targeting of the entire GBM tumor: 

CE-T1w imaging does not identify infiltrative margins and T2w imaging is not 

specific for tumor tissue (69; 119; 326). Conversely, spectroscopic techniques are 

not limited by contrast diffusion (unlike CE-T1w imaging) and are not obscured by 

the presence of edema (unlike T2w imaging) (206; 224). Although prospective 

spectroscopy-histology studies have generated compelling results in the past, the 

low spatial resolution and limited field-of-view of sequences used in these studies, 

and even those currently available clinically, hinder the 
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Figure 4.7. Peritumoral Cho/NAA abnormalities are associated with 

PFS. Patients with high maximum Cho/NAA values within the T2w hyperintense 

region outside of contrast-enhancing and necrotic tissue before RT (A–C) appear 

to exhibit poorer survival, in terms of PFS, than those who have lower maximal 

Cho/NAA values in this region (D). Pink contour, T2w hyperintense region; Blue 

contour, CE-T1w region. Color bar depicts fold changes. 
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clinical use of the technology severely (230; 319; 327-329). As such, spectroscopy 

has been relegated to a supportive role in glioma diagnosis only. To overcome such 

imaging limitations, a spectroscopy pipeline utilizing a state-of-the-art pulse 

sequence and processing tools was developed for the generation of high-resolution, 

whole-brain sMRI images that are easily imported into standard intraoperative 

neuronavigation stations. Moreover, to overcome bias in histological 

interpretation, quantitative image analysis techniques were used for the objective 

and automated evaluation of microscopic tumor infiltration.  

 The combination of standardized, high-resolution metabolic mapping, 

precise stereotactic tissue extraction, and quantitative tissue section analysis 

allows the correlation of metabolic abnormality with histology at an 

unprecedented level of accuracy. Combining these tools, we confirm the presence 

of tumor-infiltrated tissue beyond CE-T1w and T2w lesions, as well as the 

similarity of tumor infiltration in metabolically abnormal contrast-enhancing and 

nonenhancing peritumoral regions. These results imply substantial tumor 

infiltration beyond regions conventionally targeted for resection or RT. The results 

also suggest the absence of contrast-enhancement does not signify the absence of 

bulk tumor, thus supporting previous suspicions concerning the inadequacy of 

anatomical imaging for therapy planning in GBM. Furthermore, sMRI metrics 

exhibit significant associations with two quantitative measures of tissue 

infiltration –SOX2 density and ex vivo tissue fluorescence –supporting the 

hypothesis that sMRI identifies tumor-infiltrated tissue in vivo. Lastly, Cho/NAA 

not only identifies regions at high-risk for contrast-enhancing recurrence, but also 

shows a significant association with PFS in a small cohort of GBM patients. Taken 
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together, this work represents the first in-human study to: combine high-

resolution, whole-brain sMRI and 5-ALA FGS for real-time intraoperative 

neuronavigation in GBM; describe sMRI abnormalities using both ex vivo 

fluorescence and quantitative histological metrics; and survey the capacity that 

sMRI may have for assessing clinical outcomes such as the location of recurrence 

and time to recurrence.  

4.6.1 Study Strengths and Limitations 

 This study has limitations common to other pilot neurosurgical studies: 

small sample sizes for both tissue sampling and recurrence analyses. However, 

even given the sample size, the analytical techniques are robust enough to describe 

striking relationships between histology, tissue fluorescence, and sMRI markers. 

Moreover, the recurrence and PFS data remain unchanged further supporting the 

claim that sMRI can identify tumor infiltrated tissue. Lastly, we were unable to 

sample normal tissue outside of Cho/NAA abnormal and fluorescent region in FGS 

patients making it impossible to determine baseline SOX2 densities and diagnostic 

accuracy. This is a problem common to neurosurgical studies as it is considered 

negligent to acquire normally functioning tissue, which often requires sampling of 

the contralateral hemisphere in GBM, at the risk of causing extensive neurological 

injury. Though unfortunate, this is a component of neurosurgical studies that is 

insurmountable, and thus is accepted in the field. Even in light of these limitations, 

the data support the claims that sMRI can identify brain regions that are tumor-

infiltrated, regions that are at high-risk for recurrence, and regions that could be 
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specifically targeted with surgery and RT in an attempt to decrease the likelihood 

of local progression in GBM.   

 

4.6.1 Conclusions 

 High-resolution, whole-brain sMRI could prove to be an excellent method 

for obtaining the complementary metabolic information necessary to 

preoperatively identify sites of significant tumor infiltration and to direct 5-ALA 

FGS to tumor-infiltrated regions that appear normal on conventional MRI. 

Furthermore, as the intensity of metabolic abnormality in the T2w-hyperintense 

component of the tumor is shown to be associated with progression, the expansion 

of high-dose RT boost volumes (≥ 60 Gy) to encompass these regions may possibly 

decrease the rate of local recurrence as well. Apart from GBM, sMRI has exciting 

potential to improve the diagnosis, targeting, and response assessment for a 

number of other intracranial tumors. This is especially true for lower grade gliomas 

which often do not contrast-enhance on CE-T1w MR imaging, making surgery and 

RT target planning difficult. Thus, the addition of sMRI to RT dosage planning in 

low grade glioma could result in a brand new, clinically important target ROI. Most 

importantly, the addition of sMRI to the surgical and RT management of gliomas 

would represent a paradigm shift in the field of image-guided therapy away from 

targeting surrogate markers using tracer-based imaging techniques (e.g. contrast-

enhancement, standardized tracer uptake in PET) to targeting abnormal tissue 

regions by measuring endogenous biological processes.  

 Encouragingly, many of the technical pitfalls of sMRI implementation that 

have plagued its clinical implementation in the past have now been surmounted, 
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and further development of more sophisticated sMRI analysis and integration 

pipelines appears promising. Although further standardization and automation of 

the clinical workflow is required, tracer-independent metabolic mapping with 

sMRI would provide accurate brain tumor metabolism information to 

neurosurgeons and radiation oncologists treating glioma patients. The clinical 

integration of sMRI into therapy planning and response assessment in glioma 

would represent a paradigm shift in the management of these patients, potentially 

giving physicians a new tool to improve survival with this debilitating disease 

beyond the current standard-of-care. 
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Chapter 5  

 

Impact of Integrating Whole-

Brain Spectroscopic MRI into 

Radiation Treatment Planning 

for Glioblastoma 
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The work presented here was conceptualized, organized, researched, and 

written by the dissertation author. Of the data presented all was collected by the 

author under the guidance of Dr. Shim, Dr. Shu, and many collaborators. The 

chapter is reproduced with minor edits from Kandula, S., Cordova, J.S., Gurbani, 

S.S., Zhong, J., Tejani, M. Kayode, O., Patel, K., Prabhu, R., Schreibmann, E., 

Crocker, I., Holder, C.A., Shim, H., Shu, H.K.G. Impact of Integrating Whole-Brain 

Spectroscopic MRI into Radiation Treatment Planning for Glioblastoma (In 

preparation for submission to the International Journal of Radiation 

Oncology*Biology*Physics May 2016). 
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5.2 Abstract 

