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Integration of Physiologic MRI to Improve Antiangiogenic Treatment 
Management for Patients with Glioblastoma 

by 

Emma Essock-Burns 

 

ABSTRACT: 

 

Advances in targeted therapies for patients with glioblastoma require 

simultaneous advances in noninvasive imaging in order to clinically manage these new 

treatments. Patients diagnosed with glioblastoma, a highly malignant form of brain 

cancer, have limited survival. Significant improvements in outcome for these patients 

will likely rest on both advances in targeted therapies and individualization of treatment 

regimens.  

Standard clinical magnetic resonance imaging (MRI) provides insight into tissue 

structure and is used as a noninvasive surrogate marker of tumor presence. Physiologic 

MRI offers insight into tumor tissue physiology including surrogate markers of 

vascularization, cell density, and metabolic activity. The integration of physiologic 

imaging into the clinical exam has the opportunity to significantly improve decision 

making in the care of patients with brain cancer.  

This dissertation project investigated dynamic susceptibility contrast (DSC) MRI 

and diffusion weighted (DWI) MRI as complementary methods for characterizing tumor 

burden prior to therapy and for assessing response during therapy. Specialized methods 
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for acquiring and post-processing DSC data were developed to be feasible in the clinical 

setting. Noninvasive surrogate markers of vascular morphology and histopathologic 

features were identified in de novo GBM. Initial vascularization and changes in 

permeability within the tumor measured with DSC MRI were found to relate to patient 

response to antiangiogenic therapy. DWI was used to detect treatment-specific changes in 

tumor burden in order to further develop biomarkers of response.  

The results of this dissertation support integrating physiologic MRI into the 

clinical exam of patients with glioblastoma. DSC and DWI can provide valuable insight 

into tumor physiology, which will allow clinicians to better tailor treatments to individual 

patients and assess response to antiangiogenic therapy. 
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 1 

 : Introduction  CHAPTER 1

________________________________________________________________________ 

 

Patients diagnosed with glioblastoma multiforme (GBM), a highly malignant form 

of brain cancer, have an extremely poor prognosis. Without treatment, median overall 

survival of patients diagnosed with GBM is around 3 months. The development of the 

current standard-of-care treatment, surgical resection followed by combined radio- and 

chemotherapy, has led to significant improvements in survival. Despite these advances in 

care, median overall survival remains around 12 to 15 months. Further advances are likely 

to build upon tailoring specific therapies to patients by incorporating new prognostic 

markers and identifying early predictors of response.  

In recent years, the development of new “antiangiogenic” therapies has generated 

excitement in the neuro-oncology field regarding the potential for using alterations in 

vasculature as a means to control tumor growth. Preliminary studies in patients with 

recurrent GBM reported a vast improvement in radiographic response and led to the 

accelerated approval of bevacizumab for this population. While a survival benefit has yet to 

be shown, these new therapies have greatly influenced the trajectory of neuro-oncology 

research. This has led to new challenges, such as the need for updated response assessment 

methods, as well as the opportunity to design individualized treatment plans based on tumor 

physiology. The lack of validated, predictive biomarkers to guide treatment is clearly a 

place where imaging is needed. As it provides a means for non-invasively assessing changes 
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in tumor vasculature, imaging is playing an important role in determining how to best utilize 

these new treatment options. 

Magnetic resonance imaging (MRI) is a critical tool in the clinical management of 

patients with GBM, with anatomic images having been used to direct surgery and other 

focal therapy, as well as assess response to treatment.  Advances in physiologic MRI, 

including perfusion-weighted imaging, diffusion-weighted imaging, and metabolic imaging, 

has lead to a number of different markers that may lend insight into tumor physiology. The 

integration of these physiologic markers into the management for patients with GBM, holds 

significant promise for improving clinical outcomes. In order for these markers to be 

translated to the clinic there are many technical and biological challenges that need to be 

addressed. The goal of this dissertation project was to develop and apply physiologic 

imaging techniques to guide the assessment of response to antiangiogenic therapy for 

patients with glioblastoma. This dissertation is organized into six major projects.  

In Chapter 2, I review the clinical background of brain cancer, antiangiogenic 

therapy, and methods for evaluating response to therapy. The basic concepts of MRI are 

presented with a focus on the challenges of assessing response in the context of 

antiangiogenic therapy. Physiologic MRI is introduced with an emphasis on diffusion and 

perfusion imaging methods. The chapter concludes with a discussion of current research on 

perfusion and diffusion MRI in brain tumor management and the challenges that face 

clinical integration.  

In Chapter 3, I describe a study in which we directly compared vascular parameters 

derived from dynamic susceptibility contrast (DSC) MRI to vascular histopathology found 
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in tissue samples from patients with GBM prior to treatment. This was a highly cross-

disciplinary project supported by the Graduate Education in Medical Science (GEMS) 

program and co-advised by Dr. Joanna Phillips (Department of Pathology), Dr. Susan 

Chang (Neurological Surgery), and Dr. Sarah Nelson (Bioengineering and Therapeutic 

Sciences). The goal of this project was to determine which common post-processing 

methods best described underlying vasculature. Blood volume estimates calculated from 

nonlinear and non-parametric analyses were found to predict vascular morphology.  These 

post-processing methods are then used in the subsequent chapters.  

Building upon these pathology results, Chapter 4 explores two acquisition methods 

to address a primary technical challenge that inhibits the clinical use of DSC-MRI: leakage 

contamination. One method that is gaining attention in the field is to apply a “preload” of 

gadolinium prior to DSC acquisition, but the trade-off is that it increases the cumulative 

gadolinium dose and associated risks to patients. While a preload has been shown to 

improve high flip angle DSC data, the goal of this project was to determine whether a 

preload was still needed for leakage correction when acquired with a low flip angle. Blood 

volume calculated from low flip angle DSC data was found to be highly repeatable with or 

without a preload. This results of this project support acquiring DSC-MRI with a low flip 

angle and without a preload as it yields physiologically relevant measures of blood volume 

(Chapter 3) without increased risk due to greater gadolinium exposure.   

In Chapter 5, we apply the DSC-MRI analysis and acquisition methods developed 

in Chapters 3 and 4 to identify biomarkers of response to antiangiogenic therapy. Serial 

changes in perfusion characteristics of the tumor are assessed in patients receiving standard 

chemo- and radiotherapy with adjuvant and concurrent enzastaurin, an antiangiogenic 
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therapy. The initial vascularization of the tumor and the vascular permeability after two 

months of therapy are found to be predictive of response. This work provides evidence for 

how DSC-MRI can augment standard anatomic MRI in order to improve antiangiogenic 

treatment management.  

Chapter 6 describes a collaborative project that expands on the development of 

biomarkers by investigating treatment-specific changes in diffusion-weighted MRI. This 

project was led by Dr. Laleh Jalilian, currently a radiology resident at Stanford University. 

As the second author on this work, my contributions included data processing, analysis of 

results, and editorial review. The differences in the diffusion patterns among patients treated 

with radiotherapy in addition to standard temozolomide (TMZ) therapy, TMZ with 

enzastaurin, or TMZ with bevacizumab, provide context for future treatment-specific 

biomarker development. 

Chapter 7 is a further collaborative project that was based on the work of a large 

cross-disciplinary team. The goal of this project was to relate physiologic MRI parameters 

to tumor histopathology in order to guide tissue sampling within the heterogeneous GBM 

lesion to improve diagnosis. The first author of this paper is Dr. Ramon Barajas, a radiology 

resident at UCSF. My contributions to this work included analyzing the perfusion data, 

making the figures, and assisting with editing for publication. The results of this project 

support the integration of physiologic imaging, including DSC and diffusion-weighted MRI, 

with anatomic MRI to better characterize both the contrast-enhancing and non-enhancing 

components of GBM at diagnosis.  
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Finally, Chapter 8 discusses the main conclusions from this dissertation. This 

chapter emphasizes how the research presented advances the overarching goal of this body 

of work, the integration of physiologic MRI to improve the clinical management of patients 

with GBM. 
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 : Background CHAPTER 2

This chapter provides an overview of brain tumor disease and clinical management with 

antiangiogenic therapy. Magnetic resonance imaging (MRI) is introduced as the primary 

method for diagnosing brain cancer and for monitoring response to therapy. Physiologic 

MRI, including diffusion weighted imaging (DWI) and perfusion imaging, are introduced 

as complementary methods, while highlighting the current engineering challenges that 

hinder their use in the clinic. Finally, the potential for physiologic MRI to improve the 

clinical management of patients with brain tumors is discussed in the context of current 

clinical usage.  
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2.1	
  Brain	
  Tumor	
  Disease:	
  Prevalence	
  and	
  Incidence	
  
 

Recent studies project that for every 100,000 people in the United States, 209 are 

living with the diagnosis of a primary brain tumor [1]. The incidence rate of primary brain 

tumors increases with age and the median age of diagnosis for all brain tumors is 57 years old 

[2]. While primary brain tumors are much more common in adults than children, they are 

more likely to be malignant in children (65.2%) compared to adults (33.7%) [3]. Although 

brain cancer comprised only 1.44% of all primary malignant cancer diagnoses in the United 

States during 2010, it continues to have disproportionally high morbidity and mortality rates. 

In particular, brain tumors are the second leading cause of cancer-related deaths in children 

under 20 as well as in males ages 20-39 and the fifth leading cause of cancer-related deaths in 

females 20-39 [4].   

Of the 22,500 malignant primary tumors of the brain and spinal cord that are 

diagnosed in the United States each year, it is estimated that seventy percent are gliomas, 

originating from glial cells [5]. Glial cells are one of the major cell populations in the brain 

and have four sub-types: astrocytes, oligodendrocytes, ependymal cells, and microglia. 

Astrocytes are the most abundant and have diverse functions, including providing structural 

support and neurotransmitter metabolism. Oligodendrocytes produce myelin, the conductive, 

fatty sheath surrounding the neuronal axons. Microglia digest cell debris, in a manner similar 

to macrophages.  Ependymal cells line the ventricles and form blood- cerebral spinal fluid 

(CSF) border. Sub-types of glioma are named according to the cells from which they 

originate.  

2.2	
  WHO	
  Malignancy	
  Grading	
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Gliomas are characterized using the World Health Organization (WHO) criteria on a 

four-tiered scale. Five histologic features form the basis for this definition: nuclear atypia, 

cellular density, mitotic activity, endothelial proliferation, and presence of necrosis [6]. Grade 

I gliomas are benign, slow-growing, and have the best prognosis. They include piliocytic 

astrocytomas, which most commonly occur in children. Although they are hypercellular, they 

do not include any of the five features of malignancy. Grade II gliomas are relatively slow 

growing, but can transform to a higher grade at the time of recurrence. The major sub-types 

are diffuse astrocytomas, oligodendrogliomas, and oligoastrocytomas. They have moderately 

increased cellular density and presence of nuclear atypia, but lack mitotic activity, necrosis, 

and endothelial proliferation. Grade III gliomas are considered “high-grade” and have 

increased mitotic features. Grade IV gliomas are the most malignant subtype and have high 

cellular density, marked nuclear atypia, elevated mitotic activity, presence of necrosis, and/or 

endothelial proliferation. The most common sub-type of grade IV glioma is glioblastoma 

(GBM). As this dissertation is focused primarily on using new physiologic MR-imaging 

techniques to aid in the diagnosis and treatment management of GBM, the next section 

focuses on the histopathologic features and characterization of these lesions.  

 

2.3	
  Glioblastoma	
  
 

GBM represent 53.7% of all primary gliomas in adults [7]. Their incidence is 1.6 times 

higher in males than in females and they typically occur between 65 and 84 years of age in the 

United States [7]. Despite advances in care, overall survival (OS) remains limited at 

approximately 15 months for patients with newly diagnosed GBM [8] and 30 weeks for 
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patients with recurrent GBM [9].  In addition to elevated mitotic activity, high cellular 

density, and marked nuclear atypia, two hallmark features of GBM are the presence of 

necrosis and/or microvascular proliferation. 

A major issue in evaluating GBM is that they are extremely heterogeneous, both 

within the tumor mass and in the presentation between patients. It is common for a large 

portion of the central region to be necrotic, with a contrast-enhancing outer rim on T1-

weighted post-contrast MRI (see section 2.6). Central necrosis is an indication that the 

actively proliferating tumor has outgrown its blood supply, causing the central tissue to 

become hypoxic and ultimately necrotic. The presence of a hypoxic tumor microenvironment 

triggers the expression of a variety of pro-angiogenic growth factors such as hypoxia 

inducible factor (HIF)-1 . Accumulation of  HIF-1  induces expression of the vascular 

endothelial growth factor (VEGF), which represents a family of growth factors that act as 

potent vasodilators and mediators of microvascular permeability. VEGFA is the most 

common member of the VEGF family of proteins that is overexpressed in gliomas [10]. 

Extracellular binding of VEGFA triggers activation of the VEGF pathway leading to 

increased vascular permeability, endothelial cell proliferation, and angiogenesis to sustain 

tumor growth. The activation of angiogenesis is believed to be key in the transition from a 

grade III lesion to a GBM [10]. 

2.4	
  Angiogenesis	
  and	
  Vascular	
  Pathology	
  of	
  Glioblastoma	
  
 

The driving process behind angiogenesis is often described as the “angiogenic switch” 

[11]  and can be visualized as a scale that balances pro- and antiangiogenic factors as shown 

in Figure 2.1. Angiogenesis was previously thought to be primarily reliant on the growth of 
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new capillaries from existing vasculature but recent research has shown that there may be 

multiple, often simultaneous, mechanisms. In addition to classic “sprouting” angiogenesis, 

GBM may undergo neovascularization through “co-option” of pre-existing normal blood 

vessels and vasculogenesis, and de novo formation of new vasculature, through recruitment of 

bone-marrow derived endothelial precursor cells to the brain [12-13].  

 

 

Figure 2.1: "Angiogenic Switch" Hypothesis 

 

Figure 2.1: The misregulation of proangiogenic and antiangiogenic factors causes the scale to 

tip, activating the normally quiescent vasculature to undergo angiogenesis. (Figure reprinted 

from “Patterns and emerging mechanisms of the antiangiogenic switch during tumorigenesis,” 

Hanahan et. al. Cell, 1996 [11], with permission from Elsevier.) 
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In normal brain, there are tight junctions between endothelial cells that create a 

selective “barrier” between brain tissue and blood vessels. This blood-brain barrier (BBB) 

comprises endothelial cells, pericytes, astrocytic perivascular feet projections, and a thick 

basement membrane. The intact BBB allows efficient delivery of blood and nutrients and 

serves to protect the brain parenchyma against infection. In the tumor environment, activation 

of the angiogenic switch leads to detachment of pericytes, degradation of the basement 

membrane, migration of endothelial cells into the perivascular space, and proliferation of 

endothelial cells to form lumen that ultimately fuse together into new vascular channels [10]. 

Unregulated tumor angiogenesis leads to overabundant, unstructured growth of 

microvasculature. The newly formed tumor vasculature is often hemorrhagic, dilated, and 

tortuous. Along a vessel there may be irregularly spaced sub-branches of microvasculature, 

often with dead ends. Complex glomeruloid microvasculature is a hallmark of GBM and is 

characterized by multiple lamina and breakdown of the blood brain barrier.  The 

microvascular morphology can be identified using Factor VIII immunohistochemical staining 

of endothelial cells. Figure 2.2 shows an example of complex glomeruloid microvasculature 

in a patient newly diagnosed with GBM. Note the proliferative endothelium and double 

lamina (arrows). 
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Figure 2.2: Factor VIII immunohistochemical staining of glomeruloid microvasculature 
in de novo GBM 

 

 

 

2.5	
  Antiangiogenic	
  Therapy	
  for	
  Patients	
  with	
  GBM	
  
 

The standard therapy for patients newly diagnosed with GBM comprises maximal safe 

surgical resection, followed by radiotherapy and chemotherapy. Radiotherapy is typically 

delivered in thirty fractions of 2Gy that are given for 5 days per week over a period of 6 

weeks. In 2005, Stupp et al. reported a significant increase in progression-free survival (PFS) 

and overall survival of newly diagnosed GBM patients with the addition of concomitant and 

adjuvant temozolomide, which is an oral alkylating agent. Patients treated with temozolomide 

had a median overall survival of 14.6 months compared to 12.1 months with radiotherapy 

alone [14], which established it as the new standard of care for GBM.  

The highly vascularized nature of GBM and the key role that angiogenesis plays in the 

growth and progression of gliomas, means that disruption of the angiogenic pathway is an 

attractive target for therapeutic development. A variety of intra- and extracellular strategies 

that can disrupt and impede tumor angiogenesis are under investigation [13, 15-17]. Strategies 
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include sequestering circulating 

VEGF to reduce cell-surface 

VEGFR activation (bevacizumab, 

alfibercept), pan-VEGFR tyrosine 

kinase inhibitors (cediranib), broad-

spectrum tyrosine kinase inhibitors 

(sorafenib, sunitnib, XL-184), 

intracellular protein kinase 

inhibitors (enzastaurin), and many 

others. Figure 2.3 displays a variety 

of antiangiogenic therapeutics and 

their targets [18]. 

Enzastaurin disrupts the 

phosphorylation of the -isoform of 

protein kinase-C (PKC), which lies 

on the VEGF signaling pathway, 

thereby inhibiting tumor angiogenesis (Figure 2.3) [19]. Preclinical data have supported the 

notion that enzastaurin induces apoptosis in addition to reducing angiogenesis [20]. A recent 

phase II trial showed enzastaurin was well tolerated in an upfront treatment setting for 

patients with GBM, and showed a moderate improvement in overall survival (OS) compared 

to historical controls (thalidomide with temozolomide and RT; cis-retinoic acid with 

temozolomide and RT; and erlotinib with temozolomide + RT), but the improvement may 

be attributable to improvement in care for GBM, rather than to the use of a novel agent [21]. 