Incorporating spectroscopic magnetic resonance imaging (sMRI) for 

radiation treatment (RT) planning has been challenging due to processing and 

technical limitations. Here, we evaluate the feasibility of integrating 3D high-

resolution, whole-brain sMRI into RT planning for GBM, and determine the 

degree to which sMRI modifies RT target volumes. Eleven patients with newly-

diagnosed GBM obtained sMRI immediately prior to RT. 3D sMRI was acquired 

using a volumetric spin-echo EPSI sequence and parallel imaging (GRAPPA), with 

a 32-channel head coil on a 3T (Siemens TRIO/TIM) system, and processed to give 

whole-brain metabolite maps with 0.1 mL resolution. sMRI maps depicting choline 

(Cho) to N-acetylaspartate (NAA) ratios were registered to corresponding T1-

weighted post-contrast MRI (T1c) for each patient. sMRI-modified target volumes 

were created based on quantitative assessment of elevated Cho/NAA ratios, and 

analytically compared to the target volumes defined by conventional MRI 

sequences. The addition of sMRI data increased the median size of the 60 Gray 

CTV by 55.3% (range, 19.1-216.1%), 37.8% (range, 9.8-113.1%), and 28.1% (range, 

5.9-58.2%) for Cho/NAA thresholds describing 1.5-fold, 1.75-fold, and 2.0-fold 

increases, respectively. Decreased spatial overlap was noted between the 

conventional CTVs and sMRI volumes. Of six patients who have experienced 

recurrence, five exhibited out-of-field recurrences which were covered by sMRI-

based plans. Integration of 3D high-resolution whole-brain sMRI into RT planning 

was feasible, resulted in considerably modified RT target volumes, and predicted 

post-RT recurrences. Thus, sMRI may serve as an additional treatment planning 

tool for improving RT target definition for the benefit of GBM patients.  
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5.3 Introduction 

 GBM is the most aggressive and common type of adult brain tumor, 

representing 80% of primary malignant central nervous system tumors (330; 331).   

Multiple therapeutic advancements and clinical trials have helped formulate the 

current treatment paradigm for GBM patients: maximal safe resection followed by 

RT with concurrent and adjuvant TMZ.  Nonetheless, median OS is poor at just 

14.6 months, indicating that enhanced therapies are necessary (9).   

Optimal RT targeting of GBM remains challenging due to its infiltrative 

nature and poorly defined margins on conventional CT and MRI.  Traditionally, 

two RT target volumes are created on the planning CT simulation: one volume 

based on abnormalities defined by the enhancing tissue on CE-T1w imaging plus 

the resection cavity, and another volume defined by the T2w/FLAIR sequence.  

However, evidence from histological analyses indicates that modern imaging fails 

to capture the true extent of active disease due to the presence of infiltrative, non-

enhancing tumor tissue (229; 233; 332-334).  Furthermore, MRI provides limited 

info on tumor physiology and lacks specificity, often misrepresenting normal brain 

tissue as tumor (333).  This lack of precision in tumor identification and target 

delineation remains a limiting factor in RT planning for GBM. 

Progressive research has led to the development of more sophisticated 

imaging modalities (molecular and physiologic) to better evaluate tumor pre- and 

post-treatment (335).   Spectroscopic MRI noninvasively characterizes metabolic 

profiles of brain tissue by detecting resonance frequency shifts in molecules with 

MRI active nuclei, such as 1H (336).  This chemical shift phenomenon results in 

spectral data which describe a number of small molecules in the brain, some of 
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which are associated with tumor metabolism.  The metabolites associated with 

tumor tissue include: Cho (a  marker of membrane synthesis which is generally 

elevated in tumor tissue); NAA (a marker of neuronal cell activity/function which 

is typically decreased in tumor tissue); CR (a marker of cellular energy metabolism 

and often decreased in tumor tissue); and Lac (a metabolic byproduct of anaerobic 

glycolysis that is generally seen in regions of necrosis and hypoxia in higher grade 

tumors) (325; 337).   

sMRI techniques have evolved from single to multi-voxel methods, which 

have permitted improved anatomical coverage, spectral resolution, and data of 

biochemical transformations.  Prior studies have incorporated sMRI as a tool in 

RT planning (234; 237; 338-340). however poor spatial resolution, partial-brain 

sMRI coverage, and/or lack of a software platform for reliable multimodality 

image registration/transfer of data, were notable limitations of such studies.  To 

overcome these limitations, we have developed an imaging pipeline utilizing state-

of-the-art, high-resolution (0.1 mL nominal voxel size) spectroscopic imaging and 

automated analysis tools to allow the addition of whole-brain metabolic maps to 

intraoperative neuronavigation (193).  Herein, we evaluate the feasibility of 

integrating 3D high-resolution full-brain sMRI into the RT planning process for 

GBM and determine the degree to which sMRI modifies RT target volumes. 

 

5.4 Methods and Materials 

5.4.1 Patients 

 Following approval by the internal review board, an institutional protocol 

enrolled patients with newly-diagnosed, pathologically-confirmed GBM (following 
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resection or biopsy) to receive a sMRI study at three different time points: 

immediately prior to the start of concurrent chemoradiation therapy, two weeks 

into chemoradiation, and four weeks after chemoradiation was completed.  

Eligible patients must also have been ≥ 18 years old with KPS of at least 70, had 

normal bone marrow, renal, and liver function, and planned to receive the 

standard of care adjuvant treatment for GBM (RT with concurrent TMZ followed 

by adjuvant TMZ).  Patients with MRI-incompatible implants, medical conditions 

that compromised RT tolerance, or received investigational agents or enrolled on 

other protocols (cooperative group or institutional) were excluded.  A total of 11 

patients enrolled between 7/2014-3/2015.    

 

5.4.2 sMRI data acquisition and registration  

Whole-brain sMRI combining 3D-EPSI with parallel imaging was 

conducted for each patient (TE/TR/FA = 17.6ms/1551ms/71°). A brief 

optimization of first order shims to a water linewidth of <25 Hz before SMRI-

acquisition was completed before acquisition. Internal water signal was collected 

in concert with metabolite data in an interleaved manner, and was used to 

normalize the signal from each metabolite. Raw data was then processed using the 

MIDAS to give metabolite maps with a nominal voxel size of 4.4 mm x 4.4 mm x 

5.6 mm (0.108 cm3) (http://mrir.med.miami.edu:8000/midas). Contrast-

enhanced T1w MPRAGE (1 mm3, TR/TE/FA = 2300/3.4/9°) and T2/FLAIR 

images (TR/TE/FA = 10,000/121/90°) from the same imaging study were 

processed and co-registered with the metabolite maps.  sMRI data was exported 

from MIDAS into VelocityAI (Varian Medical Systems) and co-registered to the 
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pre-treatment CE-T1w images. Metabolite maps were scaled by the mean 

Cho/NAA ratio obtained from a ROI segmented on normal-appearing white matter 

in the hemisphere contralateral to the tumor to generate fold-normal (-fold) 

measures. 

 

5.4.3 Target and sMRI volume definitions 

For each patient, CT and MRI treatment volumes were delineated within 

VelocityAI by a radiation oncologist. The GTV1 was the tumor volume as defined 

by the MRI T2w FLAIR abnormality. The CTV1 was defined as the GTV1 with a 0.7 

centimeter (cm) modified margin. The PTV1 consisted of the CTV1 with a 0.3 cm 

margin.  GTV2 corresponded to an enhancing lesion or resection cavity (defined 

on the contrast-enhanced T1w MRI), and was expanded by a 0.5 cm modified 

margin to generate CTV2 to account for microscopic disease.  PTV2 consisted of 

the CTV2 with a 0.3 cm margin to account for set-up uncertainties.  PTV1 was 

prescribed to 51 Gy in 30 fractions (10 patients) or 54 Gy in 30 fractions (1 patient).  

PTV2 was prescribed to 60 Gy in 30 fractions (simultaneous integrated boost 

technique) in all patients. 

Prior histological studies of HGG tumor samples have indicated that 

Cho/NAA threshold values ≥ 1.0 can be considered pathologic (325; 329; 341).  

Based on this data, sMRI-guided target volumes were generated as follows: three 

Cho/NAA fold values were selected (1.5-fold, 1.75-fold, and 2.0-fold [which 

correspond to Cho/NAA ratio values of approximately 0.9-1.2]) to generate 

autosegmented volumes.  A radiation oncologist minimally edited these volumes 

to account for anatomical structures and to remove image artifact. The 
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autosegmented sMRI-guided contour was merged with the CTV2 to create 

“sMRI_CTV2” for each threshold value.  An additional 0.3 cm margin was added 

to create the “sMRI_PTV2”.  For replanning purposes, each sMRI_CTV2 was 

merged with CTV1 to create sMRI_CTV1, of which an additional 0.3 cm margin 

was added to generate sMRI_PTV1.  

 

5.4.4 Data Analysis, Re-planning, and Recurrence Evaluation 

For each patient, three sets of sMRI contours were exported as DICOM-RT 

structure sets and imported into Matlab (The Mathworks, Inc.) with co-registered 

T1w images. All contours were then rasterized into the T1w image space.  For each 

of the three threshold Cho/NAA ratio values, sMRI_CTV2 and CTV2 were 

compared in terms of absolute volume and spatial overlap (Dice similarity 

coefficient [DICE]).  Additionally, the absolute volume of each sMRI contour that 

extended beyond the traditional CTV1 and CTV2 was calculated.  Additionally, the 

absolute volume and percentage of the sMRI contour that extended outside of 

100% prescription isodose lines (51 Gy or 54 Gy [corresponding to PTV1]), and 60 

Gy [PTV2]) were also calculated.    

Each set of sMRI-based CTVs and PTVs were transferred to the Eclipse 

Treatment Planning System (Varian Medical Systems, Palo Alto, CA) for re-

planning by medical dosimetrists. This was performed to determine the feasibility 

of meeting conventional planning objectives with respect to target volume 

coverage and organ and risk (OAR) RT dose constraints.  For treatment planning, 

the goal was for 100% of the prescription dose to cover 95% of the respective target 

volume, while limiting the maximum dose to the brainstem, optic chiasm, and 
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optic nerves to less than 54 Gy.   A maximum point dose of 60 Gy to the brainstem 

and 90% coverage of the PTV60 was allowable in cases in which the two structures 

were in close proximity.   

Follow-up imaging was assessed to determine and compare whether 

recurrent tumor was encompassed by the original and/or sMRI-modified target 

volumes.  Follow-up MRI scans were evaluated by radiation oncologists and 

neuroradiologists for evidence of tumor progression following the RANO criteria 

(67).  In patients with evidence of radiographic disease progression, the MRI at the 

time of tumor recurrence or progression was co-registered with the treatment 

planning CT, and location of recurrence was compared among the conventional 

and sMRI-guided treatment plans. 

 

5.5 Results 

 Table 5.1 displays patient and tumor characteristics. Whole-brain 3D 

sMRI was successfully obtained in all 11 patients.  Data was processed in MIDAS 

and exported into VelocityAI in which co-registration with the pre-treatment T1w 

MRI sequences was performed.  See Figure 5.1 for a representation of the 

methodology workflow.  
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Patient Age Tumor location Brain Volume (cm3) 

1 63 Right frontal 1427 

2 61 
Left parieto-

occipital 
1534 

3 55 Right frontal 1427 

4 56 Right temporal 1391 

5 45 Right parietal 1665 

6 82 
Right temporo-

parietal 
1223 

7 43 Left temporal 1417 

8 60 
Right temporo-

parietal 
1470 

9 45 Left temporal 1425 

10 71 Left temporal 1409 

11 40 Left occipital 1517 

Table 5.1. sMRI-RT patient characteristics.  
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Figure 5.1. Image processing and analysis pipeline. Spectral processing in 

MIDAS includes signal normalization, tissue segmentation, quality evaluation, etc. 

Anatomical and metabolite maps are co-registered in MIDAS as well. Contrast-

enhanced and T2/FLAIR images used for target planning were exported from 

PACS. Anatomical, metabolite, and clinical images were then imported into 

VelocityAI for co-registration and RT volume contouring.  Normal contralateral 

white matter was contoured at baseline for determining fold changes in tumor 

metabolite levels. Contours depicting normalized metabolite changes were 

overlaid onto clinical images to assist in target delineation. RT structures 

generated in VelocityAI (GTV, CTV, Cho/NAA contours, etc.) were imported into 

Matlab to quantitatively evaluate spatial overlap and volume differences between 

conventional target volumes and those generated with sMRI maps. 
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5.5.1 Volumetric and Spatial Analysis 

 The incorporation of sMRI data into RT planning resulted in larger CTV 

volumes (Table 5.2).  The median percentage increase in the sMRI_CTV2 (60 Gy 

prescription volume) was 55.3% (19.1-216.1%), 37.8% (range, 9.8-113.1%), and 

28.1% (5.9-58.2%) for Cho/NAA threshold values of 1.5-fold, 1.75-fold, and 2.0-

fold, respectively. sMRI_CTV1 also increased, but to a smaller extent (median 

increase of 3.8% [range, 1.4-70.8%], 2.4% [0.8-35.7%], and 1.7% [range, 0.7-

18.5%] with Cho/NAA values of 1.5-fold, 1.75-fold, and 2.0-fold, respectively). 

Decreased spatial overlap, as demonstrated by lower DICE values, was noted 

between the CTVs and segmented sMRI volumes. Median DICE scores for CTV2 

were 0.51 (range, 0.21-0.75), 0.55 (range, 0.26-0.79), and 0.51 (range, 0.31-0.79) 

for Cho/NAA values of 1.5, 1.75, and 2.0, respectively. See Figure 5.2 and Figure 

5.3 for representative case examples.    
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Patient 
CTV1 

(cm3) 

sMRI 

CTV1 

(cm3) 

% diff DICE 
CTV2 

(cm3) 

sMRI 

CTV2 

(cm3) 

% diff DICE 

Cho/

NAA  

1.5-

fold 

1 276.5 287.0 3.8 0.60 95.7 148.5 55.3 0.67 

2 298.3 306.5 2.7 0.53 93.1 153.6 70.0 0.54 

3 187.2 247.1 32.0 0.62 90.9 191.7 111 0.50 

4 289.7 295.1 1.86 0.34 103.8 123.6 19.1 0.50 

5 415.7 449.6 8.2 0.47 148.6 219.7 47.8 0.58 

6 417.2 462.9 11.0 0.29 91.4 127.1 39.0 0.45 

7 178.7 184.9 3.5 0.42 43.3 72.8 68.2 0.51 

8 343.9 349.0 1.5 0.53 90.3 134.9 49.3 0.75 

9 347.1 352.1 1.4 0.37 88.1 123.2 39.8 0.55 

10 138.5 163.4 18.0 0.46 44.9 89.4 99.1 0.32 

11 111.1 189.8 70.8 0.38 45.6 144.2 216 0.21 
Median 289.7 295.1 3.8 0.46 90.9 134.9 55.3 0.51 

   

Cho/

NAA 

1.75-

fold 

1 276.5 283.0 2.4 0.53 95.7 131.9 37.8 0.69 

2 298.3 302.3 1.3 0.44 93.1 132.0 41.7 0.55 

3 187.2 216.4 15.6 0.62 90.9 153.1 68.5 0.57 

4 289.7 294.3 1.6 0.28 103.8 114.0 9.8 0.50 

5 415.7 432.9 4.1 0.41 148.6 186.2 25.3 0.62 

6 417.2 462.8 10.9 0.19 91.4 108.0 18.1 0.41 

7 178.7 183.0 2.4 0.35 43.3 63.5 46.7 0.52 

8 343.9 347.7 1.1 0.45 90.3 115.5 27.8 0.79 

9 347.1 350.0 0.8 0.29 88.1 106.1 20.4 0.56 

10 138.5 153.5 10.8 0.36 44.9 69.5 54.7 0.34 

11 111.1 150.8 35.7 0.34 45.6 97.2 113 0.26 
Median 289.7 294.3 2.4 0.36 90.9 114.0 37.8 0.55 