[Reproduced with permission from Malignant Gliomas 
in Adults. P. Wen and S. Kesari, New Eng J Med. 

2008, July, Copyright Massachusetts Medical Society] 

Figure 2.3: VEGF pathway with antiangiogenic 
therapeutics and their targets 
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A phase III trial in patients with recurrent GBM comparing enzastaurin to lomustine, which 

is an oral cytotoxic chemotherapeutic, showed that enzastaurin was well tolerated but did 

not provide a significant progression-free survival or overall survival advantage [22].  

Bevacizumab (Avastin®, Genentech/Roche) is a humanized monoclonal antibody that 

binds with circulating, extracellular VEGFA, thus intercepting the activation of VEGFR and 

subsequent angiogenesis. Initial histopathological studies have shown evidence of reduced 

microvessel density and apparent vascular “normalization” following treatment with 

bevacizumab [23]. It has been shown to reduce the permeability of vasculature, thereby 

alleviating edema and reducing the required steroid dose for patients with recurrent GBM [24-

25]. Improved function through antiangiogenic-induced vascular normalization has been 

hypothesized to improve the delivery of concomitant cytotoxic chemotherapeutic agents to the 

tumor [26]. 

In 2009, bevacizumab received accelerated approval from the U.S. Food and Drug 

Administration (FDA) for use as a single-agent in recurrent glioblastoma patients based on 

early evidence of radiographic response [27-28]. This was a key step in integrating 

antiangiogenic therapy strategies into the clinical care of patients with malignant glioma and 

raised important clinical questions about the evaluation of response (see Sec. 2.7). In order to 

address these critical questions, a more detailed understanding of the effects of angiogenesis 

on imaging appearance and the physics behind MR image contrast is needed.  

 

2.6	
  MRI	
  of	
  Brain	
  Tumors:	
  Diagnosis,	
  Therapy	
  Selection,	
  and	
  Treatment	
  
Management	
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MRI is the preferred imaging modality for the diagnosis of brain tumor disease and 

for assessing response to therapy due to its high soft-tissue contrast. Contrast is based on the 

relative relaxation properties of hydrogen protons (spins) when placed in a uniform 

magnetic field. At rest, these spins are randomly aligned, but in the presence of an external 

magnetic field (B0) they align parallel or antiparallel to B0. A slight excess of spins remain 

in the aligned, lower energy state resulting in a net magnetization vector, M0. The 

distribution of spins in the higher (n-) and lower (n+) can be described as: 

= exp  (− ) ,   (Eq. 3.1) 

where k = Boltzmann’s constant (1.381x10-23 JK-1), T = temperature in Kelvin (body ≈ 310 

K), and = gyromagnetic ratio (42.58 MHz/T for H1 proton.) 

An excitation radiofrequency pulse (B1) can be delivered to the system 

perpendicularly to B0 at the frequency f=(   2 )B0 to flip the parallel spins into the 

antiparallel, elevated energy level state. The change in energy between these quantum states 

is defined by:  

∆ = ℎ 2   ,  (Eq. 2.2)  

where h = Planck’s Constant (6.626 x 10-34  m2kg/s). 

Using a classical description, this pulse can also be visualized as tipping the 

magnetization vector into the transverse plane (Figure 2.4). The angle between the B0 field 

and the magnetization vector M is called the flip angle and depends on the B1 field and time 

( ) it is applied: 
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=       (Eq. 2.3) 

 

 

 

Figure 2.4: Diagram of M precession 

 

Figure 2.4: After excitation, M is tipped away from the B0 axis through angle  and 

precesses about B0 with Mxy(t) and Mz(t).  

  

After the B1 pulse, the magnetization vector M precesses about the z-axis at the 

Larmor frequency, . There are two methods by which M returns to its initial M0 state, 

which are described by two time constants: T1 and T2.  

Longitudinal relaxation is the process by which spins release energy into the 

surrounding lattice environment allowing the longitudinal magnetization (Mz) to recover to 

equilibrium M0. The growth of Mz is defined by equation 2.4 and illustrated in Fig. 2.5.a.  
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T1 is the rate constant that describes this process and is defined by the time it takes for Mz 

to recover to 63.2% of M0. 

z =    (1 − )   (Eq. 2.4) 

Transverse relaxation is the process by which spins lose their coherence through 

spin-spin interactions and the transverse magnetization (Mxy) recovers to zero. This is most 

frequently due to slowly fluctuating or static field variations within tissue, causing 

individual spins to experience a slightly different magnetic field. This causes the spins to 

resonate at slightly different frequencies resulting in a temporary gain or loss of phase with 

respect to the other spins. The resulting loss of coherence or “dephasing” reduces the net 

transverse magnetization, Mxy, and is governed by equation 2.5. T2 is the rate constant that 

describes this process and is the time it takes for Mxy to decay to 36.8% of original Mxy 

component. Figure 2.5.b illustrates the rate at which Mxy dephases. 

= ( )    (Eq. 2.5) 

In practice, magnetic field inhomogeneity and susceptibility effects also cause spin 

dephasing thereby decreasing Mxy even faster. T2
* is the time constant that describes the loss 

of coherence due to external field inhomogeneities (T2i ) as well as intrinsic, non-reversible 

T2 dephasing. T2
* is described by equation 2.6.   

∗ = +    (Eq. 2.6) 
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Figure 2.5: Plots of Mz and Mxy 

 

Figure 2.5. Plots showing Mz (a) and Mxy (b) over time. The blue line highlights T1 (63.2% 

growth of Mz) and T2 (decay to 36.8% of Mxy). 

 

The T1 and T2 relaxation rates are key to generating contrast in MR images. They are 

strongly influenced by the water content of tissue. Table 2.1 describes the T1 and T2 for 

major regions of the brain. The presence of pathology also can greatly affect T1 and T2 rate 

constants, which is why MRI is such a useful tool for diagnosing disease. Contrast in MR 

images can be manipulated by altering acquisition parameters, such as repetition time (TR) 

between excitations and time to form an echo (TE), to highlight sensitivity to differences in 

relaxation rates. 

 

 

 

 

b. a. 
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Table 2.1: Examples of T1 and T2 at 1.5 Tesla (T) and 3.0 T in the human brain [29]. 

Brain Tissue T1 T2 

 1.5 T 3.0 T 1.5 T 3.0 T 

White Matter 884 ms 1100 ms 72 ms 60 ms 

Gray Matter 1124 ms 1800 ms 95 ms 70 ms 

 

T1-weighting is controlled by TR, while T2-weighting is controlled by TE. 

Sequences with short TR accentuate differences in the amount Mz has recovered, and 

produce images with brighter signal in region where T1 is short. Sequences with long TE 

accentuate differences in the amount of Mxy dephasing, thus generating images with bright 

signal where there is long T2. Table 2.2 demonstrates how altering TR and TE can change 

the T1 and T2 weighting of image contrast. Rapidly tumbling molecules in fluid-like 

suspension interact with many local inhomogeneities so the net effect on spin dephasing is 

lessened leading to longer T2. This means that in T2-weighted images, fluids such as CSF 

appear bright. Tissues with macromolecules that tumble near the Larmor frequency facilitate 

spin-lattice energy transfer, which leads to a shorter T1. This means that tissues with high 

lipid concentration appear bright in T1-weighted images. MR signal (S) is dependent on the 

TR, TE, T1, T2, and the spin population ( ) as described in equation 2.7). 

= (1 − ) /    (Eq. 2.7) 

Table 2.2: Relationship of TE and TR to imaging weighting 

Image-Weighting TE TR 

T1-weighted Short Short 

T2-weighted Long Long 

Proton Density-weighted Short Long 
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Another way to generate contrast is to introduce an intravenous contrast agent that 

reduces T1. This is possible using Gadolinium-based contrast agents, which carry unpaired 

electrons in their outer shell, and result in electron spin resonance. This increases the rate of 

transfer of energy to the lattice and shortens T1 in nearby tissue. These agents do not pass 

through the BBB in normal tissue, but, in regions with compromised BBB, which is 

common in vasculature formed through uncontrolled angiogenesis, gadolinium can leak out 

of the intravascular space. This makes gadolinium contrast agents useful for identifying 

regions of BBB disruption and is the reason why contrast-enhancement has been historically 

used as a surrogate for tumor presence in GBM.  

Patients who present with headaches or seizure are referred for an MRI exam of the 

brain. A standard exam of the brain includes T1-weighted images, with and without contrast, 

and T2-weighted images. Radiologists review the images to identify suspicious features such 

as presence of an enhancing mass, volume effect, and T2 hyperintensity. Figure 2.6 shows 

an example of a patient with de novo, treatment-naïve GBM which is depicted by a region 

of T2 hyperintensity on a fluid-attenuated inversion recovery (FLAIR) image (a) collapsing 

of the patient’s right ventricle due to obvious mass effect (b), and a region of contrast-

enhancement seen by T1-weighted post-contrast hyperintensity (c).  
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Figure 2.6: FLAIR and pre- and post-contrast T1-weighted MRI of patient with 
GBM 

Figure 2.6: T2-weighted FLAIR (a), T1-weighted pre-contrast (b), and T1-weighted post-

contrast (c) MR images at 3 Tesla of a patient newly diagnosed with GBM. 

 

If the imaging exam shows evidence of such features, the patient will undergo 

biopsy and/or surgical debulking. Histologic analysis of the tissue samples acquired during 

these procedures are examined to identify the most malignant features and define the grade 

of the tumor. As discussed in section 2.5, standard therapy includes combined radiation 

therapy and temozolomide.  

 

2.7	
  Methods	
  for	
  Evaluating	
  Response	
  to	
  Therapy	
  using	
  MRI	
  
 

Following initiation of treatment, patients with GBM continue to receive serial MRI 

exams, at approximately 2-month intervals. Decisions about further treatment are based 

upon changes in the anatomic lesion that are observed on T1-weighted, pre- and post-

contrast, and T2-weighted MRI exams. Until recently, the evaluation of response to 
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treatment were based on the Macdonald criteria, which used changes in the area of contrast-

enhancement on T1-weighted post-contrast MRI combined with variations in steroid use and 

neurologic status (Table 2.3) [30].  

Table 2.3: Summary of response assessment based on classic Macdonald criteria [28]. 

 

2.	
  8	
  Clinical	
  Challenges	
  in	
  Evaluating	
  Response	
  to	
  Antiangiogenic	
  Therapy	
  
 

One of the central challenges in assessing response to antiangiogenic therapy is that 

the therapy itself can alter the presentation of contrast enhancement, making its use as a 

surrogate marker of response suspect. The anti-permeability effects of antiangiogenic agents 

restore the BBB, which reduces the amount of contrast enhancement observed on T1-

weighted post-contrast MRI. This is problematic for radiologists as patients may present 

with a large decrease in contrast enhancement as in Figure 2.7, which may or may not be 

indicative of a reduction in tumor cells. 

Macdonald Criteria Response Assessment 

 Complete 
Response (CR) 

Partial 
Response (PR) 

Stable 
Disease Progression 

MRI Evaluation: 

Area of T1-weighted 

contrast-enhancement 

(relative to baseline 

exam) 

Disappearance 
for ≥ 4 weeks, 
No new lesions 

Decrease of 
≥ 50%, 

No new lesions 

No CR, PR, nor 
progression 

Increase of 
≥ 25%, 

New Lesions 

 AND AND AND OR 

Clinical Evaluation: 

Neurologic Status, 

Corticosteroid Use 

Clinically stable 
or improved, 
No steroids 

Clinically 
stable or 

improved, 
Reduced or 

Stable Steroid 
Use 

Clinically 
stable 

Clinical 
deterioration 
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Figure 2.7: Challenge of assessing response to antiangiogenic therapy with metrics 
based on T1-w contrast-enhancement 

 

Figure 2.7 T1-weighted post-contrast MRI of two patients newly diagnosed with GBM at 

baseline (left) and after 2 months of combined radio- chemotherapy including bevacizumab 

(BEV) and standard temozolomide (TMZ). Both Patient 1 (top) and Patient 2 (bottom) 

demonstrate a large decrease in contrast-enhancement after 2 months of therapy. Patient 1 

had a prolonged progression-free survival (PFS) of 23 months, but despite this early 

reduction in contrast-enhancement, Patient 2 progressed after only 5 months. 

 

The need for updated methods for evaluating response to antiangiogenic therapy was 

highlighted by the accelerated approval of bevacizumab (see sec 2.5 for drug description). 

Two prospective phase II studies (AVF3708g, NCI 06-C-0064E) showed adjuvant 

bevacizumab in the recurrent setting greatly improved radiographic response (overall response 
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rates of 28.2% [27] and 35% [28]) compared to historical controls (less than 10% [31]). For 

both studies, radiographic response was defined based on standard contrast-enhancement 

based methods adjusted for steroid use. The limited overall survival rates of patients with 

recurrent GBM, few available therapeutic options, and significant improvement in 

radiographic response, were important factors in the FDA’s decision to advance this drug into 

the clinic. Clinical trials are currently underway in both the upfront and recurrent setting [32-

35]. Questions about quality of life following prolonged bevacizumab exposure also remain 

[36-39]. If the ongoing trials are unsuccessful, the FDA will revoke the drug approval, as they 

did in 2011 for the accelerated approval of bevacizumab for patients with breast cancer. This 

highlights the importance of understanding the physiology behind surrogate markers in the 

context of antiangiogenic therapy.  

In 2010, the Response Assessment in Neuro-Oncology (RANO) working group 

published updated criteria to address some of the limitations of conventional assessment 

methods [40]. The main update was to include changes in the non-enhancing component of 

the tumor, as depicted by hyperintensity on T2-weighted or FLAIR MRI, in the assessment 

of response. The RANO group also proposed that patients who progress within 12 weeks of 

the completion of radiotherapy should only be included in trials for patients with recurrent 

disease if the progression was outside the high-dose radiation region or with histologic 

confirmation in order to better distinguish between pseudo-progression and progression. 

RANO also clarified that patients without measurable disease (less than 1 cc of residual 

tumor, for example, following a gross-total resection) could at best have stable disease. 

Table 2.4 summarizes the updated RANO criteria. The potential for using physiologic 

imaging to aid in response assessment was recognized but it was felt that the current 
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understanding of these markers was not sufficient for inclusion into clinical standards at that 

time.  

Table 2.4: Summary of response assessment based on 2010 RANO criteria [40]. 

 

The accelerated approval of bevacizumab and the recommendations of the RANO 

working group serve to highlight critical questions regarding the interpretation of MRI data 

in the context of antiangiogenic therapy. The identification of alternative, reliable 

biomarkers of response and the development of noninvasive methods for characterizing 

microvasculature are critical for moving forward. This dissertation focuses on improving the 

management of patients with glioblastoma through the development and application of 

physiologic MRI techniques to the assessment of antiangiogenic therapy.     

2010 Updated RANO Criteria Response Assessment 

 Complete 
Response (CR) 

Partial 
Response (PR) 

Stable 
Disease 

Progression 

MRI Evaluation:  
Area of T1-weighted 
contrast-enhancement 
(relative to baseline 

exam) 

 
Disappearance 

for ≥ 4 weeks, 
No new lesions 

 

Decrease of 
≥ 50%, 
No new 
lesions 

No CR, PR, nor 
progression 

Increase of 
≥ 25%, 

New lesions 

 AND AND AND OR 
MRI Evaluation:  

Area of T2/FLAIR  
non-enhancing lesion 
(relative to baseline 

exam) 

Stable  
or improved 

Stable  
or improved 

Stable 

Significant 
increase 

(with stable or 
increased 
steroids) 

 AND AND AND OR 

Clinical Evaluation: 
Neurologic Status, 
Corticosteroid Use 

Clinically stable 
or improved, 

No steroids 

Clinically stable  
or improved, 
Reduced or 
equivalent 

steroid use as 
baseline 

Clinically 
stable, 

Reduced or 
equivalent 

steroid use as 
baseline 

Clinical 
deterioration 
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2.9	
  Physiologic	
  MR-­‐Imaging	
  
 

 Advanced imaging methods that can be used to monitor physiologic and metabolic 

changes in the brain will be especially useful in diagnosing the highly heterogeneous GBM 

disease and assessing response to antiangiogenic therapy. Recent studies have investigated 

the use of such methods for aiding in the diagnosis of disease, individualizing targeted 

therapies for patients, and predicting progressive disease. Options considered include 

diffusion-weighted imaging (DWI), perfusion imaging, and MR metabolic imaging. The 

focus of this dissertation is perfusion and diffusion imaging. The use of metabolic imaging 

is outside of the scope of this dissertation project and has been reviewed elsewhere [41-43]. 

Perfusion and diffusion imaging are currently being acquired as part of standard serial 

imaging for brain tumor patients, but how to apply these techniques and translate the 

findings into clinical practice needs further research.  

DWI applies multiple gradients in different directions to measure the amount of 

water diffusion that occurs within the tissue of interest. Quantitative parameters that are 

estimated from such data are the apparent diffusion coefficient (ADC), which is reflective of 

tissue cellularity, and fractional anisotropy (FA), which measures the disruption of tissue 

architecture. DWI is of interest for clinical applications in GBM because it may guide 

selection of tissue samples to the most cellular regions and provide better characterization of 

the T2 lesion (T2L), which can contain a mixture of infiltrative tumor and regions of edema. 