   

Cho/

NAA 

2.0-

fold 

1 276.5 281.3 1.7 0.48 95.7 122.5 28.1 0.68 

2 298.3 300.5 0.7 0.38 93.1 120.0 28.7 0.54 

3 187.2 202.8 8.3 0.57 90.9 128.9 41.9 0.60 

4 289.7 293.7 1.4 0.23 103.8 109.9 5.9 0.46 

5 415.7 425.1 2.3 0.35 148.6 167.4 12.7 0.62 

6 417.2 462.8 10.9 0.14 91.4 100.9 10.3 0.34 

7 178.7 181.6 1.6 0.30 43.3 57.3 32.4 0.51 

8 343.9 346.3 0.7 0.39 90.3 105.1 16.4 0.79 

9 347.1 349.6 0.7 0.20 88.1 96.0 8.9 0.50 

10 138.5 150.1 8.4 0.27 44.9 59.6 32.6 0.31 

11 111.1 131.7 18.5 0.29 45.6 72.2 58.2 0.31 
Median 289.7 293.7 1.7 0.3 90.9 10.1 28.1 0.51 

Table 5.2. Volumetric and spatial data. Abbreviations: CTV –based on CT 

and MRI findings; sMRI_CTV – union of sMRI contour and CTV; DICE - Dice 

similarity coefficient between sMRI contour alone and respective CTV1 or CTV2. 



272 

 

 

Figure 5.2. Co-registered CE-T1w MRI and Cho/NAA images of 40-year-

old male with occipital GBM who received RT.  A visible Cho/NAA 

abnormality extend beyond the contrast-enhancing border, passing along white 

matter tracks towards the posterior horn of the left lateral ventricle (A-C). A region 

of Cho/NAA greater than or equal to a 2-fold increase above normal falls well 

outside the CTV2 (turquoise contour) and CTV1 (green contour) (D). An overlay of 

the cumulative RT dose on the anatomical image with 2-fold (green contour) and 

1.75-fold (pink contour) Cho/NAA changes shows that a substantial portion of 

metabolic abnormality falls outside of the regions receiving the highest dose (E 

and F).    
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Figure 5.3. Co-registered CE-T1w MRI and Cho/NAA images of 56-year-

old female with frontal GBM who received chemoradiation.  Cho/NAA 

abnormalities extend medially and posteriorly beyond contrast-enhancement (A-

C). A region of Cho/NAA greater than or equal to a 2-fold increase above normal 

falls well outside the CTV2 (turquoise contour) and CTV1 (green contour) (D). An 

overlay of the cumulative RT dose on the anatomical image with 2-fold (blue 

contour) and 1.75-fold (white contour) Cho/NAA changes shows that a substantial 

portion of metabolic abnormality falls outside of the regions receiving the highest 

dose (E and F).    
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 Table 5.3 displays the respective volumes and percentages of each sMRI 

structure extending outside of the prescription isodoses.  The median absolute 

sMRI volume extending outside of the 100% IDL of PTV1 and PTV2 were 3.5 and 

36.4, 2.1 and 18, and 0.9 and 10.2 for Cho/NAA values of 1.5-fold, 1.75-fold, and 

2.0-fold, respectively. See Figure 5.2D-F and Figure 5.3D-F for representative 

case examples. Figure 5.4 demonstrates the associated boxplots reflecting the 

percentage of the respective sMRI structure volume extending outside of the RT 

prescription isodoses.  

 

5.5.2 Replanning  

 RT plans incorporating the sMRI-modified PTVs were replanned to assess 

the feasibility of meeting planning objectives and determining plan acceptability.  

For all plans, the planning goal was for 100% of the prescription dose to cover 95% 

of the respective target volume, while limiting the maximum dose to the brainstem, 

optic chiasm, and optic nerves to less than 54 Gy.   A maximum point dose of 60 

Gy to the brainstem was a hard constraint.  Table 5.4 details target coverage and 

brainstem maximum dose for each patient.  Despite considerably larger target 

volumes with MRSI data, replanning was successful and deemed acceptable for all 

patients with incorporation of all Cho/NAA levels.  Of the 11 patients, only two 

patients’ revised plans did not closely meet desired target coverage parameters (for 

PTV2[60 Gy]) due to brainstem proximity and respect for threshold tolerance.  

However, PTV2 coverage in the original plan was also not achieved in these cases. 

In two patient cases, the max brainstem dose increased from 7 and 13 Gy to 58 and 

59 Gy, respectively as a result of the larger targets.  In all plans, the maximum doses 

to the optic nerves and chiasm met specified constraints.    
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Patient 

Volume 100% 

PTV1 IDL 

(cm3) 

% outside 100% 

IDL PTV1 

Volume 100% 

PTV2 IDL 

(cm3) 

% outside 

100% IDL 

PTV2 

Cho/NAA 

1.5-fold 

1 2.8 2.2 36.5 28.4 

2 4.6 4.0 45.5 38.9 

3 39.9 24.2 81.5 49.6 

4 0.4 0.7 20.4 33.3 

5 10.5 6.5 49.2 30.5 

6 0.0 0.0 36.4 50.1 

7 3.5 6.4 15.3 28.1 

8 0.1 0.1 16.4 13.0 

9 1.2 1.5 25.9 31.6 

10 9.1 14.8 34.8 56.7 

11 64.1 55.7 90.1 78.2 

   

Cho/NAA 

1.75-fold 

1 1.5 1.5 24.5 23.0 

2 2.2 2.5 28.5 31.8 

3 15.9 12.9 45.3 36.7 

4 0.1 0.3 12.6 26.3 

5 3.2 2.7 22.1 18.3 

6 0 0 17.5 39.4 

7 2.1 4.9 9.5 22.2 

8 0.1 0.1 7.5 7.5 

9 0.4 0.7 13.6 22.8 

10 3.0 7.7 18.0 46.6 

11 30.5 46.0 45.5 68.4 

   

Cho/NAA 

– 2.0-fold 

1 1.0 1.1 17.2 19.1 

2 0.9 0.9 19.8 27.6 

3 6.8 6.8 25.6 27.5 

4 0.03 0.03 8.9 23.0 

5 0.6 0.6 9.0 9.5 

6 0 0 10.2 33.6 

7 1.2 3.4 6.0 17.9 

8 0.01 0.02 4.0 4.7 

9 0.03 0.07 6.2 15.7 

10 1.5 5.8 10.5 40.9 

11 14.0 35.1 22.1 55.4 

Table 5.3. Autosegmented sMRI contour extending outside of prescription 

isodoses. Abbreviations: IDL – isodose line; PTV1 – planning target volume 1 

(corresponding to PTV51 or PTV54); PTV2 – planning target volume 2 (corresponding to 

PTV60). 
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Figure 5.3. Boxplots reflecting the percentage of the sMRI structure 

volume extending outside of the RT prescription isodoses. *54 Gy in 1 

patient  
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 Patient 1 2 3 4 5 6 7 8 9 10 11 

Target 

Volume 

coverage 

of PTV1  

by 54 Gy 

(%) 

Conv 
PTV1 

98.0 98.5 100 99.9 99.5 94.6 97.9 99.9 97.5 98.8 99.9 

sMRI-
PTV1 
(1.50-
fold) 

99.5 99.9 100 99.9 100 98.7 99.1 99.4 98.3 100 99.9 

sMRI-
PTV1 
(1.75-
fold) 

99.9 100 100 99.9 99.9 98.7 99.1 96.7 98.1 100 99.9 

sMRI-
PTV1 
(2.0-
fold) 

99.9 
100.