For patients with GBM, the median ADC in the T2L is around 1.5 times and in the contrast 
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enhancing lesion is around 1.4 times greater than in NAWM [44]. Lower ADC values 

indicate restricted diffusion, which has been interpreted as corresponding to higher tumor 

cellularity. Higher ADC values reflect increased movement of water molecules, which has 

been interpreted as edema, necrosis and/or gliosis with elevated tissue disruption. 

Advantages of DWI are that it can be used to estimate quantitative measures of tissue 

properties, necessitates no additional gadolinium, and is relatively straightforward to add to 

a clinical exam. One of the challenges in using DWI is in knowing how to correctly interpret 

increases in ADC following radiotherapy and adjuvant antiangiogenic therapy, which can 

result in a reduction in tumor cellularity and an increase in treatment-induced gliosis, 

necrosis, and edema.  

Common methods for analyzing serial changes in DWI include histogram analysis 

and the use of functional diffusion maps (fDM). The latter quantifies early (1-4 week) 

voxel-by-voxel change in ADC within the same patient [45-46]. More recently, the rate of 

change that is observed in the T2 lesion with fDM has been shown to predict OS in a 

population of patients with recurrent GBM who were treated with antiangiogenic therapy 

[47]. Since DWI parameters reflect changes to the composite tissue architecture, which can 

be altered from multiple treatment-related processes, one of the major challenges to 

transitioning them into the clinic is in understanding therapy-specific changes. Chapter 6 

characterizes differences in the early pattern of ADC changes between conventional and 

antiangiogenic therapies in the newly diagnosed setting in order to describe the context for 

future biomarker development. 
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2.10	
  Perfusion	
  Imaging:	
  DCE	
  
 

Another physiological MR-imaging technique is perfusion MRI. This has been used to 

assess vascular function by tracking the relaxation effects of injected gadolinium as it 

circulates through the brain. Rather than highlighting regions where gadolinium contrast has 

previously leaked out of the vasculature through the disrupted BBB, perfusion MRI 

highlights the time-course of changes in image contrast due to alterations in relaxation 

times. These dynamic data can be used to describe functional characteristics of the 

underlying vasculature, which provide unique insights into response to antiangiogenic 

therapy. There are two primary types of perfusion imaging that use contrast agents: dynamic 

contrast-enhanced imaging (DCE) and dynamic susceptibility imaging (DSC).  

DCE-MRI is commonly used to generate a robust estimate of permeability and 

utilizes images that are acquired with T1-weighting. It tracks the magnitude of signal 

enhancement resulting from the gadolinium that leaks from the intravascular to the 

extravascular-extracellular space (EECS). Three main models (Tofts, Larsson, and Brix) 

have been proposed for analyzing DCE data. They are based on modeling the 

pharmacokinetics of tracer concentration between these compartments, which are 

determined by three physiologic factors: capillary surface area and permeability to 

gadolinium, volume of the extracellular leakage space, and tissue perfusion. Assumptions in 

these models include a well-mixed tracer concentration within each compartment, slow 

clearance of the contrast between the plasma and kidneys, and sufficient flow as to not 

reduce the plasma concentration through leakage.  Figure 2.8 describes the classic Tofts and 

Kermode compartmental model. 
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Figure 2.8: Tofts and Kermode Compartmental Model 

 

Figure 2.8: Tofts and Kermode original compartmental model of gadolinium contrast 

distribution [48]. A bolus of contrast is injected to the plasma compartment. The solid line 

compartments represent clearance of gadolinium to the kidneys and extracellular space 

throughout the body (but not the brain due to BBB). Tofts and Kermode added the dotted 

line compartment to represent the lesion leakage space compartment connected by a 

permeable membrane. 

 

 

The concentration of gadolinium in a unit of tissue is defined as the sum of both the 

concentration in the plasma compartment (Cp) and the concentration in the EECS 

compartment (Ce) weighted by the volume fraction of available space accessible to the tracer 

of plasma (vp) or EECS (ve) (equation 2.8). 

=   +     (Eq. 2.8) 
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Based on pharmacokinetic theory (Fick’s Law), the rate of change of the concentration 

of a tracer in EECS compartment (or mass of the tracer per ve) is equal to the difference in the 

concentrations of the two compartments weighted by the transfer coefficient (Ktrans) of the 

membrane separating them (equation 2.9).  

( ) = ( )
    (Eq. 2.9) 

Thus, concentration of Gadolinium in the EECS can be expressed as: 

= ( − )    (Eq. 2.10) 

The concentration of the Gadolinium in the EECS can be substituted back into 

equation 2.8 to express its concentration in the tissue as the sum of the plasma component, 

or first pass of the contrast agent, and the leakage component. 

= ( ) + ( ) (( )/ )   (Eq. 2.11) 

A dynamic MRI sequence can be designed to be sensitive to either component. T1-

weighted DCE-MRI is commonly acquired with a 3D fast spoiled gradient recalled (SPGR) 

with short TR and TE, allowing relatively good image resolution, but low temporal 

resolution (on the order of several seconds). For DCE-MRI the first pass of the agent is 

generally ignored and the focus is on the calculation of quantitative parameter estimates of 

Ktrans or permeability-surface area product (Kps). 
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Figure 2.9: DCE and DSC dynamic data from patient with GBM 

 

Figure 2.9:   (a) Plot of DCE (blue) and DSC (red) dynamic data from a patient with 

GBM acquired sequentially within the same exam. (b) The pink square shows the region of 

interest corresponding to the location of the dynamic data overlaid on T1-weighted post-

contrast MRI. Time = 0 represents the time of the gadolinium contrast injection (bolus for 

DSC and infusion for DCE acquisition). Note the greater time resolution of DSC and the 

longer acquisition time of DCE. 

 

 

Figure 2.9.a (blue) shows the T1-weighted kinetic enhancement curve following an 

injection of gadolinium contrast in a patient with GBM. The DCE dynamic data can be 

separated into three phases: the upslope (Figure 2.9.a: time = 0 to 68s), the maximum 

enhancement (Figure 2.9.a: time = 68s), and the washout phase (Figure 2.9.a: time = 102 

to 374s). The upslope phase reflects overall perfusion to the tissue, so highly vascularized 

tissue will have a faster upslope. The maximum enhancement phase is reflective of 

maximum uptake of contrast to the interstitial space. The washout phase is reflective of the 

leakage of contrast agent dominated by Ktrans.  
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2.11	
  Perfusion	
  Imaging:	
  DSC:	
  
 

DSC-MRI is a dynamic imaging technique that is aimed at capturing the first-pass of 

the contrast bolus. It utilizes the decrease and subsequent recovery in signal observed on T2 

or T2
* weighted images as the agent passes through the vasculature. The reduction in signal 

is due to spin-spin dephasing due to the susceptibility gradient, which is induced by the 

intravascular compartmentalized gadolinium [49]. The signal intensity over time curve can 

be converted to a change in T2
* relaxivity (∆ ∗) curve which has a nearly linear relationship 

with contrast agent concentration [50], thus providing information about the hemodynamics 

of the tissue. The change in relaxivity is described as: 

∆ ∗( ) = −
  ( ( ))

    (Eq. 2.12) 

where S(t) = T2 or T2
*-weighted signal at time t; S0 = baseline signal excluding the first 

few data points (typically 5 points) in order to allow the MR signal to reach steady state; 

and TE = echo time.  

 

In Figure 2.9.a, comparison of the T2
* MR signal (red) used in DSC and the T1-

weighted MR signal trace (blue) used in DCE, highlights many distinguishing acquisition 

features. First, the acquisition time is much shorter in DSC (~2 minutes) than DCE (~6-

10 minutes), since DSC is aimed at describing the plasma component to calculate a 

sensitive estimate of blood volume rather than permeability from the leakage component. 
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Second, the time resolution is shorter for DSC (~1.5 s) than for DCE (~7s for bolus 

injection, ~34s for infusion). This is needed to acquire enough samples to fully describe 

the hemodynamic curve during the first pass of the bolus and is commonly achieved by 

using single-shot echo-planar imaging, with the penalty that it results in lower spatial 

resolution. The critical feature of the echo-planar imaging sequence is that its time 

resolution can be greatly improved by traversing the entire k-space in one TR, The main 

disadvantage of using EPI is that there is more time to accumulate phase errors due to 

susceptibility effects, which can lead to geometric distortion. This warping can be 

addressed by applying a non-rigid affine transform that uses mutual information in order 

to register the image to the corresponding anatomic images and hence correct for the 

distortion [51]. DSC can also be tailored to alter the relative sensitivity of the 

hemodynamic curve to small microvasculature (using T2 signal with a spin-echo 

sequence) or a mixture of small capillaries and large vessels (using T2
* signal with a 

gradient-echo sequence) [50, 52-53]. 

There are multiple methods for deriving functional vascular parameters from the 

DSC hemodynamic curve. Quantitative approaches are based on identifying an arterial 

input function (AIF) and deconvolving this with the observed Δ ∗ to calculate a tissue 

response function [54-56]. The advantage of these methods are that they yield 

quantitative estimates of cerebral blood flow (CBF) and cerebral blood volume (CBV), 

but they are computationally intensive and prone to noise propagation. This limits their 

clinical utility. Semi-quantitative approaches developed by Weisskoff et al. [57] are built 

on the assumption that the tissue response function is similar between patients and hence 

avoids identification of the AIF and deconvolution. Although these methods yield relative 
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rather than absolute parameter estimates, they are more practical in the clinical setting 

and have been shown to be useful physiologic markers for predicting tumor grade and 

response to therapy (see Sec. 2.11).  

Regional cerebral blood volume (rCBV) is the most reliable and most common 

semi-quantitative hemodynamic parameter derived from DSC imaging and is 

traditionally calculated by integrating the  curve during the first pass of the contrast 

agent. However, this model assumes that the gadolinium is confined to the intravascular 

compartment, which may not be the case in GBM tumors that exhibit breakdown of the 

BBB. 

 

2.12	
  Engineering	
  Challenges	
  of	
  using	
  DSC:	
  Extravasation	
  and	
  Developing	
  
Methods	
  

 

For regions where there is breakdown of the BBB, the extravasation of the 

gadolinium contrast agent causes a change in the T1 relaxation time which modifies the 

observed signal intensity and makes the estimation of vascular parameters more complex 

[58]. This is problematic as extravasation of contrast decreases the susceptibility gradient 

between the intra- and extravascular components and cause T1-shortening, which results 

in signal increase and challenges the assumption of there being a linear relationship 

between the observed ∆ ∗ and concentration of contrast agent ( ). 

∆ ∗ ≡ ∗ −
,
∗ =    ∗   and  ∆ ≡ −

,
=      (Eq. 2.13) 

*
2RΔ
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Multiple strategies, including both post-processing strategies and tailored acquisition 

methods, have been proposed to address this situation [59-62]. The method of Weisskoff 

et al [57]  was further elaborated by Donahue et al [63] and  has been widely used in the 

research setting. It is based on modeling the observed Δ ∗ curve as the sum of the true ∗ 

resulting from the bolus and an additional T1 component caused by leakage:  

∆ ,
∗ = ∆ ∗ −

(   ( )
( )   (Eq. 2.14) 

Back diffusion from the tissue into the plasma is ignored. The time rate of change of 

 is equal to the average concentration in the vascular component ( ( )) 

weighted by a permeability surface constant (PS) between the intra and extravascular 

space. 

( ) = ∙    (Eq. 2.15) 

Using a conversion factor (k) between permeability and relaxivity and recalling equation 
2.13, this can be expressed as: 

( ) = ∙ ∆ ∗   (Eq. 2.16) 

  can then be expressed as the average of all the non-contrast enhancing voxels 
(zero permeability) weighted by a permeability constant ( ).  

= Δ ∗( )   (Eq. 2.17) 

Substituting equation 2.17 back into equation 2.14, the observed ∆ ∗ can be expressed as 

a combination of the bolus and leakage components:  

∆ ,
∗ = ∆ ∗ − Δ ∗( )  (Eq. 2.18) 
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Nonlinear least-squares fitting can then be applied to calculate the constants K1 and 

K2[64-65]. The hemodynamic curve can now be expressed as a combination of a gamma-

variate function, corrected for leakage by subtracting the cumulative integral of T1-

dominated component (Figure 2.10). The fitted model can be used to calculate the 

leakage factor (RF) and leakage-corrected estimates of rCBV. 

 

Figure 2.10: Nonlinear Fit with Leakage-Correction 

 

Figure 2.10. Δ ∗  data from a patient with de novo GBM (circles). Using the two 

compartment nonlinear model, the estimated leakage component (black line) is subtracted 

from the raw data and a gamma-variate model is fit to the leakage-corrected data (blue).  

rCBV is calculated by integrating the leakage-corrected model (shaded area). Peak height 

(rPH) is defined as the peak of the first pass model and percent recovery is calculated by 

dividing the distance recovered (rPH – steady-state of the leakage component) by the 

rPH. 
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The disadvantage of this post-processing strategy is that it requires complex 

nonlinear fitting procedure, which is not always practical in the clinic. Many other post-

processing methods are also being used in research and clinical settings to estimate 

perfusion parameters. One simple, non-parametric approach is to calculate parameters 

such as peak height and percent signal recovery directly from the  ∆ ,
∗  curve 

without model-fitting [60]. Chapter 3 is aimed at identifying which common post-

processing method most accurately reflects the vascular histopathology for de novo GBM 

when applied to single gradient-echo DSC data acquired with a low-flip angle.  

The effects of extravasation can also be modulated through changes in data acquisition 

parameters that reduce the impact of T1 contamination in the signal obtained. These include 

the use of a low flip angle gradient echo sequence [65-66], the implementation of a dual-echo 

sequence [67-69] and the application of an additional, pre-load injection of gadolinium [59, 

70-71]. In the majority of the studies described in this dissertation, DSC data were obtained 

with a 30° - 35° flip angle and a short TE (54 – 56 ms) are able to minimize sensitivity to T1 

and maximize the susceptibility change during the first-pass of the contrast agent. Dynamic 

dual-echo perfusion imaging corrects for the T1 signal contamination by utilizing the ratio of 

signal intensity acquired from the two echoes at each time point after a single injection. The 

clinical validation of the resulting perfusion estimates is ongoing [72]. A further acquisition 

strategy is to apply a small, pre-dose of gadolinium contrast several minutes prior to acquiring 

the DSC data. This pre-dose reduces the initial T1 of the tissue so that the subsequent changes 

in signal due to extravasation of contrast agent are reduced. This strategy is relatively 

straightforward to add to a clinical MRI exam, but requires additional exposure to gadolinium 

and may provide an increase in risk to the patient of nephrogenic systemic fibrosis (NSF). 
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Chapter 4 is aimed at identifying the acquisition paradigm that combines flip angle and 

presence of pre-load injection to yield the most repeatable data in order to ensure a robust 

estimate of vascular parameters for serial comparisons. 

 

2.13	
  Clinical	
  Utility	
  of	
  Integrating	
  Physiologic	
  Imaging	
  with	
  Standard	
  MRI	
  for	
  
Patients	
  with	
  Brain	
  Tumors	
  
 

While there are engineering challenges that remain to be addressed in the 

quantification of physiologic estimates from perfusion and diffusion imaging, these 

techniques remain promising for improving clinical care. When a patient presents with a 

suspected brain tumor, one of the first challenges faced by clinicians is how to most accurately 

diagnosis the disease in order to ensure the patient is placed upon the optimal treatment path. 

Physiologic MRI may provide complementary information that is useful in differentiating 

between glioma subtypes.  DSC and DWI have been shown to distinguish between low-grade 

gliomas [73-74], and between metastases and GBM [75-76] better than standard anatomic 

MRI. Increased rCBV relative to normal appearing white matter (NAWM) in treatment naïve 

patients has been associated with greater malignancy [77-79]. The addition of DWI and DSC 

to standard anatomical MRI may therefore also help to guide tissue sample selection to the 

most malignant regions of the tumor and allow for more accurate diagnosis of disease.  

With emerging evidence of bevacizumab resistance and increased invasiveness that 

have been reported following treatment failure in some patients [80], there is growing interest 

in prescribing antiangiogenic therapies strategically in the upfront setting to those that patients 

that will respond best, rather than unilaterally to all patients. Prognostic markers, such as age 
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and Karrnofsky performance score (KPS), are favorable markers of prolonged survival in 

patients with GBM, but treatment-specific predictive markers are needed in order to tailor 

therapies to individual patients. MGMT-promoter methylation status has been found to be a 

predicative marker of prolonged survival in GBM patients treated with temozolomide and 

radiotherapy [81], but currently there are no clinically accepted predictive markers for specific 

antiangiogenic therapies. DSC and DWI may provide useful insights into the tumor 

physiology that could help tailor subsequent treatment planning. Patients newly diagnosed 

with GBM with large regions of restricted ADC, abnormal perfusion, and elevated metabolic 

indices preoperatively [82] and prior to radio- and chemotherapy [83] were found to have 

worse overall survival. In the upfront antiangiogenic setting, histogram analysis of ADC 

within the enhancing lesion has shown that lesions with lower ADC, perhaps 

counterintuitively, respond better to bevacizumab and have prolonged survival compared to 

patients with high ADC lesions [84]. The authors note that a greater number of patients with 

low ADC lesions were also MGMT–methylated, which may be related to the survival 

advantage, or that bevacizumab may be more effective in preventing angiogenesis in tumors 

with less active VEGF proliferation, presumably the low-ADC lesions. Clearly there is a 

strong potential for using physiologic imaging parameters to augment treatment stratification. 