0 
100 99.9 99.7 97.8 98.8 99.2 99.1 99.7 99.9 

Target 

Volume 

coverage  

of PTV2 

by 60 Gy 

(%) 

Conv 
PTV1 

98.0 96.8 97.9 86.2 98.9 96.5 98.9 98.7 89.5 99.9 99.4 

sMRI-
PTV1 
(1.50-
fold) 

91.0 93.5 95.5 83.0 94.7 94.5 95.0 94.6 
80.
0 

95.0 95.0 

sMRI-
PTV1 
(1.75-
fold) 

95.0 94.9 95.0 84.0 95.4 94.3 95.0 95.0 85.1 95.1 94.1 

sMRI-
PTV1 
(2.0-
fold) 

96.0 95.0 95.0 86.0 95.9 94.0 95.0 94.9 91.3 95.5 94.8 

Brainste

m 

Max 

Dose 

(Gy) 

Conv 
PTV1 

53.5 55.0 13.0 59.3 52.8 53.9 59.4 58.3 58.0 52.9 7.3 

sMRI-
PTV1 
(1.50-
fold) 

58.9 59.9 59.8 57.9 57.8 59.4 58.7 59.6 58.3 58.8 58.0 

sMRI-
PTV1 
(1.75-
fold) 

58.7 58.8 58.1 58.9 58.1 59.2 59.0 59.4 59.2 58.4 58.4 

sMRI-
PTV1 
(2.0-
fold) 

58.7 59.2 55.4 58.2 57.8 58.7 58.6 58.9 59.3 58.7 58.2 

 

Table 5.4. Comparison of Target Coverage and Brainstem Doses. Abbreviations: 

PTV1 – planning target volume 1 (corresponding to PTV51 or PTV54); PTV2 – planning 

target volume 2 (corresponding to PTV60); Gy –Gray; Conv – conventional. 
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5.5.3 Preliminary Recurrence analysis 

 Of the 11 patients, six have experienced recurrent disease with a median 

time to recurrence of 3.1 months from the completion of RT.   Preliminary analysis 

suggests that in five of the six cases of recurrence, the expanded MRSI-guided 

target volumes encompassed regions of tumor recurrence which were not 

originally covered by the standard target volumes. 

 

5.6 Discussion 

 Our report demonstrates that 3D high-resolution whole-brain sMRI can be 

effectively integrated into RT planning to serve as an additional tool for improving 

RT target definition in GBM patients.  sMRI has previously been integrated in RT 

planning, however these reports acknowledged limitations of low spatial 

resolution and lack of robust multimodality image registration/transfer of data 

(233; 234; 237; 338-340; 342).  Moreover, the most recent of these analyses was 

the only one in which whole-brain volumetric 3D sMRI was utilized (340).  In this 

study, data for 19 GBM patients using volumetric acquisition resulted in sMRI 

coverage of the brain between 70-76%.  Field of view was 280 x 280 x 180 mm3 

and 64 x 64 x 32 voxels with effective voxel size of approximately 1.0 mL.  In 

comparison, the resolution of our data set was finer with nominal voxel size of 4.4 

x 4.4 x 5.6 mm3 (0.108 mL).  This helps surmount the partial volume effects often 

seen with lower resolution sequences. Therefore, the higher resolution affords 

increased fidelity in the sMRI data.   

 The incorporation of sMRI data considerably modified conventionally- 

delineated RT target volumes.  Even at the higher threshold Cho/NAA abnormality 
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(2.0-fold), sMRI_CTV2 (CTV60) volumes increased by a median of 28% and up to 

58%.  DICE scores were as low as 0.31, suggesting significant spatial discrepancy 

between the sMRI abnormality and the conventional target volume.  Moreover, an 

appreciable portion of the sMRI volume extended outside of the 60 Gy prescription 

isodose in nearly all patients (Table 5.3 and Figure 5.3).  This indicates that 

metabolically active disease may be unaccounted for by conventional MRI, and 

consequently, not receive appropriate RT coverage.  Similar results were noted in 

a 2003 report (234), in which the authors found that metabolic activity (defined 

by spectroscopy) extended beyond the contrast enhancement in 19/30 patients 

with HGG, averaging 21 cm3 and extending 8–33 mm beyond the contrast 

enhancement.  A more recent study from 2014 demonstrated that approximately 

one-third of patients had metabolically active tumor outside of CTV60 (340).  

Furthermore, in some cases, the 51 or 54 Gy prescription isodose (representing 

coverage of edema and microscopic disease based on standard MRI) did not 

encompass the sMRI abnormality.    

The sMRI-modified target volumes were re-planned successfully, further 

supporting the feasibility of incorporating the data into the treatment planning 

process.  In our study, the same target doses and margins (as originally delivered) 

were utilized in re-planning.  Nonetheless, there are many implications of utilizing 

sMRI data with respect to customizing RT dosing and margins.  More precise, high 

resolution data may enable selective dose escalation and account for tumor 

heterogeneity based on metabolite levels.  Recently, partial brain 3D sMRI [with 

voxel resolution of 6.25×6.25×25.0 mm3 (1.0 mL)] was incorporated for GBM dose 

painting to guide simultaneous integrated boost (SIB) to 72 Gy based on 
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spectroscopic abnormalities (339).  Clinical trials investigating this approach are 

currently in their early stages (ClinicalTrials.gov NCT01507506 and 

NCT02394665). Another possible ramification relates to utilizing sMRI data to 

more selectively define target volume margins. Current protocols commonly 

require 2 cm margins from GTV to CTV, which can result in irradiation of 

substantial volumes of normal brain tissue. With sMRI aiding in the definition of 

metabolically active disease, margins can be optimally designed and objectively 

minimized to reduce neurotoxicity even with dose escalation.    

Fundamentally, the addition of sMRI in treatment planning should help 

prevent tumor recurrence and translate into improvements in survival and quality 

of life of GBM patients.  Preliminary recurrence analysis suggests that sMRI 

abnormality at pre-RT encompasses post-RT recurrences, as the sMRI-modified 

target volumes contained regions of tumor recurrence which were not originally 

covered by the standard target volumes. Similarly, Pirzkall et al. found a 

correspondence between areas of new contrast enhancement and the initial 

spectroscopic abnormalities in 8 of 10 non–contrast-enhancing patients (234). 

Additionally, they found that the choline-to-N-acetyl-aspartate index volumes 

correlated inversely with the time to onset of new contrast enhancement.  We 

intend to continue analyzing recurrence patterns in these patients to help further 

validate and define the role of sMRI in RT planning and recurrence prediction.   

 

5.6.1 Study Strengths and Limitations 

 Several strengths and weaknesses of this study warrant consideration.  High 

resolution scans, quality methodology, and logical processing of sMRI data were 
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seamlessly executed within the framework of the RT planning process.  

Notwithstanding, the resolution and processing of our sMRI scans could be further 

improved.  Though the study was retrospective, consisted of a small sample size, 

and served primarily as a feasibility analysis, it yielded provocative volumetric and 

recurrence data which necessitate more evaluation.   In our study, we examined 

multiple Cho/NAA fold levels, but the optimal cutoff for use in planning requires 

further elucidation by the evaluating finer Cho/NAA intervals. A pathognomonic 

Cho/NAA signature(s) is necessary to help standardize sMRI data utilization.   

  

5.6.2 Conclusions 

In conclusion, integration of 3D high-resolution whole-brain sMRI into RT 

planning is feasible, resulted in considerably modified RT target volumes, and 

predicted post-RT recurrences. sMRI may serve as an additional treatment 

planning tool for improving RT target definition for the benefit of GBM patients. 
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Chapter 6  

 

General Discussion and Future 

Directions 

6.1 General Discussion 

 Molecular imaging has made substantial impacts on disease in every major 

organ system and is playing an increasingly important role in patient care, medical 

research, and drug design. By developing and utilizing the vast array of molecular 

imaging techniques available, scientists and physicians are not only gaining a 

greater understanding of the biological processes underlying disease but also 

learning how to manipulate those critical processes that give rise to pathological 

states. This is especially true in cancer, where a myriad of normal cellular processes 

are altered, and sometimes interact a complementary manner, to generate overt 

disease.  In no solid tumor known is the biological diversity so great and is there a 

population in such need of advancement of new, effective therapeutic options than 

in glioma, especially GBM. As such, this work lies at the interface of molecular 

imaging, MR imaging, and image analysis as it attempts to exploit the unique 
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information acquired from each to gain understanding of GBM biology and to 

integrate each part into a cohesive whole for the advancement of GBM therapy.   

 FGS with 5-ALA and sMRI are two vastly different techniques in terms of 

physics and biology, yet they can be used in a way to provide complementary 

information for the management of gliomas. While the former relies on electronic 

transitions in a large, highly conjugated molecule and the latter relies on the 

nuclear spin in small molecules, both describe the proliferative capacity of tissues 

at the molecular level. While FGS exploits specific aberrations of a single pathway 

within glioma cells and sMRI describes a myriad of metabolites linked to a number 

of molecular cascades, both define tissue regions that never seen before and 

describe regions of potential recurrence. The advent of FGS fundamentally 

changed the way that neurosurgical oncologists approach glioma resection. 

Similarly, the use of sMRI for preoperative planning and RT targeting represents 

a paradigm shift in the field of image-guided glioma therapy; one away from 

targeting surrogate markers using tracer-based imaging techniques to targeting 

abnormal tissue regions by measuring endogenous biological processes. Together 

with the right analytical and computational techniques, these techniques have the 

potential to not only expand our understanding of the molecular phenomena 

central to gliomagenesis and recurrence, but to also slow recurrence and extend 

the survival for patients with the disease. 

 This work starts with the development and utilization of a bioinformatics-

based imaging analysis technique for evaluating molecular and MR imaging 

methods. In Chapter 2 a clustering method generally used in genomics was 

adapted for the grouping of MRI voxels to evaluate its use as an image 
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segmentation method. A validation procedure showed that, indeed, such a method 

would be equally as accurate as manual segmentations, though in much less time 

and with less variability. In Chapter 3, this segmentation method is applied to a 

cohort of patients receiving GBM resection using the first molecular imaging 

technique described, 5-ALA FGS. Using this objective image analysis technique, 

we presented data that support the previous claims by Stummer et al. and others 

that the more complete resection achieved with 5-ALA FGS can increase survival 

in patients with GBM (49-51; 170). Moreover, using the morphological tumor 

features alongside resection and survival outcomes, we were able to show strong 

associations between tumor structure, resection outcomes, and survival outcomes.  

It is our understanding that this piece of information is novel, having never been 

shown with an automated segmentation method before. Since Chapter 3, two 

papers have substantiated our claims by showing significant relationships between 

survival and tumor features similar to those defined in this work using automated 

and manual segmentation techniques (343; 344). Interestingly the authors of Yang 

et al., were also able to show that certain features were also predictive of the 

molecular subtype (i.e. mesenchymal, neural, proneural)  observed for each tumor 

(344).  

 In Chapter 4, we outlined the procedure for combining 5-ALA with sMRI 

and validated the capacity of sMRI for identifying normal brain matter infiltrated 

with glioma cells. Although spectroscopy-histology studies have been completed in 

the past, Chapter 4 describes not only the validation of the highest resolution, 

whole-brain sMRI maps to date, but also the first study to do so by combining ex 

vivo fluorescence and automated histological analysis (230; 319; 327-329). All 
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other studies compare findings from low resolution MRS images (~1 cm3) with 

qualitative or semi-quantitative metrics of tumor cell density or proliferation. 

Moreover, the identification of SOX2-positive cells in Cho/NAA abnormal tissue 

outside of T2w/FLAIR hyperintense regions parallels similar results from a recent 

study in LGG (345). Furthermore, we set forth evidence that Cho/NAA 

abnormalities may be able to identify regions that are at high risk for recurrence 

following therapy in regions that may appear normal on conventional MRI. By 

using a whole-brain method, we show this is even true for recurrence sites 

contralateral to the original tumor. This is novel and of great significance as 

clinically-available MRS protocols have a restricted coverage and generally miss 

large portions of contralateral brain.   

On a separate note, using the protocol outline in Chapter 5, integrating 

sMRI into the presurgical workup of patients with HGG that are receiving 5-ALA 

FGS is quite easy and would likely guide surgeons to regions of infiltration not 

apparent on conventional MRI. As the study in Chapter 3 suggested the presence 

of residual tumor increase the likelihood of death, extending the resection to these 

regions may result in better survival outcomes. However, the power of this 

preoperative-intraoperative molecular imaging combination lies not only in the 

ability to identify these infiltrated regions, but to confirm the presence of 

infiltrating cells in real-time using intraoperative fluorescence. The combination 

of two quantitative imaging modalities suggesting the presence of tumor cells will 

likely give the surgeon more confidence in furthering tumor resection in these 

areas if such an expansion is viewed as safe. If this type of combination becomes 

more common, it is foreseeable that more molecular imaging information, 
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potentially that from PET imaging or infrared dye fluorescence, could be added to 

this protocol resulting in an even more accurate method for identifying the 

distribution of tumor cells in normal brain tissue (346).  

In Chapter 5, the semi-automatic delineation of target volumes based on 

whole-brain sMRI was evaluated for planning RT. Spectroscopy has been used to 

plan RT in previous studies; however, only one other has used whole-brain 

volumetric 3D MRSI making this study the second of its kind (227; 235; 347; 348).  

Just as in recurrence prediction, full coverage of the brain and tumor regions is 

essential for spectroscopic findings to have an impact on RT planning. The manual 

placement of an FOV before MRS acquisition, like that pictured in Figure 1.25, 

not only leads to incomplete tumor and normal tissue characterization but also 

introduces an amount of selection bias into data acquisition (340). Using sMRI, 

we avoid these limitations thereby enabling better sampling of all tissue regions 

without selection bias and with better visualization of the metabolically active 

tumor throughout the brain. The greater accuracy afforded by sMRI may allow the 

generation of new dosage volumes based on the presence of unique molecular 

make up of existing RT targets. This would represent the development of new RT 

target volumes based on molecular phenotype.  Such an addition of whole-brain 

metabolic information into RT planning may lead to the development of innovative 

RT treatment strategies personalized to the metabolic profile of each patient’s 

tumor. 

Although volumetric spectroscopic imaging methods are not uniformly 

available in the clinical setting currently, there are many implications of utilizing 

sMRI data with respect to customizing RT dosing and margins in current clinical 
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trials. For example, the increased precision afforded by high resolution data may 

enable selective dose escalation by accounting for tumor heterogeneity based on 

metabolite levels.  Recently, partial brain 3D MRSI [with a low voxel resolution of 

~1 cm3] was incorporated for GBM dose painting to guide RT boosts to 72 Gy based 

on spectroscopic abnormalities (339),  and other trials investigating similar 

approaches with low resolution data are currently in their early stages 

(ClinicalTrials.gov NCT01507506 and NCT02394665). Thus, the addition of our 

precise, high resolution technique may add additional information to the trials. 