Physiologic imaging may also aid in providing a biomarker of response once a 

patient is receiving adjuvant therapy. A recent study reported that patients with recurrent 

GBM who demonstrated elevated perfusion after adjuvant cediranib treatment had increased 

overall survival [85]. Multiple studies have shown DWI to provide biomarkers of progression 

free survival by applying fDM [47, 86] or histogram analysis to the non-enhancing lesion [87-

88]. DWI has been reported to be useful in evaluating pseudoprogression when new regions of 
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contrast enhancement appear immediately post-operatively by differentiating between 

glyolitic cavity and tumor recurrence [89]. Prolonged and reversible vascular normalization 

has been observed on DCE and DSC perfusion imaging following antiangiogenic therapy 

[90], suggesting there may be an optimum treatment-window for antiangiogenic therapies. 

Expanding upon this work, others have proposed a “vascular normalization index” that 

combines relative changes in permeability and blood volume from DSC imaging as an early 

biomarker of response to cerdanib in recurrent GBM patients [91]. With the advent of the 

RANO recommendations and the growing acknowledgment in the neuro-oncology field that 

the conventional response criteria have limited effectiveness in the antiangiogenic therapy 

setting, the use of physiologic imaging to develop alternative biomarkers is becoming even 

more critical.   

Finally, one of the most important challenges facing neuro-oncologists today is the 

difficulty in differentiating between tumor recurrence and treatment-related tissue changes, 

such as radiation-induced necrosis, which can both lead to BBB disruption. Physiologic 

imaging may be particularly useful in better characterizing the large areas of contrast-

enhancement often observed at GBM recurrence, which can contain a combination of viable 

tumor and/or treatment-related injury. DSC data that are co-registered to image-guided tissue 

sample locations from GBM patients obtained at the time of suspected recurrence have shown 

elevated rCBV in regions of tumor compared to regions with post-treatment radiation effect 

[70, 92]. Mixed results have been reported with ADC, which has shown regions of tumor 

recurrence to have both lower [93] and higher [94] ADC values than regions corresponding to 

radiation effect. Incorporating physiologic imaging as a complementary noninvasive method 
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to better distinguish regions of BBB disruption that may or may not contain viable tumor, will 

improve clinicians ability to make treatment-altering decisions.  

 

 

Figure 2.11: Examples of integrating physiologic and anatomic MRI to aid in 
treatment management of GBM 

Figure 2.11: Physiologic MRI data overlaid on anatomical MRI of three patients with GBM 

at different stages of treatment. Patient 1 (left) shows a highly vascularized region 

throughout the contrast-enhancement at diagnosis prior to beginning treatment. Patient 2 

(middle) shows sub-regions of the contrast-enhancing lesion with highly elevated Kps 

immediately prior to progression on adjuvant bevacizumab treatment. Patient 3 (right) 

shows a mix of ADC values likely corresponding to components of edema and infiltrative 

tumor throughout the T2-lesion at recurrence. Determining how to best integrate physiologic 

MRI data to guide treatment strategy, provide biomarkers of response, and characterize 

recurrence remain open research questions. 
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  The integration of physiologic imaging methods to the clinical MRI exam for 

patients with GBM has the potential to improve the diagnosis of disease, tailor adjuvant 

treatment strategies to an individual patient, provide an alternative early biomarker of 

response, and better distinguish recurrence from the effect of treatment. Figure 2.11 illustrates 

three patient examples showing how physiologic data can be incorporated with standard 

anatomical MRI. The potential benefit of these complementary imaging parameters rests on 

developing reliable methods and analysis metrics that can be translated to the clinical 

environment. The research presented in this dissertation was aimed at addressing the 

engineering challenges and clinical translation of incorporating physiologic perfusion and 

diffusion MR-imaging to the treatment management of patients with GBM.  
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 : Comparison of DSC-MRI Post-Processing Techniques in CHAPTER 3

Predicting Microvascular Histopathology in Patients Newly Diagnosed with 

GBM 

In this project, non-invasive DSC imaging data were directly compared to Factor VIII 

immunohistochemical staining analysis of microvasculature in tissue samples from 

patients with treatment-naïve GBM. We calculated DSC perfusion parameters using each 

of the most common post-processing methods and determined which method best reflects 

underlying vascular histopathology.  
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3.1	
  Abstract:	
  
 

Purpose: To evaluate which common post-processing method applied to gradient-echo 

DSC-MRI data, acquired with a single gadolinium injection and low flip-angle, most 

accurately reflects microvascular histopathology for patients with de novo, treatment-

naive GBM.  

Materials and Methods: 72 tissue samples were collected from 35 patients with treatment-

naïve GBM. Sample locations were co-registered to preoperative gradient-echo DSC-

MRI acquired with 35° flip-angle and 0.1mmol/kg gadolinium.  Estimates of blood 

volume and leakiness at each sample location were calculated using four common post-

processing methods (leakage-corrected nonlinear gamma-variate, non-parametric, scaled 

MR-signal, and unscaled MR-signal). Tissue sample microvascular morphology was 

characterized using Factor VIII immunohistochemical analysis. A random-effects 

regression model, adjusted for repeated measures and contrast-enhancement, identified 

whether MR parameter estimates significantly predicted IHC findings.  

Results: Elevated blood volume estimates from nonlinear and non-parametric methods 

significantly predicted increased microvascular hyperplasia. Abnormal microvasculature 

existed beyond the CE-lesion and was significantly reflected by increased blood volume 

from nonlinear, non-parametric, and scaled MR-signal analysis.  

Conclusion: This study provides histopathological support for both non-parametric and 

nonlinear post-processing of low flip-angle DSC-MRI for characterizing microvascular 

hyperplasia within GBM. Non-parametric analysis with a single gadolinium injection 



 51 

may be a particularly useful strategy clinically, as it requires less computational expense 

and limits gadolinium exposure. 

 

3.2	
  Introduction:	
  
 

Dynamic susceptibility-weighted contrast-enhanced (DSC) MR imaging is used 

for patients with brain tumors to noninvasively assess the tumor angiogenesis and 

underlying microvascular environment in the lesion and surrounding tissue. DSC MR 

imaging has become increasingly important in the management of patients with glioma as 

the therapy paradigm shifts to incorporate anti-angiogenic therapy. One of the challenges 

of assessing response in this context is that anti-angiogenic agents directly remove what 

has been considered the primary surrogate outcome measure for assessing treatment 

response, namely the presence of a contrast-enhancing lesion after the injection of a 

gadolinium based MR contrast agent (1,2). It is for this reason that DSC imaging has 

received increasing attention as a more quantitative method for evaluating microvascular 

changes associated with the tumor (3-5).  

Gliomas are the most common malignant primary brain tumor in adults and are 

highly infiltrative in nature. Accurate diagnosis and definition of tumor grade is based 

upon histopathologic evaluation of tissue samples obtained by stereotactic biopsy or 

surgical resection using WHO criteria (6) . Glioblastoma multiforme (GBM) is the most 

malignant and the highest grade glioma (Grade IV) and is characterized by increased 

cellular proliferation, nuclear atypia, necrosis, and microvascular proliferation. 

Microvascular hallmarks of GBM include the presence of complex microvascular 
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hyperplasia, epitomized by “glomeruloid” bodies, tortuous lamina, and breakdown of the 

blood brain barrier (BBB) (7). Histopathologic and immunohistochemical (IHC) analysis 

of the biopsy sample can be used to highlight the microvasculature and is the gold-

standard for determining malignancy.  

Noninvasive DSC imaging assesses vascular function by tracking the relaxation 

effects of injected gadolinium-based MR contrast agent as it circulates through the brain. 

Following the injection of a bolus of gadolinium, the observed T2 or T2*-weighted signal 

decreases and then recovers as the agent recirculates. The reduction in signal is due to 

spin-spin dephasing caused by the susceptibility gradient induced by the intravascular 

compartmentalized gadolinium (8). The changes in signal intensity can be modeled as a 

change in T2* relaxivity (∆ ∗), which has a nearly linear relationship with contrast agent 

concentration and provides information about the hemodynamics of the tissue. A number 

of different parameters are computed from the concentration-time curve to create various 

parametric maps that reflect different characteristics of the underlying microvasculature 

in the tumor region. The most common parameter used to describe the changes in signal 

intensity is the relative cerebral blood volume (rCBV), which represents bulk vessel 

density often expressed as a ratio value to contralateral normal appearing white matter. 

For regions where there is breakdown of the BBB, the extravasation of the 

contrast agent causes a change in the T1 relaxation time which modifies the observed 

signal intensity and makes the estimation of vascular parameters more complex (9). 

Multiple strategies have been proposed to address this situation (10-13). Acquisition 

methods to reduce the impact of the T1 effect include the use of a low flip angle (35°) 

gradient echo sequence (14,15), the implementation of a dual-echo sequence (16-18) and 
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the application of an additional, pre-load injection of gadolinium (10,19,20). A post-

processing strategy that has been widely used in a research setting, is to model the ∆ ∗ 

curve as the sum of a gamma-variate function that results from the bolus and an 

additional component caused by leakage. This requires a more complex nonlinear fitting 

procedure to estimate model parameters such as rCBV and leakage factor (RF), but the 

resulting values been shown to correlate well with glioma grade (21).  

In cases where a low flip angle is used for data acquisition, a simpler, non-

parametric approach to characterizing the ∆ ∗ curve is the determination of the relative 

peak height (rPH) and percent signal recovery to baseline (PSR). Differences in rPH were 

shown to differentiate GBM from brain metastasis and the magnitude of PSR early in 

therapy was shown to be associated with progression-free survival (22,23). In a clinical 

setting, estimates of rCBV have also been calculated directly from the MR signal trace, 

either scaled to initial baseline levels (13) or unscaled raw MR data (12). These 

parameters require minimal computational time for post-processing the data, which 

makes them a common choice for use in the clinic, but there is limited evidence to 

support their relationship to physiologic variables (12).  

The goal of this study was to apply the most common post-processing methods to 

DSC imaging data that were acquired with a single dose of gadolinium and a low flip 

angle using gradient-echo sequence in order to determine which method most accurately 

reflects the underlying vascular pathology for patients with de novo, treatment-naive 

GBM. This was achieved by acquiring DSC data from patients prior to surgical resection 

and making a direct comparison between MR parameter estimates from the locations 
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where image guided tissue samples were obtained and the results from subsequent 

histopathological analysis of individual specimens. 

 

3.2	
  Materials	
  and	
  Methods:	
  
 

Patient Population: 
Thirty-five patients with de novo (primary), treatment-naïve, pathologically 

confirmed GBM were included in this HIPPA compliant, imaging study. All patients 

received MRI exams, including anatomic and physiologic imaging, prior to undergoing 

tumor resection.  Preoperative MR data were used to guide the site of tissue sample 

towards regions with elevated nCBV, low apparent diffusion coefficient (ADC), or high 

Choline-to-NAA index. Image-guided tissue samples were collected from these tumor 

locations and the MR imaging coordinates of the sample location were recorded using 

Brainlab software (Vector Vision Navigation System, Medtronic, Stealth Station). Once 

removed, the 5mm-diameter spherical samples (approximately 50 mg) were divided into 

two sections; half was snap-frozen and stored for ex vivo analysis(24) and half was fixed 

in 10% buffered formalin for histologic and immunohistologic evaluation. The tissue 

specimen handling methods have been described elsewhere (13, Chapter 7).  

MRI Protocol: 
MR imaging exams were performed on a 3T GE scanner and included both 

anatomic and physiologic imaging. In selected cases lactate edited 1H MRSI data were 

also collected using methods described previously (25,26) and used as an adjunct to the 

other measurements to select regions of putative tumor for targeting tissue collection. The 

standard anatomic imaging protocol included axial T2 weighted FLAIR sequence (TE= 
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120 ms, TR = 10,000 ms, TI = 2200 ms, slice thickness = 3mm, slice gap = 0 mm, matrix 

= 192x256, FOV = 24x24 cm) and pre- and post-contrast axial T1-weighted 3D IRSPGR  

(TE=2.5 ms, TR = 8.9 ms, TI = 400 ms, slice thickness = 1.5mm, matrix = 256x256, 

FOV = 24x24 cm2 with SENSE R=2). The standard physiologic imaging included 

diffusion-weighted imaging (DWI) and DSC perfusion imaging. DWI was acquired with 

a 2D spin-echo, echo-planar sequence (TE = 99 ms, TR = 10,000 ms, slice thickness = 

3mm, matrix = 256x256, FOV = 24x24 cm2, 6 gradient directions, b=0 and 1000 s/mm2). 

Gradient-echo, echo-planar DSC imaging was acquired before, during, and following an 

injection of 0.1 mmol/kg gadolinium contrast agent (TE = 54 – 56 ms, TR = 1250 – 1500 

ms, flip angle = 35°, slice thickness = 3-4 mm, matrix = 128 x 128, FOV = 24 x 24 cm2) 

at 3 ml/s. Fifteen seconds of dynamic imaging was acquired prior to the contrast agent 

injection. The first five data points acquired were excluded and the following 10 data 

points were used to get an estimate of baseline. Total DSC imaging time was 100 – 120 

seconds.  A flip-angle of 35º was chosen for all DSC acquisitions in this study in order to 

minimize T1 sensitivity during the first-pass of the contrast agent. A TE of 54-56 ms was 

selected to maximize the susceptibility change during the first-pass of contrast agent. 

These parameters have consistently achieved maximum contrast between normal 

appearing white matter and tumor during the recirculation phase of contrast at our 

institution.  

DSC Image-Processing: 
The DSC data were non-rigidly aligned to the pre-contrast, T1-weighted images 

using B-spline warping by maximization of normalized mutual information in order to 

minimize distortion from the echo-planar imaging (27,28). A 5-mm diameter spherical 

region of interest (ROI) was placed at the corresponding surgical coordinates of the 
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image-guided target location on the co-registered MRI images (BrainLab, VectorVision 

Navigation System; Medtronic, Stealth Station). The region of normal-appearing white 

matter (NAWM) was defined semi-automatically on the pre-contrast T1-weighted image 

(26). These ROI’s were then re-sampled to the native resolution of the DSC data set and 

overlaid on the DSC data at the original resolution. Average hemodynamic curves were 

calculated within each specimen region and NAWM using each of the 4 post-processing 

methods selected for comparison in this study. Any voxel with a signal peak of less than 

4 times the baseline noise level was excluded to insure that necrosis voxels would not be 

included in the representative biopsy average curve. The four post-processing methods 

included: i) Nonlinear Fit Model of concentration-time curve (nl), (ii) Non-parametric 

concentration-time curve analysis (np), (iii) Scaled MR signal-time curve analysis (sc), 

and (iv) Unscaled MR signal-time curve analysis (unsc). Strategies (i) and (ii) are both 

commonly accepted in the research community (8,9,21,29), while strategies (iii) and (iv) 

are often used in the clinical setting (12,13). Table 3.1 describes the hemodynamic curve 

data, model, and derived parameters for each of these four methods and Figure 3.1 

illustrates examples of the derived perfusion parameters.   

Table 3.1: Four post-processing methods and derived perfusion parameters 
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These post-processing methods are described in two steps: (1) manipulation of the 

hemodynamic data curve and (2) calculation of derived parameters.  

Step 1. Manipulation of the Hemodynamic Data Curve:  

Average DSC data were either (A) converted to change in relaxivity (∆ ∗) 

representative of the concentration-time curve using Equation 1 or (B) left as MR 

signal-time curve. 

  (Equation 1) 

Step 2. Calculation of Derived Perfusion Parameters: 

Perfusion parameters that were derived included estimates of blood volume 

(rCBV, peak height (PH), negative enhancement integral (NEI), or maximum 

signal drop (MSD)) and estimates of vessel leakiness (percent signal recovery 

(PSR)) depending on the post-processing method. The average hemodynamic 

curve from within NAWM was used as a normalization reference to compute 

relative blood volume measures (nCBV, nPH, nNEI, nMSD, Figure 3.1). 

A. ∆ ∗ Signal 

(i) Nonlinear Fit Model (nl): The concentration-time curve was fit 

with a nonlinear gamma-variate model with leakage correction (9). 

nCBV(nl),  nPH(nl), and PSR(nl) were calculated from the model 

of the first pass (Figure 3.1.i: Nonlinear Fit Model).   

 

"R2
* = #

ln(S1(t) # S0)
TE
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(ii) Non-parametric Analysis (np): The concentration-time curve was 

used to directly calculate nPH(np) and PSR(np), without fitting a 

parametric model (Figure 3.1.ii: Non-Parametric).  

B. MR Signal 

(iii) Scaled MR Signal Analysis (sc): The ∗ MR signal intensity-time 

curve was scaled to baseline MR signal intensity (mean of the 5th 

through 10th time-points) and baseline was shifted to 1000 MR 

arbitrary units. nMSD(sc), nNEI(sc), and PSR(sc) were calculated 

from this scaled MR signal-time curve (Figure 3.1.iii: Scaled MR 

Signal) 

(iv) Unscaled MR Signal Analysis (unsc): The raw ∗ MR signal 

intensity-time curve was used to directly calculate nMSD(unsc), 

nNEI(unsc), and PSR(unsc) (Figure 3.1.iv: Unscaled MR Signal) 
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Figure 3.1: The four post-processing methods applied to hemodynamic curve from a 
single CE-tissue sample with complex vasculature 

 

Figure 3.1 illustrates the hemodynamic curve from a single CE-biopsy with 

complex vasculature calculated using each of the four post-processing methods. 