Such precise mapping may be most interesting when coupled with dose escalation 

using proton-based RT therapy; a technique known to have a highly controllable 

energy deposition profile (349). Another possible ramification relates to utilizing 

sMRI data to more selectively define volume margins. Current protocols 

commonly require the addition of uniform 2 cm margins from GTV to resulting in 

irradiation of substantial volumes of normal brain tissue. With sMRI aiding in the 

definition of metabolically active disease, margins can be optimally designed to 

encompass metabolic abnormalities and reduce potential neurotoxicity even in the 

presence of dose escalation.   

A potential shortcoming for all the projects described in this work, 

particularly those describing patient outcomes or using tissue specimens, is the 

limited sample size.  This is a shortcoming common to pilot clinical studies; 

however, that is difficult to control. Even given the limited samples in each of the 

studies, the sample size was high enough and the analytical tools sensitive enough 

to give meaningful and interesting results. Ideally, the studies presented in 

Chapters 3, 4, and 5 would be reproduced in clinical trials with larger enrollment. 
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As such, clinical trials are currently being proposed or revised with aims similar to 

those in each of these chapters to allow more definitive conclusions to be made.  

Image quality is also a particular concern in those studies that utilized sMRI.  

Though the imaging and processing procedures used attempt to limit spectral 

artifact, it is possible that spectral abnormalities could have altered the data 

without our knowing. Because of this, we are currently developing more robust 

methods to filter spectroscopic data in the hopes of preventing this in future 

studies. A more detailed description of this spectral quality work can be found in 

6.2.2. 

In conclusion, the culmination of the work presented in this dissertation has 

demonstrated the molecular imaging techniques, more specifically 5-ALA FGS and 

sMRI, add value to the management of patients with GBM and should be studied 

further in larger clinical trials. Moreover, the developed methodologies in this 

work are also expected to be useful for other applications and tumor types. The 

segmentation method in Chapter 2 could assist in measuring the growth of 

contrast-enhancing tumor for response determination while sMRI could 

potentially be used to differentiate brain tumors of cellular origins (i.e. 

oligodendroglioma vs astrocytoma). Although this dissertation focused on GBM, 

the principles, approaches, and use of the molecular imaging techniques therein 

can be applied to other brain tumors as the technologies are directed at the 

biochemical processes that underlie normal brain function and their alterations in 

disease. 
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6.2 Future Directions 

 The future directions from the work of this dissertation are to some extent 

unlimited. However, there are a few promising studies that are already in progress 

or near initiation in our laboratory that should be noted. These include the 

application sMRI to LGG biopsy targeting, the development of spectral quality 

analysis models for filtering poor spectra before volumetry, and the validation of 

automated metabolic segmentations for RT planning.   

6.2.1 sMRI for Lower Grade Glioma Targeting 

 In cases where resection is not indicated, needle biopsy is chosen to confirm 

diagnosis in suspected glioma. Though biopsy guidance for contrast-enhancing 

tumors relies on CE-T1w, the guidance for nonenhancing gliomas (100% of grade 

II and 40% of grade III) relies on T2w/FLAIR images. For correct glioma grading, 

the biopsy should be obtained from the most anaplastic portion of the tumor; 

however, this is often difficult to determine using anatomic T2w/FLAIR (Figure 

6.1, left-most panel) due to the considerable intratumoral heterogeneity seen in 

nonenhancing gliomas (350; 351). Kondziolka et al. found that the combination of 

T1w, T2w, and CT could not reliably predict histological diagnosis of LGG versus 

HGG, exhibiting a 50% false-positive rate (125). Additionally, Scott et al. reported 

that approximately one third of nonenhancing gliomas exhibit highly malignant 

(grade III) foci (124). The inability to identify the highest grade regions of the 

tumor could result in its under grading and ultimately cause under treatment. 

Thus, the field of neuro-oncology is in dire need of an imaging modality that can 

accurately describe the heterogeneous nature of nonenhancing tumors, and can 

direct biopsy to the most malignant component of the glioma. 
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Figure 6.1. Spectroscopic MRI in LGG. T2w/FLAIR, Cho/NAA, and MI 

images for patient with IDH mutant, 1p19q intact, WHO grade II glioma. Note the 

punctate elevations in MI relative to the uniform elevation of Cho/NAA. 
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As sMRI-based metabolite metrics describe significant metabolic 

heterogeneity in HGG and we have shown that sMRI metrics correlate with 

infiltration in GBM, we hypothesize that sMRI metrics will correlate with 

infiltration in LGG and that sMRI is a viable imaging modality biopsy direction in 

nonenhancing lesions. To do this, we would propose a small clinical trial of 

approximately 20 patients for which we would obtain whole-brain sMRI before the 

biopsy of their suspected nonenhancing glioma (presumed grade II or III).  In 

addition to NAA, Cho, CR and their derivatives, we would also quantify MI as it 

has been shown in a few studies to be associated with LGG (Figure 6.1) (209; 352; 

353). Then, in a procedure similar to that outlined in Chapter 3, we would sample 

tissue from metabolically abnormal regions using a biopsy needle (2-4 per patient) 

and conduct neuropathological assessment on these specimens. 

Neuropathological assessment would include the evaluation of MGMT, 1p19q, 

EGFR, and PTEN as well as immunohistochemistry for SOX2, IDH, and MIB1 (a 

nuclear marker of proliferation).  Histological grade and cellular features would 

then be correlated with metabolite metrics and used as a gold standard for an ROC 

analysis evaluating the sensitivity, specificity, positive predictive value (PPV), and 

negative predictive value (NPV) of sMRI for differentiating WHO grade II and III 

gliomas. Once validated, this histology and sMRI sequence/processing protocol 

could be easily disseminated to other institutions for a larger, multi-center clinical 

trial. 
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6.2.2 Automated Spectral Quality Analysis  

 The fitting of spectroscopic data works best when spectral quality is good 

(e.g. spectral resolution and SNR are high). However, spectral quality is based on 

the physical characteristics of the tissue examined, some of which can change 

during the treatment and natural course of glioma. For example, magnetic 

susceptibility changes at tissue interfaces, oftentimes resulting in uninterpretable 

spectra. This is of significant consequence in glioma imaging, as one of the greatest 

sources of susceptibility artifact –the cavity-tissue interface caused by surgical 

resection –is also a region of great importance in glioma response assessment. Due 

to the variance in spectral quality at this interface, automated spectral processing 

may produce inaccurate curve fits resulting in erroneous signal abnormalities in 

image volumes (Figure 6.2). To prevent poor data from generating misleading 

volumes and potentially affecting clinical decision making, a tool for quantifying 

and automatically classifying spectral quality is necessary. As such, we have begun 

to develop an automated method for determining spectral quality based on curve-

fitting metrics using machine-learning methods to create a data-driven model for 

spectral filtering.  
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Figure 6.2. Example of sMRI artifact. Magnetic susceptibility variations in 

the head distort spectral line shape sometimes resulting in erroneous volumetry. 

In this case, susceptibility changes at the edge of a resection cavity results in a 

spectral artifact suggesting a pronounced increase in Cho. 
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As no consensus for spectral quality is available, one must be built using an 

automated system that allows an individual or group of individuals to review and 

grade numerous spectra. To do this, we have developed a web-based spectral 

evaluation platform that is distributable to a number of MR spectroscopy experts 

around the world to generate training data for building a spectral quality filter that 

best represents “ground truth”. In an initial single-reviewer pilot study, this tool 

was used to visually review and label each of 6243 spectra from 7 separate patients 

as having adequate (A) or inadequate (I) spectral quality. sMRI curve-fitting 

parameters describing 115 characteristics from each spectrum were used as 

features to train random forest classifiers. Classifiers were trained on the following 

scenarios: 1) A vs I in tumor & normal voxels; 2) A vs I in tumor voxels only; and 

3) A vs I in normal voxels only. Strict cross-validation was performed to evaluate 

generalizability, training each classifier on six patients and evaluating on the 

seventh in a rotating, leave-one-out manner. Classifiers were also trained to 

discriminate between tumor and normal tissue in 1) voxels with adequate SQ and 

2) voxels with inadequate SQ. Classifier performance was evaluated using receiver 

operator characteristic (ROC) analysis to determine area-under-the-curve (AUC), 

and feature salience was evaluated by summing the split criterion for each variable 

over all trees in each forest of the classifier.  

In this pilot study, AUC values for classifying signal quality and tumor (in A 

voxels) were rather high, 0.94 and 0.79, respectively. The most salient features for 

signal quality included the Cramer-Rao bounds of the NAA peak, a metric often 

used by spectroscopists to evaluate quality, and the Cramer-Rao bounds for Cho 

and CR peak frequencies. Not surprisingly, the most salient features for 



299 

 

differentiation of normal and tumor tissue included Cho/NAA, Cho/CR, and 

NAA/CR: ratios used for tumor evaluation clinically. The high AUCs for tumor 

classification suggest training machine-learning algorithms with curve-fit metrics 

may result in accurate spectral quality and metabolic abnormality classifiers.   

 These classification data sparked our interest and triggered a larger, multi-

reviewer experiment which is currently underway. Physicist and clinicians 

throughout the United States and Great Britain with MRS expertise are grading 

spectra to be compiled as training set for a convolutional neural network. We 

anticipate that developing a classifier based on the consensus of several expertly-

trained reviewers will result in a more generalizable, and widely accepted model of 

spectral quality. Such a model could be integrated seamlessly as an additional 

module to the existing spectroscopic processing pipeline, and would hopefully 

limit the number of artifacts present in the resulting volumetric maps. A decrease 

in artifact would likely eliminate the ambiguity that is sometimes present when 

determining RT target volumes, and would hopefully give physicians more 

confidence in evaluating metabolic abnormalities with sMRI. 

6.2.3 RT Target Volume Segmentation and Automatic Metabolic Profiling  

Our group has also been working to develop an automated segmentation 

algorithm for defining sMRI abnormalities that could be used for RT target 

planning. The pipeline that is currently being developed considers metabolic data 

from sMRI maps alongside anatomical abnormalities derived from standard 

T2w/FLAIR images. The pipeline begins by skull stripping the T2w/FLAIR image 

using the water reference map from the EPSI acquisition. Next, an initial tumor 
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region, or blob, is identified by searching for regions that exhibit both T2w/FLAIR 

hyperintensities and reduced NAA signal using a mean ratio correlation method 

and morphological filters. These regions are then used as a starting point for a 

geodesic level-set refinement that adapts the initial blob to the fine details specific 

to each metabolite (354). The result of this process is a set of spatially-coherent, 

objectively-delineated ROIs describing a number of metabolic abnormalities that 

can be viewed in parallel with conventional MRI (Figure 6.3). Moreover, these 

ROIs are formatted such that they can be imported in the treatment planning 

system to specifically increase the RT target volumes to encompass metabolically 

abnormal tissue outside of standard CE-MRI. 

In a pilot study, this automatic pipeline successfully generated ROIs 

describing NAA, Cho, and CR abnormalities in 12 patients with pre, mid, and 

postRT sMRI scans. Upon visual inspection, the ROIs approximated the metabolic 

abnormalities with little error. A study is soon to be underway to quantitatively 

compare the manual segmentation of metabolic abnormalities in patients with 

GBM with those ROIs generated by this algorithm (using a procedure similar to 

that found in Chapter 2), and to evaluate the feasibility of adding these ROIs with 

full margins to RT planning in terms of coverage and dose constraints (using a 

procedure similar to that found in Chapter 5). The further development and 

validation of such an sMRI segmentation technique would not only make the 

integration of sMRI metabolite maps into RT planning easier, but may also 

potentially streamline the acceptance of this metabolic imaging modality into 

clinical practice. 
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Figure 6.3. Automatic metabolic ROI segmentation for RT target 

volume planning. Color contours overlaid onto the Cho and NAA maps describe 

the distribution of the automatically segmented ROIs in sMRI space. 
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Chapter 7  

 

Some Final Thoughts 

 While the whole of this work will be read as scholarly text and is most easily 

characterized as molecular imaging, this was not my intention, in its entirety, from 

the outset. As a young man having been privileged with a great many opportunities 

--many that others are often denied --I feel it my duty to take on a work in great 

need. Similar to a Bible verse my grandmother recited religiously about love (John 

13:33-34), I feel I have been charged to “give unto others as [I] have been given”. 

And as I have been given very much, I am expected to give very much. Thus I am 

convicted by the skills and resources that have been afforded me during my lifetime 

to forward a cause that is both meaningful and formidable. In this work, the cause 

that I found was the treatment and overall care of patients with GBM. 

I see those with this dreaded illness as swimmers battling an unforgiving 

undertow. Though they stride just as valiantly as others in more manageable 
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waters, they rarely escape and are invariably pulled under by the tide. No matter 

weak or strong, poor or rich, old or young (sadly, some even younger than myself), 

they break themselves against the rolling waves as their rescuers scramble to steal 

them from a certain doom. Unfortunately for those in these most treacherous 

waters, their rescuers, the men and women who have pledged their time and 

energy to the care of their fellow man, have their hands roped behind their backs. 

Such is the plight of patients with GBM--try as they may, they throw themselves 

against a seemingly impenetrable obstacle, a foe which they cannot overcome 

alone. All the while, their physicians, those with the skills needed to help them, 

those who stand at-the-ready in their service, must watch on woefully, unable to 

reach out to them. 

At the conclusion of this text, after a great deal of assessing methods and 

scrutinizing results, I would like to leave with you a final vision of this work--my 

vision. In part, this work describes small, technical developments in the integration 

and use of imaging technologies in GBM management, though as a whole, it 

describes one young man’s meager, yet ardent attempt to advance the care for a 

population that many have given up on. Not only do I hope that each chapter 

explicitly describes a problem, a potential solution, and an attempted resolution, 

but also that each gives some measure of comfort to those feeling helpless in the 

shadow of this grave illness. Were each chapter to be just the refining of a known 

technique, like the honing of steel to an edge, I hope the whole is seen as a blade, 

small but sharp. To me, the work described herein is more than just a log of my 

efforts over my time in training.  To me, this is also a tool. To me, this is an attempt 
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at loosing the spectators at the water’s edge, providing them the means they need 

to reach those souls enduring the waves.  

 I would like to end with one final remark: it has been the greatest privilege 

of my life so far to work with and study the awe-inspiring population that suffers 

from this grave disease. The hope that they have in the face of such a daunting 

adversary is astonishing, and their willingness to support the advancement of 

therapy for GBM, which they know will likely not benefit them, is altruism at its 

finest. Even in the shadow of their own demise, these amazing people wish to offer 

hope to those unfortunate souls who follow and subject themselves to scan after 

whirling scan in the spirit of giving and kindness. It is with these amazing, 

benevolent individuals that my final thoughts lie. For without their efforts and 

sacrifices, not only would the outcomes of this work have been trivial, but also the 

advancement of imaging in the service of GBM patients of the future would be 

impossible. 