The first 5 data points were excluded from parameter calculation to allow for 

steady-state relaxation to be reached. All blood volume estimates were 

normalized to the respective blood volume estimate from the NAWM 

hemodynamic curve to generate relative measures (nCBV, nPH, nNEI, nMSD, as 

marked in figure).  
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(i) Nonlinear gamma-variate fit with leakage correction (black curve) is used to 

calculate the leakage-corrected first-pass (blue curve) from the average ∆ ∗ data 

(black circles) within the biopsy region. Peak height (PH)  = peak of the first 

pass, cerebral blood volume (CBV) = integral of the first pass and S1 = steady-

state height of the leakage component.  Percent signal recovery (PSR) = b / a, 

where b = (PH – S1) and a = PH.  

 

(ii) Non-parametric analysis is used to calculate the hemodynamic curve (red) 

directly from the average ∆ ∗ data (black circles) in the biopsy region. PH = 

maximum of the average hemodynamic curve and S1 = average of the last 15 

time points acquired. PSR = b / a, where b = PH – S1 and a = PH.  

 

(iii) Scaled MR signal analysis is used to scale the T2* signal intensity to the 

original baseline level and shift to 1000 MR au. Negative enhancement integral 

(NEI) is calculated using trapezoidal integration of signal-time curve from initial 

drop of signal to 3/2*full-width half-max of the first pass, maximum signal drop 

(MSD) = absolute value of the difference between the minimum of signal-time 

curve and the baseline average of 5th through 15th time-points, S1 = average of 

the last 15 time-points. PSR = b / a, where b = absolute value of the difference 

between the minimum of the signal-time curve and S1 and a = MSD. 

 

(iv) Unscaled MR signal analysis is used to directly calculate perfusion parameters 

from the raw MR signal-time curve. NEI = trapezoidal integration of signal-time 

curve from initial signal drop to 3/2 * full-width half-max of the first pass, MSD 

= absolute value of the difference between the minimum of signal-time curve and 

the baseline average of 5th through 15th time-point and S1 = average of the last 15 

time-points. PSR = b / a, where b = absolute value of the difference between the 

minimum of the signal-time curve and S1 and a = MSD.  
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Factor VIII Immunohistochemical Microvascular Staining: 
 Immunohistochemistry for Factor VIII, rabbit polyclonal antibody (Dako) at 1.2 

µg/ml for 20 min at 37°C, was analyzed blinded to the MRI findings by an experienced 

neuropathologist (J.P.).  On the basis of Factor VIII immunostaining, the microvascular 

morphology was graded as delicate (resembling normal cerebral vessels), simple 

microvascular hyperplasia (circumferential single cell hyperplasia with definitive lumen), 

or complex microvascular hyperplasia (circumferential multi-layered and glomeruloid-

type vessels).  Two features were scored from the factor VIII IHC results, (1) relative 

contribution of each vascular morphology and (2) overall vascular morphology score. 

The relative contribution of each vascular morphology to total vascularity within the 

sample was qualitatively measured on a four-tiered ordinal scale (0, no contribution; 1, 

minimal; 2, prevalent; 3, predominant) at a magnification of 200x. The overall 

microvascular morphology score assigned to each tissue sample corresponded to the most 

abnormal, morphologic-type of vasculature present in the sample as follows:  0, delicate 

only; 1, simple microvascular hyperplasia; and 2, complex microvascular hyperplasia. 

For example, samples that contained any contribution of complex hyperplasia were 

scored as “complex.” Whereas, samples that contained a mix of delicate and simple, but 

no complex vasculature, were scored as “simple.” Digital images were captured using a 

microscope (Olympus, Model BX41TF) and digital camera (Olympus, Model DP70). 

Contrast-Enhancing vs. Non-enhancing Classification of Specimens: 
Each tissue specimen ROI, in the native DSC resolution, was also overlaid on the 

T1-weighted post-contrast image in order to determine if the sample originated from a 

lesion location with contrast-enhancement (CE) or no contrast-enhancement (NE). A 
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board-certified radiologist (S.C.) evaluated all CE and NE classifications blinded to the 

DSC findings.  

Statistical Analysis: 
A random-effects regression model, adjusted for CE categorization at the 

specimen location and repeated specimen samples per patient, was used to determine if 

the perfusion parameters from each post-processing method significantly predicted IHC 

findings. The two types of factor VIII IHC findings, vascular morphology (delicate, 

simple, complex) and relative contribution of each vascular morphology (0-none to 3-

large) were treated as ordinal outcomes on a 3-tiered and 4-tiered scale, respectively. 

Outcome levels were also grouped to assess whether DSC findings were predictive of 

complex vasculature (delicate or simple vs. complex) or abnormal vasculature (delicate 

vs. simple or complex). Binary CE categorization was included as a covariate in each 

model to adjust for CE at the specimen site, which is known to be associated with 

increased microvascular density and abnormal perfusion (30).  

 

To assess the association of the perfusion parameters and the ordinal 

histopathology variables we employed a proportional odds logistic regression model with 

repeated measures to model the probability of observing a lower vs. a higher response.  

This model is written as: 

 (Equation 2) 

 where c is the total number of levels of the ordinal variable, Хi is the design matrix for 

the fixed effects and Ζi for the random effects; xij and zij are rows corresponding to the jth 

biopsy specimen (ranges from 1 to 4); and β & bi are the vectors of fixed and random 

 

logit[P(Yijk ≤κ X i,Zi)] = aκ + xij
' β+ zij

' bi;i =1,...,35;κ =1,...,c −1
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parameters.  The intercepts are fixed and category dependent.  The odds ratio and p-value 

for each variable is reported.  The ordinal-valued outcome mixed effect models were 

analyzed with PROC GENMOD in SAS v.9.2.  

 

Significance was assessed at p<.05 for all models. Due to the exploratory nature 

of the study, no adjustment for type I error was included. Any perfusion parameter that 

was predictive of IHC results at p<.05, adjusted for CE and repeated sampling, was 

deemed to be a significant predictor and is presented in the results. The method(s) with 

the greatest number of significant predictors was determined to be the post-processing 

method that most reflected underlying vascular histopathology. 

 

3.3	
  Results:	
  
 

Tissue Specimen IHC Results: 
Table 3.2 summarizes the distribution of vascular morphology observed in the 72 

samples obtained from the thirty-five patients with de-novo GBM. The number of 

samples acquired per patient ranged from 1 to 4 with an average of 2 samples per patient. 

Patient age ranged from 33 to 85 years old (median = 66) and 25 patients were male and 

10 patients were female. 52 (72.2%) of the samples were from CE regions and 20 

(27.8%) samples were from NE regions. The highest degree of microvascular hyperplasia 

within each sample was used to determine the overall microvascular morphology. Among 

the 72 samples, 16 contained at most delicate microvasculature (delicate), 27 contained at 

most simple microvascular hyperplasia (simple), and 29 contained complex 

microvascular hyperplasia (complex). As expected, the majority of complex hyperplasia 
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was found in the CE specimens (89.6% of specimens with complex were CE), however 

approximately half of the CE specimens sampled did not contain complex microvascular 

hyperplasia.  

Table 3.2: Distribution of biopsy specimens, vascular morphology, and CE/NE 
classification. 

 Delicate: Simple Complex Total: 
CE: 9 17 26 52 (72.2%) 
NE: 7 10 3 20 (27.8%) 

Total: 16 (22.2%) 27 (37.5%) 29 (40.3%) 72 Specimens 
 

Predicting Vascular Morphology using DSC data:  
 

Identification of Microvascular Morphology (delicate, simple, or complex): 

The ability of each post-processing method to predict the microvascular 

morphology of a tissue was further assessed using the proportional odds logistic 

regression statistical analysis. Odds ratios (OR) and significance of each regression 

model are reported in Table 3.3. Statistical results reflect each parameter adjusted for the 

other covariate in the model. For example, in the first model of nonlinear post-processing 

in Table 3.3 (shaded), the top row reports nCBV(nl) adjusted for presence of CE and the 

bottom row reports presence of CE adjusted for nCBV(nl) in predicting underlying 

vascular morphology.  

The nCBV(nl), nPH(nl), and nPH(np) parameters significantly predicted the 

underlying vascular morphology (p < 0.05, p = 0.02, p = 0.02, respectively).  The 

presence of CE, adjusted for blood volume, in each of these models was also a significant 

predictor of increasingly abnormal vascular morphology. This is expected since more 
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samples with hyperplasia (simple or complex) were found in CE specimens than NE 

specimens (44 of 52 CE samples compared to 13 of 20 NE samples, Table 3.2). 

Perfusion parameters from scaled MR signal analysis and unscaled MR signal analysis 

were not predictive of vascular morphology.  

 

 

Table 3.3: Mixed Effects Model Results - DSC perfusion parameters in predicting 
microvascular morphology by post-processing method 

 

Table 3.3 displays the mixed effects regression model results of predicting microvascular 

morphology based on MRI data. Results are grouped by DSC post-processing method 

(left column) and the alternating shading delineates the individual multi-variate models. 

Statistical models include two covariates: the DSC-derived perfusion parameter (top row) 

!"#$%!&"'(##)*+,
-($."/ !0&01($(& 2//#,30$)" 456,7"*8)/(*'(

,9*$(&:0; <%:0;=(

!"#$%!&' ()*+, -().(./01)2334 .).2*5
"60789:9!;9 <)2=. -()1*</0=)+(34 .).(35

!7>%!&' ()+*+ -().,2/01),2,4 .).115
"60789:9!;9 <)=<2 -()2.+/0(()...4 .)..=5

7?@%!&' ()..2 -.)=+,/0().<.4 .)+=.
"60789:9!;9 <)=1, -()<<</0(()*+24 .).(<5

!7>%!A' ()+(+ -().+*(/01)+2<4 .).125
"60789:9!;9 <)+.1 -()<(2/0(.)21,4 .).(<5

7?@%!A' ()..2 -.)=33/0().2<4 .),2<
"60789:9!;9 <),+( -()<12/0(()<(,4 .).(<5

!B6C%:;' ()3+* -.)=(2/0<).+.4 .).=*
"60789:9!;9 <)(=3 -()((2/0=)(+(4 .).<(5
!D?E%:;' ()=(. -.)+1,/0*).(*4 .)(,=

"60789:9!;9 <)*.* -()11</0(.).224 .).1.5
7?@%:;' .)==( -.)=*+/0().1+4 .)31+

"60789:9!;9 <)(*1 -().=,/0=).*24 .).<<5
!B6C%F!:;' .)==3 -.)+(=/0()<,14 .)=,<
"60789:9!;9 <)3*, -()(==/0(()(3+4 .).1<5
!D?E%F!:;' .)=.+ -.)3(2/0()<<,4 .)31(
"60789:9!;9 <)3*1 -()(=*/0(()(3*4 .).1<5
7?@%F!:;' .)==1 -.)=*=/0().1*4 .)31(

"60789:9!;9 <)(31 -().=3/0=)(124 .).<<5

>$0$)#$)'0;,3(#=;$#?,!&(/)'$)*+,-)'&":0#'=;0&,-"&<.";"+@,AB(;)'0$(,:#,>)1<;(,:#,7"1<;(CD

BG!&H!9I8

BG!J7I8IK9L8H;

?;I&9M0D@0?HN!I&

O!:;I&9M0D@0
?HN!I&



 66 

and the binary presence of contrast-enhancement (CE, bottom row).   Statistical results 

reflect each parameter adjusted for the other covariate in the model. Note blood volume 

measures from nonlinear analysis and non-parametric analysis significantly predict 

vascular morphology, while the other post-processing methods do not. 

 

 

Figure 3.2 further illustrate the differences among post-processing methods in 

distinguishing between samples of different vascular morphologies. In Figure 3.2, 

histograms of a blood volume estimate from each of the four post-processing methods 

(a.-d.) are plotted grouped by the Factor VIII vascular morphology of the tissue samples. 

Samples with delicate microvasculature are shown in green, simple microvasculature are 

shown in blue, and samples with complex microvasculature are shown in red.  

 

Note that for nonlinear and non-parametric analyses (Figure 3.2.a-b) samples 

with delicate microvasculature generally cluster at low blood volume (median nCBV(nl) 

= 1.79 , median nPH(np) = 1.73), simple hyperplasia cluster in mid-range (median 

nCBV(nl) = 2.15, median nPH(np) = 1.98), and complex hyperplasia cluster in mid-to-

high range (median nCBV(nl) = 2.55, median nPH(np) = 2.30). For scaled MR signal 

(Figure 3.2.c) the blood volume estimates of delicate microvasculature cluster in the low 

range (median nNEI(sc) = 1.78), but simple and complex show high overlap (median 

nNEI(sc) = 2.00 (simple) , 2.07 (complex)). For unscaled MR signal (Figure 3.2.d), the 

blood volume estimates of samples with delicate, simple, and complex hyperplasia all 

show high overlap (median nNEI(unsc) =  2.72 (delicate) , 3.04 (simple) , 3.10 

(complex)). 
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Figure 3.2: Blood volume estimate and microvascular hyperplasia of tissue samples 
by post-processing method. 

 

Figure 3.2: Histograms illustrating the distribution of a blood volume estimate calculated 

from each of the four post-processing strategies within tissue samples of different 

vascular morphologies.  DSC estimates of blood volume include: (a) nCBV(nl), (b) 

nPH(np), (c) nNEI(sc), and (d) nNEI(unsc). Samples with microvasculature classified as 

delicate are green, simple are blue, and complex are red. nCBV(nl) (a) and  nPH(np) (b) 

show a more separable pattern between delicate (low-range), simple (mid-range) and 

complex (mid-to-high range) blood volume. nCBV(nl) (a), nPH(np) (b), and nNEI(sc) (c) 

show a separable pattern between delicate microvasculature samples (green) and 

abnormal microvasculature (simple-blue or complex-red) samples, whereas nNEI(unsc) 

shows high overlap among all vascular morphologies (d). 
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In general, a one-unit increase in the nonlinear and non-parametric blood volume 

measures corresponded to approximately 1.7 times increased likelihood of the sample 

containing microvasculature with a greater degree of hyperplasia (delicate, simple, 

complex; ORs in Table 3.3). Figure 3.3 illustrates how greater nCBV(nl), nPH(nl), and 

nPH(np) are predictive of increased microvascular hyperplasia present in the tissue 

sample.  

Figure 3.3: Increasing blood volume measures from nonlinear and non-parametric 
analyses predict increasingly abnormal microvascular morphology. 

 

Figure 3.3 depicts IHC staining (top) and corresponding ∆ ∗ curve (bottom) of 3 

specimens with delicate, simple, and complex microvascular hyperplasia (a-c). Increased 

nCBV(nl), nPH(nl), and nPH(np) are significant risk factors for increased microvascular 

hyperplasia. 

 

 

Identification of Complex Microvasculature: 



 69 

 

The presence of CE was a highly significant covariate in the model predictor of 

complex hyperplasia in the tissue sample (CE presence covariate: p<.05 for each model, 

Table 3.4). Contrast enhancing biopsies were much more likely to contain complex 

microvascular hyperplasia (see high ORs in Table 3.4), as expected given greater contrast 

extravasation among markedly abnormal microvasculature. Even when adjusted for the 

presence of CE categorization, the nCBV(nl), nPH(nl), and nPH(np) were marginally 

significant risk factors for complex hyperplasia (p=.09, p<.07, p<.08 respectively, Table 

3.4). Again, perfusion parameters derived from scaled MR signal analysis and unscaled 

MR signal analysis were not predictive of complex hyperplasia and neither were the PSR 

measures from any of the four post-processing methods (Table 3.4).   
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Table 3.4: Mixed Effects Model Results - DSC perfusion parameters in predicting 
complex microvasculature by post-processing method. 

 

Table 3.4 displays the mixed effects regression model results of predicting complex 

microvasculature in the tissue sample based on MRI data. Results are grouped by DSC 

post-processing method (left column) and the alternating shading delineates the 

individual multi-variate models. Statistical models include two covariates: the DSC-

derived perfusion parameter (top row) and the binary presence of contrast-enhancement 

(CE, bottom row Statistical results reflect each parameter adjusted for the other covariate 

in the model. Presence of CE is a strong predictor of complex vasculature, as expected 

given greater extravasation near markedly abnormal vessels with complex hyperplasia, 

with an odds ratio of approximately 6 across the analysis methods.  Interestingly, even 

adjusted for presence of CE, nCBV(nl), nPH(nl) and nPH(np) are marginally significant 

predictors of complex hyperplasia. 
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Identification of Abnormal Microvasculature (Simple or Complex): 

 The blood volume measures calculated from the nonlinear, non-parametric, and 

scaled MR signal methods each were significant predictors of the presence of abnormal 

microvasculature (simple or complex), while the presence of CE categorization was not 

(nCBV(nl): p=.03, nPH(nl): p<.03; nPH(np): p<.02; nNEI(sc): p<.03, nMSD(sc): p<.05; 

CE presence in each model: p≥.15). Unscaled MR signal analysis was not predictive of 

abnormal vasculature and neither were the PSR measures from any of the post-processing 

methods. 13 of the 20 NE specimens contained abnormal vasculature (simple = 10, 

complex = 3, Table 3.2). Table 3.5 describes the ORs and significance of each model in 

predicting abnormal microvasculature. Note that in Figure 3.2, this pattern of elevated 

blood volume in abnormal microvasculature (blue-simple and red-complex) compared to 

delicate microvasculature (green) is more evident in panels a – c (nonlinear, non-

parametric, and scaled MR signal analysis), than in panel d (unscaled MR signal 

analysis).  

In general, a 1-unit increase in the nonlinear, non-parametric, and scaled MR 

signal blood volume measures was associated with approximately a 2.3-fold greater 

likelihood of presence of abnormal microvasculature (ORs in Table 3.5). Figure 3.4 

illustrates an example of a patient with abnormal microvasculature (simple or complex 

hyperplasia) in both the CE and NE tissue, which is reflected by elevated blood volume 

estimates from the nonlinear, non-parametric, and scaled MR signal analysis methods.  
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Table 3.5: Mixed Effects Model Results: DSC perfusion parameters in predicting 
abnormal microvasculature (simple or complex) by post-processing method. 

 

Table 3.5 displays the mixed effects regression model results of predicting abnormal 
microvasculature (simple or complex) in the tissue sample based on MRI data. Results 
are grouped by DSC post-processing method (left column) and the alternating shading 

delineates the individual multi-variate models. Statistical models include two covariates: 
the DSC-derived perfusion parameter (top row) and the binary presence of contrast-

enhancement (CE, bottom row). Statistical results reflect each parameter adjusted for the 
other covariate in the model. Blood volume measures derived from nonlinear analysis, 

non-parametric analysis, and scaled MR signal analysis each significantly predict 
abnormal vasculature, while presence of CE does not. 
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Figure 3.4: Abnormal microvasculature detected by blood volume measures from 
nonlinear and non-parametric analysis, but not CE categorization. 

 

Figure 3.4: T1-weighted, post-contrast MRI of a patient with two tissue samples (a), one 

in the CE lesion (left) and one in the NE lesion (right). Factor VIII IHC staining 

demonstrates abnormal microvasculature (simple or complex hyperplasia) in both 

samples (b), which is reflected by elevated nCBV(nl), nPH (nl), and nPH(np) (c) as well 

as elevated nNEI(sc) and nMSD(sc) (d). Elevated blood volume estimates from 

nonlinear, non-parametric, and scaled MR signal post-processing methods detect 

abnormal hyperplasia within and beyond the CE-lesion. 
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Predicting Relative Contribution of Microvascular Morphology using DSC data: 
 

Based on immunostaining for Factor VIII the relative contribution of each 

microvascular pattern to the overall microvasculature, was similarly evaluated to 

determine if any of the DSC parameters were significant predictors. Adjusted for CE, 

nPH(nl) and nPH(np) were marginally significant predictors of a predominance of simple 

hyperplasia in the specimen (nPH(nl): OR = 1.42, p=.06; nPH(np): OR = 1.4, p=.06). In 

these models, presence of CE was a significant predictor of increased relative 

contribution of simple hyperplasia, with CE specimens more likely to contain a greater 

predominance of simple hyperplasia (p=.02, p=.03 respectively). Contrastingly, greater 

nPH(nl) and nPH(np) were not predictive of the predominance of complex hyperplasia. 

The scaled MR signal analysis and unscaled MR signal analysis did not yield perfusion 

parameters predictive of the relative contribution of any of the three vascular 

morphologies.  

 

3.4	
  Discussion:	
  
 

In this retrospective study, tissue samples were collected from patients with 

treatment-naïve GBM who had received a pre-operative MR imaging examination that 

included the acquisition of DSC data with a 35° flip angle and single-dose of gadolinium. 

Four common post-processing methods were applied to the DSC data and evaluated in 

order to determine whether any of the estimated perfusion parameters could non-

invasively predict the underlying tissue microvasculature. It was found that blood volume 

measures from both the nonlinear and non-parametric analysis of the concentration time 
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curve significantly predicted the underlying vascular morphology as defined by Factor 

VIII IHC analysis. Higher values of the nCBV and nPH obtained using the nonlinear 

fitting method and higher values of the non-parametric estimate of nPH were predictive 

of a greater degree of hyperplasia, both within the CE and the NE portion of the lesion.  

Complex vasculature is a hallmark of GBM and more often present in specimens 

from the CE lesion. This is in agreement with previous research (13,30). However, not all 

CE-specimens contained complex vasculature, implying that the tissue within this region 

has heterogeneous vascular morphology. The nonlinear and non-parametric DSC 

parameters may therefore assist in guiding sampling toward complex vasculature where it 

is present. There were only four patients who had a sample with complex vasculature that 

was represented as having lower blood volume than a sample with simple or delicate 

vasculature. In re-examining these cases, all four samples were removed from the central 

core of the CE-lesion or the internal edge of a contrast-enhancing rim around a necrotic 

core. Partial voluming of low signal from necrosis may have reduced the average 

hemodynamic curve from these ROIs. This suggests that care must be exercised in 

interpreting estimates of blood volume from regions that are close to necrosis.   

Interestingly, while complex microvasculature was found preferentially in the CE 

lesion, simple microvasculature was found in specimens from the both the NE and CE 

lesion. Previous studies have shown abnormal, simple microvasculature to be associated 

with increased endothelial cellularity and luminal patency (31,32). In a complementary 

study investigating physiologic MRI correlates of histopathologic features within GBM, 

which included the patient cohort presented here, tissue samples with simple 

microvasculature were found to be associated with elevated cellularity, proliferation, and 



 

 76 

tumor score (manuscript accepted). The availability of a non-invasive method for 

identifying regions with abnormal microvascular hyperplasia that includes simple and 

complex morphologies is therefore key to characterizing vascular tumor burden, which 

often extends outside the CE lesion. Blood volume measures derived from the nonlinear, 

non-parametric, and scaled MR signal analyses were all able to identify abnormal 

vasculature, while the CE categorization did not. This suggests that CE alone is not 

sufficient in visualizing regions with abnormal microvasculature and that these DSC-

derived blood volume measurements can identify abnormal microvascular morphology 

both within and beyond the CE lesion (example in Figure 3.4).  

DSC perfusion parameters were more reflective of overall morphologic-type of 

microvasculature in the tissue sample than relative contribution of each vascular 

morphology within the sample. Both the nonlinear and non-parametric estimates of nPH 

were marginally predictive of the relative contribution of simple vasculature, while not 

predictive of the relative contribution of complex vasculature. This could be a limitation 

of the study since the relative contribution was a more qualitative parameter assessed 

from the IHC staining than the more general vascular morphology presence parameter. 

However, this could also reflect the nonlinearity of increasing relative contribution of 

complex vasculature and blood volume. Specimens with a high degree of complex, 

glomeruloid vasculature with partially thrombosed or minimally patent vessels may result 

in slower arrival of gadolinium or greater contrast agent extravasation, which may lead to 

reduced blood volume measures. Generally, these results support that the MR estimates 

of blood volume are more predictive of the dominant morphologic-type of 
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microvasculature present in the sample location, rather than relative contribution of each 

specific vascular morphology.  

The blood volume measurements calculated in this study were more predictive of 

vascular morphology rather than quantitative assessment of endothelial leakiness. 

Elevated blood volume may be more characteristic of specific abnormal vascular 

morphology, while leakiness measures, like PSR, may be more reflective of a 

combination of vascular type and amount of extravasation within the tissue 

microenvironment. Blood volume measures from non-parametric and nonlinear analysis 

were consistently reflective of underlying vasculature; observed through predicting 

morphology, identifying abnormal vasculature, and highlighting complex vasculature 

within the CE lesion. Scaled MR signal analysis was only found to be predictive of 

identifying abnormal vasculature, while the unscaled MR signal analysis was not found 

to be predictive of any of the IHC results.  

Contrast-agent extravasation near areas of compromised BBB leads to competing 

signal enhancement, which is a known challenge that plagues interpretation of DSC 

perfusion parameters (9,10,21). Multiple acquisition strategies and post-processing 

methods exist for addressing this limitation and have been shown to greatly influence the 

resultant estimates of CBV (10). The acquisition strategy chosen for this study was a 35º 

flip angle to limit T1-sensitivity, a TE of 54-56 ms to maximize susceptibility contrast, 

and a single-dose of gadolinium to limit gadolinium exposure for patients. Of the 4 most 

common post-processing techniques compared, nonlinear and non-parametric analysis 

were consistently predictive of vascular morphology. Nonlinear gamma-variate fit with 

leakage correction, while a common method for addressing this extravasation limitation 
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in the research setting, necessitates curve-fitting, which limits its use in the clinical 

practice. Non-parametric analysis, which was equally representative of histopathology, is 

less computationally expensive and may be a better alternative for CBV estimation in the 

clinical setting. Both the scaled and unscaled MR signal analysis, which are often used in 

the clinical setting due to their direct ease of use, were not found to be predictive of 

vascular morphology. This highlights the need for an alternative post-processing method 

for DSC data that is histopathologically validated and easy-to-use in clinical practice.  An 

open-source, freely available software package with non-parametric DSC post-processing 

analysis is currently being developed (33,34) such that these non-invasive blood volume 

measures can be used more reliably in clinical practice.  

In conclusion, this study provides histopathological support for using both non-

parametric and nonlinear post-processing techniques in conjunction with low flip angle 

DSC imaging data as noninvasive methods for characterizing microvascular hyperplasia 

within GBM. The non-parametric analysis method and acquisition strategy that requires a 

single injection of a standard dose of gadolinium may be particularly useful in the clinic, 

as it requires less computational expense and limits the potential side effects associated 

with gadolinium. The findings from this study also suggest that blood volume 

measurements derived in the manner described may assist in both guiding sites of tissue 

sampling to regions with vascular features characteristic of GBM and in identifying and 

monitoring patients with highly vascular GBM who may benefit from targeted 

antiangiogenic therapy.   
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 : Comparison of Leakage-Mitigating DSC-Acquisition CHAPTER 4

Strategies on estimates of Cerebral Blood Volume in Patients with Glioma: 

Preload and Flip Angle 

In this chapter, two DSC acquisition strategies for addressing leakage are compared in 

order to make a recommendation for a DSC protocol that yields the more repeatable 

estimates of blood volume. The addition of a “preload” prior to DSC acquisition is 

assessed in conjunction with either a low flip angle (FA) or high FA. When a preload is 

applied prior to high FA DSC, the blood volume measures are greatly altered, regardless 

of further post-processing correction. In contrast, when a preload is applied prior to low 

FA DSC, the resultant blood volume measures remain relatively unchanged compared to 

results obtained without a preload. This work provides support for acquiring DSC with a 

low FA to obtain blood volume estimates [Chapter 3] as this can be achieved without 

requiring an additional preload and limits the total gadolinium exposure to the patient. 
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4.1 Introduction:  

 

Dynamic susceptibility contrast MR-imaging is a method that has been shown to 

be useful for noninvasively assessing tumor vascularity and perfusion for patients with 

glioma. Relative estimates of regional cerebral blood volume (rCBV) can be derived 

from acquiring dynamic T2 or T2* weighted images during and following a bolus 

injection of gadolinium contrast.  The intravascular compartmentalization of the contrast 

bolus causes a susceptibility gradient which results in signal loss from T2* dephasing. 

This change in MR signal can be converted to change in relaxivity, which has been 

shown to be proportional to concentration of the contrast agent [1]. However, breakdown 

of the blood-brain barrier, common in high-grade gliomas, can allow contrast agent 

extravasation. This complicates DSC quantification, as the leaked contrast agent causes 

T1-shortening and a reduction in intravascular compartmentalization, which challenges 

the assumption of linearity between DeltaR2* and concentration. The complex interplay 

of T1- and T2-effects caused by contrast extravasation, has lead to the development of a 

number of methods for correcting this effect. These methods include using a low flip 

angle (FA) for data acquisition [2-6], a dual-echo acquisition [7-9], alternate contrast 

agents such as ferumoxytol [10], and post-processing methods for leakage corrections [7, 

11-12].  

 

Another method that is increasingly being employed in research and clinical 

setting is to give a partial or single dose of gadolinium prior to DSC acquisition, called a 

“preload,” in order to counter the effects of signal increase due to contrast extravasation 
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by saturating the leakage space and reducing the initial T1 of the tissue [7, 10, 12]. In 

conjunction with a high flip angle (60 ̊or 90 ̊, respectively), this preload method has been 

shown to yield estimates of rCBV that have increased accuracy in discriminating between 

tumor recurrence and post-treatment effects [12] and have greater repeatability between 

post-processing methods [7]. However, the addition of a preload to the imaging protocol 

increases the total gadolinium dose a patient receives. Exposing patients to increased 

gadolinium heightens the associated risk of nephrogenic systemic fibrosis (NSF), which 

is a serious condition causing fibrosis of connective tissues in patients with impaired 

renal function, and needs to be taken into account when designing standardized MRI 

protocols [13]. While the addition of a preload has been shown to improve estimates of 

MR parameters from high flip angle DSC, it is unknown whether a preload significantly 

alters the perfusion estimates derived from low-flip angle DSC for patients with glioma.  

In this study we hypothesized that acquiring DSC data with a low-FA may sufficiently 

limit the competing T1-effects, so that the additional risks due to gadolinium exposure 

from preload correction may not be necessary.  

 

DSC has the potential to facilitate patient management, but in order for it to 

transition more widely to the clinic, there is a clear need for standardization of acquisition 

protocols. Identifying protocols that yield blood volume measures that are both repeatable 

and biologically relevant is paramount to successful clinical translation. The goal of this 

study was to determine whether the addition of a preload of Gadolinium differentially 

influenced the DSC data acquired from patients with glioma using either low or high FA 

data acquisition strategies.  
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4.2 Materials and Methods: 

 

MRI Acquisition: 
Fourteen patients diagnosed with glioma were included in this study. Each patient 

received a 3T MRI exam that included both standard anatomic imaging and DSC 

imaging.  Anatomic imaging comprised sagittal T2-weighted FLAIR (TE= 134 ms, 

TR=6000 ms, TI = 1800 ms, slice thickness = 1.5 mm, matrix = 512x512, FOV = 28 

x28cm) and pre- and post-contrast T1-weighted 3D IRSPGR (TE = 2.5 ms, TR = 7.8 ms, 

TI = 400 ms, slice thickness = 1.5 mm, matrix= 256x256, FOV = 24 x 24cm, with 

SENSE R=2). 

 

During the exam, DSC data were acquired twice from each patient (Figure 4.1).  

Each dataset was acquired following a bolus of 0.05 mmol/kg gadolinium contrast 

(Magnevist®, Bayer Healthcare) for a total gadolinium dose of 0.1 mmol/kg per patient.  

Both contrast injections were administered at the same speed (2 – 3 ml/s depending on 

patient weight) using a power injector [Spectris Solaris EP®, Medrad].  Administering 

the DSC injections in this manner allowed the contrast injected during the first DSC 

dataset to act as a “preload” for the second DSC acquisition.  Perfusion parameters 

derived from a patient’s first DSC acquisition are therefore without preload (Pre-) and the 

parameters derived from the patient’s second DSC acquisition are with preload (Pre+). 

There was a 6-10 minute delay between DSC injections to achieve recommended 

“incubation” time for preload to be most effective [12].  
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Patients were randomly assigned to either the Low-FA group or High-FA group.  

For patients in the Low-FA group, both sets of DSC data were acquired with a 35° FA. 

For patients in the High-FA group, both sets of DSC data were acquired with a 90° FA.  

All other DSC parameters remained consistent between Group A and Group B (TE = 54 

ms, TR = 1500 ms, 4mm slice thickness, matrix = 128x128, FOV = 24cm x 24cm). 

 

Figure 4.1: Study Design 

 

 

Post-Processing: 
MRI data was transferred to a UNIX workstation (SUN Microsystems) for post-

processing. The same processing was applied to both the first DSC dataset (Pre-) and the 

second DSC dataset (Pre+). DSC datasets were each non-rigidly aligned to the pre-

contrast T1-weighted anatomic images. The normal appearing white matter (NAWM) 

was defined on the pre-contrast T1-weighted image by applying auto-segmentation 

methods as previously described [14]. The NAWM mask was then resampled to the 
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perfusion data resolution and a morphologic erosion was applied to create a conservative 

NAWM mask to use for comparing the Pre- and Pre+ perfusion datasets. Regions of 

interest (ROIs) of the non-enhancing lesion and the contrast-enhancing lesion (if it 

existed) were semi-automatically contoured on the FLAIR and T1-weighted post-contrast 

images, respectfully. The putative tumor ROI was defined as including both the non-

enhancing lesion, corresponding to FLAIR hyperintensity, and any contrast-enhancing 

lesion. ROIS were resampled to the perfusion data resolution. Care was taken to exclude 

any regions of necrosis, surgical cavity, or cerebral spinal fluid.  

 

Parametric maps of perfusion data were generated using two post-processing 

methods: nonlinear fit with leakage correction (nl) [15] and non-parametric analysis (np) 

[16]. These methods have been previously described [Chapter 3]. Briefly, the nonlinear 

method was used to calculate leakage-corrected estimates of relative cerebral blood 

volume (rCBV.nl) and peak height (PH.nl). The non-parametric method was used to 

calculate model-free estimates directly from the ΔR2* hemodynamic-curve of PH.np. The 

3 blood volume measures were normalized to the average within the NAWM. This 

normalization was applied separately to the Pre- and Pre+ data.  These two post-

processing methods were investigated as they both have been shown to yield biologically 

relevant estimates of blood volume and are commonly used in the literature [Chapter 3, 

[3, 16-17]] for data both with and without preload  
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Statistical Analysis: 
The intra-patient variability between preload conditions was assessed in two 

ways. First, a region-level comparison was drawn between the histogram distributions of 

the DSC data from both the Pre- and Pre+ acquisitions. This analysis was applied 

separately to data within the NAWM and to data within the tumor region. For the region-

level comparison, maps were generated at the in-plane resolution of the perfusion data 

(3mm). Within-patient change between the Pre- and Pre+ perfusion estimates was 

assessed using a Wilcoxon sign-rank test of the median parameter value within the ROI 

(NAWM or putative tumor). This analysis was repeated for both the Low-FA and High-

FA patients.  

 

The second analysis comprised a voxel-wise comparison in which  the percent 

change of the Pre- and Pre+ perfusion estimates was determined on a voxel-by-voxel 

basis. In this case the perfusion maps were generated at the lower in-plane resolution of 

5mm, to further mitigate any intra-exam alignment errors. This analysis was applied 

separately to voxels within the two distinct ROIs (NAWM and tumor). The median 

within the ROI of the voxel-wise percent change between Pre- and Pre+ acquisitions was 

calculated for each patient. A Wilcoxon rank-sum test was used to compare the median 

percent change between patients in the Low-FA and High-FA groups. Due to the 

exploratory nature of this study no formal adjustment of Type I error was undertaken. In 

all cases, p≤.05 was considered statistically significant.  
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Table 4.1: Study population. 

Study Population: Clinical Background 

	
  
Grade	
   Age	
   CE-­‐Lesion	
  

Low-­‐FA	
  Group:	
  
(35°)	
  

Grade	
  I	
   39	
   No	
  

Grade	
  II	
   26	
   No	
  

Grade	
  III	
   51	
   No	
  

Grade	
  III	
   48	
   No	
  

Grade	
  III	
   43	
   Yes	
  

Grade	
  III/IV	
   33	
   Yes	
  

Grade	
  IV	
   28	
   Yes	
  

High-­‐FA	
  Group:	
  	
  
(90°)	
  

Grade	
  II	
   45	
   No	
  

Grade	
  II	
   28	
   No	
  

Grade	
  II	
   45	
   No	
  

Grade	
  II	
   65	
   No	
  

Grade	
  II	
   52	
   No	
  

Grade	
  II	
   56	
   Yes	
  

Grade	
  IV	
   40	
   Yes	
  

 

 

4.3 Results: 
 

 Table 4.1 describes the histological grade for patients randomly assigned to the 

Low-FA and High-FA groups. The median [range] age was similar in both groups (Low-

FA = 39 [28, 51]; High-FA: = 45 [28, 65]). The tumor-regions of these patients were 

predominantly non-enhancing lesions, with additional contrast-enhancement observed in 

3 patients in the Low-FA and 2 patients in the High-FA group. 
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Region-Level Comparison: 
 

NAWM:  

 Patients in the High-FA group showed significantly increased median blood 

volume within the NAWM at the Pre+ acquisition compared to the estimates from the 

Pre- acquisition. Further, the Pre+ blood volume estimates of the High-FA patients were 

significantly elevated regardless of post-processing method (Wilcoxon sign-rank, 

nPH.np: p<.02, nPH.nl: p<.02, nCBV.nl: p<.02; Table 4.2). Whereas, for the patients in 

the Low-FA group, the median blood volume in the NAWM remained stable and did not 

significantly change between Pre- and Pre+ conditions (nPH.np: p=.94, nPH.nl: p=.58, 

nCBV.nl: p=.11; Table 4.2). Figure 4.2 shows ΔR2* traces from the Pre- and Pre+ 

acquisitions of tissue within the NAWM for an example patient from the High-FA (top) 

and Low-FA (bottom) groups. Note that the Pre+ hemodynamic curve (pink) is 

noticeably elevated compared to the Pre- curve (white) for the High-FA patient, while 

they are very similar for the Low-FA patient.  
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Figure 4.2: Overlaid Pre- and Pre+ ΔR2* traces from a Low-FA and a High-FA 
patient. 

 

Figure 4.2 illustrates the Pre- (white) and Pre+ (pink) ΔR2* hemodynamic traces from 

two example patients: a Low-FA patient (top) and High-FA patient (bottom). Left: The 

selected voxels (green boxes) are shown overlaid on T1-weighted post-contrast MRI 

(left) and are within the NAWM. Right: The corresponding Pre- and Pre+ ΔR2* traces 

are very similar for the Low-FA patient, while the Pre+ trace is elevated for the High-FA 

patient. 

 

Tumor-Region: 

 Patients in the High-FA group generally had elevated Pre+ blood volume in the 

tumor-region compared to Pre- blood volume, but this change did not reach statistical 

significance (Table 4.2 - bottom). In contrast, the majority of patients in the Low-FA 



 

 92 

group had relatively stable median blood volume in the tumor-region between Pre+ and 

Pre- acquisition (Table 4.2 - top).  

 This difference was clearly noticeable within the contrast-enhancing lesion. 

Figure 4.3 illustrates Pre- and Pre+ hemodynamic traces from within the contrast-

enhancing lesion of a Low-FA patient and a High-FA patient. Note that the traces are 

relatively similar from the Low-FA patient, while they are quite different for the High-FA 

patient. The Pre- trace from the contrast-enhancing lesion of the High-FA patient 

illustrates large leakage contamination with the post-bolus data passing beyond baseline 

(dashed green line). The Pre+ trace from this same patient has elevated PH and does not 

pass beyond baseline, illustrating the leakage-correcting effect of the preload at this flip 

angle. The resultant blood volume estimates within the contrast enhancing lesion from 

the High-FA patient are greatly altered by the presence of a preload, while the blood 

volume estimates from the Low-FA patient remained stable.  
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Table 4.2: Region-Level Comparison - Median blood volume estimate within ROI from 
Pre- (no preload) and Pre+ (with preload) DSC data by flip angle group. 

	
   	
   nPH.np	
   nPH.nl	
   nCBV.nl	
  

	
   	
   Pre-­‐	
   Pre+	
   Pre-­‐	
   Pre+	
   Pre-­‐	
   Pre+	
  

Low-­‐
FA	
  

NAWM	
   0.96	
  
[0.96,0.98]	
  

0.97	
  	
  
[0.951,	
  0.98]	
  

0.91	
  	
  
[0.90,	
  0.92]	
  

0.92	
  
	
  [0.91,	
  0.94]	
  

0.92	
  
	
  [0.91,	
  0.92]	
  

0.93	
  
	
  [0.90,	
  0.95]	
  

Tumor	
   0.80	
  	
  
[0.68,	
  1.04]	
  

0.80	
  	
  
[0.67,	
  1.08]	
  

0.83	
  	
  
[0.63,	
  1.01]	
  

0.83	
  	
  
[0.62,	
  1.14]	
  

0.79	
  
	
  [0.66,	
  0.98]	
  

0.97	
  	
  
[0.65,	
  1.10]	
  

High-­‐
FA	
  

NAWM	
   0.94	
  
[0.94,	
  0.96]	
  

1.03*	
  
[1.01,1.04]	
  

0.94	
  
[0.90,0.96]	
  

1.07*	
  
[1.02,1.19]	
  

0.94	
  	
  
[0.90,	
  0.95]	
  

1.07*	
  
[1.02,1.19]	
  

Tumor	
   0.56	
  
	
  [0.40,0.61]	
  

0.51	
  	
  
[0.48,	
  0.64]	
  

0.67	
  	
  
[0.57,	
  0.75]	
  

0.80	
  	
  
[0.58,	
  1.09]	
  

0.78	
  
	
  [0.67,	
  0.93]	
  

0.88	
  	
  
[0.67,	
  1.03]	
  

Data is presented as group median [inner quartile range (IQR)]. 

* Significant within-patient change between Pre- and Pre+; Wilcoxon sign-rank, p≤.05 
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Figure 4.3: Overlaid Pre- and Pre+ ΔR2* traces from a Low-FA and a High-FA 
patient within contrast-enhancing lesion. 

 

Figure 4.3 illustrates the Pre- (white) and Pre+ (pink) ΔR2* hemodynamic traces from 

two example patients: a Low-FA patient (top) and High-FA patient (bottom). Left: The 

selected voxels (green boxes) are shown overlaid on T1-weighted post-contrast MRI 

(left) and are within the contrast-enhancing lesion. Right: The corresponding Pre- and 

Pre+ ΔR2* traces are very similar for the Low-FA patient, while the Pre- and Pre+ traces 

for the High-FA patient differ greatly. The Pre- data from the High-FA patient shows 

clear leakage contamination (post-bolus data recovers beyond baseline), while the Pre+ 

data appears corrected (reduced post-bolus signal recovery, reduced PH). Within the 

contrast-enhancing lesion, the addition of a preload greatly alters High-FA data (bottom), 

but not Low-FA data (top). 
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Voxel-wise Comparison: 
 

NAWM: 

 The paired voxel-wise percent change between Pre- and Pre+ blood volume 

estimates differed greatly between the Low-FA and High-FA groups. Median voxel-wise 

percent change of the blood volume estimates was significantly greater in the High-FA 

patients than in the Low-FA patients (Wilcoxon rank-sum, nPH.np: p=.002, nPH.nl: 

p=.001, nCBV.nl: p=.001, Table 4.3). Figure 4.4 illustrates boxplots of the percent 

change for both of the FA groups. As shown in Figure 4.4, High-FA patients showed 

significantly greater voxel-wise percent change regardless of post-processing method.  

 

Figure 4.4: Voxel-wise percentage change of blood volume between Pre- and Pre+ 
by flip-angle groups. 

 

Figure 4.4 illustrates box-plots of voxel-wise percentage change between Pre- and Pre+ 

blood volume measures for the FA groups. Patients in the High-FA group had a 

significantly greater percentage change between Pre- and Pre+ acquisitions, regardless of 

post-processing method (*p<.002, Wilcoxon Rank-sum). High-FA had a large, variable 

increase in Pre+ blood volume measures, whereas Low-FA patients remained stable with 
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little change in Pre+ blood volume. NAWM is displayed, as this region is most directly 

comparable between FA groups. 

 

 

Tumor-Region: 

 The median of the voxel-wise percentage change was greater for High-FA for 

each blood volume measure, but only the nPH.nl estimate reached statistical significance 

(Table 4.3: median change: Low-FA = 0.79%, High-FA = 19.96%, Wilcoxon rank-sum; 

p=.05).  This difference was exaggerated in the patients with contrast-enhancing lesions 

(Figure 4.3), but the small number of patients with contrast-enhancement limited further 

analysis.  

 

Table 4.3: Voxel-wise Comparison - Median percent change of blood volume in ROI 
between Pre- (no preload) and Pre+ (with preload) DSC data by flip-angle group. 

	
   	
   nPH.np	
   nPH.nl	
   nCBV.nl	
  

	
   	
   %Δ(Pre-­‐,Pre+)	
   %Δ(Pre-­‐,Pre+)	
   %Δ(Pre-­‐,Pre+)	
  

NAWM	
  

Low-­‐FA	
   -­‐2.36%	
  
[-­‐3.36%,-­‐0.21%]	
  

0.40%	
  
[-­‐1.90%,	
  1.27%]	
  

1.30%	
  
[0.06%,	
  2.37%]	
  

High-­‐FA	
   4.90%*	
  
[3.74%,	
  8.04%]	
  

10.38%*	
  
[7.97%,	
  23.3%]	
  

11.91%*	
  
[8.72%,	
  22.78%]	
  

P-­‐value	
   0.002	
   0.001	
   0.001	
  

Tumor	
  

Low-­‐FA	
   0.01%	
  
[-­‐5.83%,	
  1.99%]	
  

0.79%	
  
[-­‐4.50%,	
  3.39%]	
  

5.96%	
  
[0.88%,	
  10.65%]	
  

High-­‐FA	
   8.10%	
  
[1.54%,	
  10.88%]	
  

8.05%*	
  
[6.23%,	
  37.77%]	
  

7.22%	
  
[-­‐3.74%,	
  31.86%]	
  

P-­‐value	
   0.097	
   0.053	
   0.710	
  
Data is presented as group median [IQR]. 

* Significant difference between FA groups, Wilcoxon rank-sum, p≤.05 
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 To further investigate the interplay between post-processing leakage-correction 

and preload under the two FA paradigms, we compared the nPH.nl and nPH.np from Pre- 

and Pre+ data. Among High-FA patients, the leakage-corrected nPH.nl was significantly 

greater than the uncorrected nPH.np for both the Pre- and Pre+ data (Table 4.3, 

Wilcoxon sign-rank, p=.02; p=.02). In contrast, among Low-FA patients, there was no 

significant change when leakage-correction was applied to either the Pre- or Pre+ data 

(Table 4.3, Wilcoxon sign-rank, p=.30; p=.30).  

 

 

Table 4.4: Post-processing Comparison - Median blood volume estimate within tumor 
region without post-processing leakage correction (nPH.np) and with post-processing 

leakage correction (nPH.nl). 

	
   Pre-­‐	
   Pre+	
  

	
   nPH.np	
   nPH.nl	
   nPH.np	
   nPH.nl	
  

Low-­‐FA	
   0.80	
  
[0.68,	
  1.04]	
  

0.83	
  
[0.63,	
  1.01]	
  

0.80	
  
[0.67,	
  1.08]	
  

0.83	
  
[0.62,	
  1.14]	
  

High-­‐FA	
   0.56	
  
[0.40,0.61]	
  

0.67*	
  
[0.57,	
  0.75]	
  

0.51	
  
[0.48,	
  0.64]	
  

0.80*	
  
[0.58,	
  1.09]	
  

Data is presented as group median [IQR]. 

Data is grouped by preload condition (Pre- or Pre+) and separated by Flip Angle Group. 

* Significant within-patient difference between nPH.np and nPH.nl, Wilcoxon sign-rank, 
p≤.05 
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4.4 Discussion: 

  In order for DSC imaging to be successfully translated into wide clinical use, 

practical factors of post-processing expense and ease of integration into clinical protocols 

need to be considered in addition to the challenges in quantifying DSC data. The addition 

of a gadolinium preload and the use of a low flip angle for DSC acquisition are two 

strategies that have been implemented to address challenges of contrast agent 

extravasation near BBB breakdown. These methods have been shown to yield blood 

volume estimates predictive of vascular features that can aid in the assessment of 

response and diagnosis for patients with glioma [Chapter 3, [18]].  These acquisition 

strategies also have associated tradeoffs, as the addition of a preload increases patient risk 

of NSF and the use of a low FA (35) may decrease SNR requiring higher field imaging. 

In this study, we aimed to determine whether an additional preload of gadolinium 

substantially altered the estimates of blood volume and leakiness in glioma patients when 

acquired at low FA compared to high FA, in order to form a recommendation for clinical 

DSC acquisition.  

 

For High-FA (90) DSC acquisition, blood volume estimates were increased when 

a preload had been applied compared to without a preload. While not statistically 

significant, an increase in blood volume was seen within the putative tumor region 

(predominantly non-enhancing lesion) for the majority of High-FA patients. The elevated 

blood volume we observed from Pre+ data is in agreement with previous research 

suggesting that DSC without preload correction systematically underestimates true rCBV 

[11]. 
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This within-patient increase in blood volume from Pre+ data was observed for 

estimates calculated with leakage-correction and non-parametric, model-free post-

processing analysis. This finding is also in agreement with recent research from 

Boxerman et al. [19], which investigated the interplay between preload and post-

processing leakage correction of High-FA data and showed that the combination of both 

techniques may have complementary correction effects depending on the tumor subtype. 

Our data presented here also shows blood volume from High-FA DSC is sensitive to the 

addition of a preload, the addition of post-processing correction, and the combination of 

these correction strategies. Taken together, these results suggest that attention must be 

paid to the leakage-correction strategies employed for High-FA data, as blood volume 

estimates are significantly influenced by presence of a gadolinium preload.  

 

However, blood volume estimates from DSC acquired with Low-FA were not 

significantly influenced by the addition of a preload. Unlike the High-FA patients, blood 

volume estimates from patients in the Low-FA group did not significantly change 

between Pre- and Pre+ data acquisitions. The blood volume estimates within the NAWM 

of these patients remained highly stable with all seven patients showing a magnitude of 

voxel-wise change of less than 7%. When this was investigated on a voxel-wise basis, we 

found that patients in the Low-FA had significantly less percentage change between 

preload conditions than the patients in the High-FA. The blood volume estimates of 

patients in the Low-FA group were much less sensitive to the presence of a preload than 
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patients in the High-FA group. For Low-FA patients, the average voxel-wise change 

between Pre- and Pre+ blood volume ranged from -1.5% to 6.6% in tumor and -1.7% to 

1.6% in NAWM (depending on post-processing method), whereas for High-FA patients it 

ranged from 7.2% to 20.0% in tumor and 6.5% to 16.6% in NAWM. This further 

supports that the addition of a preload greatly alters high-FA data, while low-FA data 

remains stable.  

 

In addition to the relatively small sample size, one potential limitation of this 

study is the heterogeneity in patient history and glioma grade of the patients we studied. 

We would expect that prior treatment with antiangiogenic therapy may alter the blood 

volume and vessel permeability, thus influencing the preload effect. To address this, we 

chose to draw a within-patient comparison so as to minimize the effect of prior treatment 

history. We would also expect that the degree to which the addition of a preload 

influences resultant blood-volume would be dependent on grade, as high-grade, 

enhancing tumors would have greater contrast agent extravasation. The heterogeneity in 

the T2-lesions within this patient set is a probable explanation as to why the increase in 

blood volume observed within the T2-lesion did not reach statistical significance, 

whereas the change within the NAWM, a more comparable region between patients, did.  

 

 Finally, in practice the dose of the contrast bolus, whether or not a preload is also 

administered, will likely be larger than the .05 mmol/kg used in this study. The .05 

mmol/kg bolus for both injections in this study was chosen so as to not increase the total 
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dose to patients beyond that of a standard, single-injection protocol. Greater dose of 

contrast bolus will likely improve SNR beyond that of this study. Since the presence of a 

preload did not significantly alter the blood volume estimates from Low-FA data, it 

would follow to use the full 0.1 mmol/kg dose for the contrast bolus to achieve improved 

SNR.  

 

In conclusion, this study provides support for Low-FA (35°) DSC as an 

acquisition method for assessing blood volume in glioma patients in the clinical setting as 

these estimates both (1) remain stable across preload conditions; and (2) have previously 

been shown to be predictive of clinically-relevant vascular features [Chapter 3, [18]. 

Blood volume estimates calculated from Low-FA DSC data were similar whether 

acquired with or without a preload, whereas blood volume estimates calculated from 

High-FA (90°) DSC data significantly increased when a preload had been applied. The 

results of this study are in agreement with previous work showing significant 

underestimation of blood volume calculated from DSC acquired without a preload and at 

high FA. Further, this study offers that Low-FA DSC may be a more stable, and thus 

more comparable, acquisition strategy as the influence of preload was minimal. Low-FA 

DSC acquired with a single, standard dose of gadolinium may be a well-suited perfusion 

acquisition strategy for the clinic as it does not require the addition of a preload, thus 

limiting risks associated with gadolinium exposure to patients.  
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 : Assessment of Perfusion MRI Derived Parameters in CHAPTER 5

Evaluating and Predicting Response to Anti-Angiogenic Therapy in Patients 

with Newly-Diagnosed GBM 

In this project, we investigated the use of parametric maps derived from DSC imaging to 

evaluate response to enzastaurin, an antiangiogenic therapeutic, in the upfront treatment 

setting for patients with GBM. We assessed DSC perfusion parameters as a predictors of 

response in the context of classic Macdonald-criteria progression-free survival as well as 

an assessment of durable radiographic response.  This work provides evidence to support 

the use of DSC-MRI data as a tool to identify likely responders and as an early biomarker 

of response in the antiangiogenic setting.  

 

This work has been previously published and is reprinted with permission from Oxford 

University Press: 

Essock-Burns E, Lupo JM, Cha S, Polley MY, Butowski NA, Chang SM, Nelson SJ. 

Neuro Oncol 2011;13(1):119-31. 
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5.1 Abstract: 
 

The paradigm for treating patients with glioblastoma multiforme (GBM) is 

shifting from a purely cytotoxic approach to one that incorporates anti-angiogenic agents. 

These are thought to normalize the tumor vasculature and have shown improved disease 

management in patients with recurrent disease.  How this vascular remodeling evolves 

during the full course of therapy for patients with newly-diagnosed GBM and how it 

relates to radiographic response and outcome remains unclear. In this study we examined 

35 patients who are newly-diagnosed with GBM using Dynamic Susceptibility Contrast 

(DSC) MR Imaging in order to identify early predictors of radiographic response to anti-

angiogenic therapy and to evaluate changes in perfusion parameters that may be 

predictive of progression. After surgical resection, patients received enzastaurin and 

temozolomide both concurrent and adjuvant to radiotherapy. Perfusion parameters, peak 

height and percent recovery, were calculated from the dynamic curves to assess vascular 

density and leakage. Six-month radiographic responders showed significant improvement 

in percent recovery between baseline and 2-months into therapy, while 6-month 

radiographic non-responders showed significantly increased peak height between 

baseline and 1-month. At 2-months into therapy, percent recovery was predictive of 

progression-free survival. Four months prior to progression there was a significant 

increase in the standard deviation of percent recovery within the tumor region. DSC 

perfusion imaging provides valuable information about vascular remodeling during anti-

angiogenic therapy, which may aid clinicians in identifying patients who will respond at 

the pre-therapy scan and as an early indicator of response to anti-angiogenic therapy.  
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5.2 Introduction: 
 

Glioblastoma multiforme (GBM) is the most malignant subtype of glioma and is 

characterized by extreme heterogeneity, extensive neovasculature, and active 

angiogenesis. The current standard of care for patients with newly-diagnosed GBM 

includes combined radio- and chemotherapy, which comprises a six-week cycle of 

external beam radiation therapy and oral temozolomide followed by an additional six 

months of temozolomide [1, 2]. Anti-angiogenic therapies have recently shown the 

potential for reducing tumor size and increasing 6-month progression-free survival [3, 4]. 

The recent phase II trial of the anti-angiogenic agent bevacizumab, a monoclonal 

antibody directed against vascular endothelial growth factor (VEGF), used alone and in 

combination with irinotecan reported dramatic improvement in 6-month progression-free 

survival and a high response rate in patients with recurrent GBM [5]. It has been 

proposed that the use of adjuvant anti-angiogenic therapy in combination with standard 

radio- and chemotherapy acts to normalize the tortuous tumor vasculature and improve 

delivery of chemotherapeutics and oxygen [6, 7]. Enzastaurin (LY317615) is one such 

anti-angiogenic agent that is currently under investigation for its potential as an adjuvant 

therapy for patients with newly-diagnosed GBM [8]. 

 

 Enzastaurin selectively inhibits protein kinase Cb and has been reported to have 

both direct antitumor effects, through suppression of tumor cell proliferation and induced 

apoptosis, and indirect effects, through inhibition of tumor induced angiogenesis [9]. 

Unlike bevacizumab, enzastaurin is a non-VEGF anti-angiogenic agent whose 

mechanism of action is not yet fully understood [10]. Preclinical reports have shown that 
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the combination of enzastaurin and radiation are synergistic in terms of the induction of 

apoptosis in glioma models [11]. One of the first multi-center phase II clinical studies of 

enzastaurin was reported by Robertson et al in 2007 who described a favorable toxicity 

profile and single-agent activity in a population of fifty-five patients with refractory 

diffuse large B-cell lymphoma [12].  The authors highlight the possibility of differential 

sensitivity to enzastaurin based upon a small subset of the study population who showed 

long-term response but showed similar steady-state drug levels as the rest of the 

population. In the recurrent GBM population, enzastaurin has not been shown to have 

superior efficacy compared with the cytotoxic chemotherapeutic agent lomustine [13], 

yet there are several ongoing phase I/II trials that involve the use of adjuvant enzastaurin 

for patients newly-diagnosed with GBM [8, 14].  

 

 The exciting potential of adjuvant anti-angiogenic therapy for improving disease 

management and increasing progression-free survival, has simultaneously highlighted 

unresolved questions in the field regarding the evaluation of response.  As described in 

van den Bent et al [15], there are numerous challenges in evaluating response to anti-

angiogenic therapies in neuro-oncology. Classic Macdonald criteria [16] have used 

reduction in contrast enhancing volume as a surrogate marker for antitumor effects. For 

anti-angiogenic therapies, the apparent reduction in enhancing volume could be due to 

the transient normalization of the blood-brain barrier rather than antitumor activity [17, 

18]. This complicates the definition of progression and the use of six-month progression-

free survival as a surrogate endpoint of overall survival. As the paradigm for GBM 

therapy shifts from a purely cytotoxic approach to now incorporating targeted therapies 
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with cytostatic effects, there is a need to explore the use of functional imaging techniques 

in order to better evaluate and define new criteria for evaluating response to therapy. 

 

A number of non-invasive imaging techniques have been used to assess changes 

in microvasculature and response to therapy [19-21]. Dynamic susceptibility-weighted 

contrast (DSC) MR imaging has been shown to improve sensitivity compared to 

conventional MR imaging alone in determining glioma grade [22]. Within the context of 

anti-angiogenic therapy, Batchelor et al used both DSC and dynamic contrast-enhanced 

(DCE) MR imaging, with a variety of other advanced imaging techniques, to evaluate the 

normalization of vasculature in recurrent GBM patients receiving adjuvant AZD2171 

during the first 112 days of therapy [3]. The authors observed rapid functional vascular 

normalization both in terms of a reduction in vessel size and overall permeability, which 

was found to be reversible upon drug “holiday.” The changes in DSC and DCE imaging 

derived perfusion parameters combined with differences in circulating collagen IV levels 

between pre-therapy and one day post-therapy were combined to create a “vascular 

normalization index” which was predictive of overall survival and progression-free 

survival for patients with recurrent GBM who received this therapy [23]. How these 

parameters evolve during the full course of therapy for patients with newly-diagnosed 

GBM and how they relate to radiographic response and outcome remains unknown.  

 

The previous work with DSC perfusion MRI has made it an alluring technique for 

evaluating response to anti-angiogenic therapy. There is the potential for addressing 
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challenges specific to assessing the efficacy of anti-angiogenic agents in clinical trials 

including; (1) the identification of subpopulations that would benefit most from this 

therapy and (2) the recognition of early markers of progressive disease in the case of 

tumor recurrence [17].  The present study was designed to investigate the use of DSC 

perfusion MR imaging to identify early predictors of overall response to anti-angiogenic 

therapy as well as to evaluate distinct changes in MR parameters during therapy that may 

be predictive of imminent progression. 

 

5.2 Materials and Methods 
 

Patient Population: 
 

 Thirty-five patients who were newly-diagnosed with grade IV glioblastoma 

multiforme based on the world health organization (WHO) criteria were recruited for this 

study. Patients received surgical resection and were treated with a standard six-week 

cycle of external beam radiation therapy (XRT). In addition to radiotherapy, patients 

were also administered a chemotherapy regimen that included temozolomide (75 mg/m2 

daily during radiotherapy and 200 mg/m2 for five days every 28-day cycle after 

radiotherapy) and enzastaurin (250 mg daily) concurrent and adjuvant to radiation 

therapy. Patient age ranged from 25 to 70 with a median age of 57. Patients were required 

to have a Karnofsky Performance Score (KPS) of ≥60 in order to be enrolled in the study. 

Patients who went off therapy due to side effects were excluded from the study 

population. All patients provided informed consent in accordance with guidelines 

established by the Committee on Human Research at our institution. 
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Imaging: 
 

 MR exams were performed on a 3T GE EXCITE scanner (GE Healthcare 

Technologies, Milwaukee, WI) with an 8-channel phased array receive coil. Patients were 

imaged prior to beginning therapy (post-surgical resection) and then serially at 1, 2, 4, 6, 

8, 10, and 12 months after beginning therapy. If a patient progressed, their subsequent 

scans were no longer included in this study.  

 

Conventional MR and MRSI: 

 

   The MRI examination included pre- and post-gadolinium T1-weighted three-

dimensional spoiled gradient echo (SPGR) with inversion recovery  (TR = 8.86 msec, TE 

= 2.50 msec, matrix = 256 x 256, slice thickness = 1.5 mm, FOV = 24 x 24 cm, TI = 

-weighted FLAIR (TR = 150 msec, TE= 2.1 msec, TI= 

2.38 sec, matrix = 256 x 192, slice thickness = 3 mm, FOV = 24 x 24 cm) imaging. 

Patients also received lactate-edited 3-D MR spectroscopy with PRESS localization and 

VSS pulses around an excited volume of approximately 80x80x40 mm3 (TR = 1104 

msec, TE = 144 msec, FOV = 16 x 16 x16 cm, nominal voxel size=1x1x1 cm, 712 dwell 

points, 988 Hz sweepwidth) [24]. After each examination the images were transferred to 

a SUN Ultra 10 workstation (Sun Microsystems, Mountain View, CA) for post-
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processing. The pre-gadolinium SPGR, FLAIR, and MRSI images were aligned to the 

post-gadolinium SPGR images for each scan date [25]. 

 

Perfusion-weighted Imaging: 

 

 In addition to anatomic and metabolic imaging, patients received DSC imaging, 

as summarized in Table 3.1.  Perfusion imaging was performed during the injection of 

gadolinium chelate contrast (Magnevist®, Bayer Healthcare). A bolus injection of 0.1 

mmol/kg contrast agent was administered at 3 ml/sec using a power injector. A gradient-

echo echo-planar sequence (TR= 1500 msec, TE = 54 msec, matrix = 128 x 128, FOV = 

24 x 24 cm2

total of 80 time points.  

 

Image Processing: 
 

The T2* signal-intensity time curves acquired during the first pass of the 

gadolinium bolus were converted to change in relaxation rate (ΔR2*) and resampled to 

match the spatial resolution of the anatomic image series. Two parameters were derived 

from these curves: peak height, the maximum increase in relaxivity reflective of greatest 

gadolinium influx and a physiological estimate of vascular density; and percent recovery, 

the relative return to baseline of the curve reflective of bolus passed through the voxel 
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and a physiological estimate of leakage. A schematic representation of these parameters 

on the susceptibility curve is illustrated in Figure 5.1. These summary parameters were 

chosen in lieu of relative cerebral blood volume and leakage factor, which can also be 

derived from the susceptibility curve, as they have been shown to be proportional to each 

other for the data acquisition parameters used in this study but do not require extensive 

curve fitting [26]. DSC images were nonrigidly aligned to the pre-contrast SPGR image 

using a B-spline warping by maximization of normalized mutual information [27]. The 

peak height value was normalized to the mean value within the normal appearing white 

matter, which was segmented from the pre-contrast SPGR images by applying a hidden 

Markov random field model with an expectation–maximization algorithm [28]. 

 

 

Figure 5.1: Summary parameters of susceptibility curve. 

 

Figure 5.1: Peak Height, equal to the distance (a), is the maximum increase in relaxivity 

and is a physiologic estimate of vascular density. Percent Recovery, equal to [the distance 

(b) ÷ the distance (a)] × 100, is the relative return to baseline of the susceptibility curve 

and is a physiologic estimate of leakage. 
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Definition of Putative Tumor Region: 
 

The region of risk was identified using both the anatomic and metabolic imaging 

(5.2). The contrast enhancing lesion (CEL) was defined on the post-gadolinium T1-

weighted image and the T2 hyperintense region (T2All) was defined on the T2 FLAIR 

image using a semi-automatic segmentation algorithm [29] (Figure 5.2.a; left, middle). A 

board certified radiologist approved all regions of interest. The region of abnormally 

elevated Choline-to-NAA index (CNI>2) [30] was defined on the MRSI image (CNI-

mask) (Figure 5.2.a; right). The putative tumor region was defined as including these 

three abnormality masks (CEL, T2all, and CNI-mask) and excluding the resection cavity, 

cerebral-spinal fluid, and necrotic regions (Figure 5.2.b).  
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Figure 5.2: Definition of putative tumor region. 

 

Figure 5.2: (a) Anatomically and metabolically abnormal regions were combined to 

define the putative tumor region, which was overlaid on both the percent recovery and 

peak height parametric maps (b). 
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Data Analysis/Statistical Considerations: 
 

The putative tumor region mask was overlaid on the parametric maps derived 

from the DSC perfusion weighted imaging techniques (Figure 5.2.b). Two measures of 

abnormality were extracted from each of the parametric maps within the putative tumor 

region: the intensity and the heterogeneity of the perfusion parameter value. The intensity 

of the most extreme portion of the abnormality for the vascular density parametric maps 

was defined as the 90th percentile value of the DSC-derived peak height corresponding to 

elevated vascularization. For the permeability parametric maps, intensity was defined as 

the 25th percentile DSC-derived percent recovery corresponding to elevated permeability. 

The perfusion heterogeneity was defined as the standard deviation of the perfusion 

parameter value within the putative tumor region reflective of the variation in extent of 

vascularization or permeability on the respective parametric map. The Logrank test was 

used to compare progression-free survival (PFS) and overall survival (OS) among 

response groups. PFS was defined as the time from the patient’s baseline scan to the scan 

date of clinical progression or, in the case of no progression, patient’s were censored at 

the date of last contact. To address the potential for pseudo-progression, the clinical 

history of all patients that progressed within 12 weeks of the completion of radiotherapy, 

as well as all patients with a suspect scan followed by stable disease, were centrally re-

reviewed by a neuro-oncologist. Notation was made regarding re-operation and location 

of recurrence to confirm true progression in accordance with the recommendations set 

forth by Wen et al. [31]. The Wilcoxon rank-sum test was used to test for differences in 

imaging parameters between response groups at early time points and the Wilcoxon sign-

rank test was used to test for within group change between early time points. Univariate 
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and multivariate nonparametric Cox regression analysis was used to evaluate which 

parameters were predictive of PFS or OS (landmarked from scan date of perfusion 

covariate). Clinical control factors of baseline KPS, age, gender, and extent of resection 

(the few cases of biopsy were collapsed with subtotal resection) were included in this 

analysis. Due to the exploratory nature of the study, no formal adjustment of type I error 

was undertaken; in all cases, p<0.05 was considered statistically significant. 

 

Definition of Radiographic Response: 
 

 Patients were divided into four radiographic response categories based on the 

assessment made by an experienced board certified radiologist at two different time 

points (6 months and 12 months). A flow-chart illustrating this decision-tree process is 

displayed in Figure 5.3. The assessments were done blinded to the patients’ perfusion 

data. 

 

Figure 5.3: Radiographic response categories schema. 
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6 Month Radiographic Assessment:  The radiologist reviewed the series of 

anatomic images from each patient up to this time-point to determine the changes in 

contrast enhancement from the baseline scan. Patients with decreased enhancement were 

classified as 6-Month Radiographic Responders (n=14). Patients with increased (n=18) or 

no change (n=3) in enhancement were classified as 6-Month Radiographic Non-

Responders (n=21). Figure 5.4.a shows a characteristic example of a 6-Month 

Radiographic Non-Responder (top) and 6-Month Radiographic Responder (middle, 

bottom). Note the obvious increase in the CEL of the Non-Responder and decrease in the 

CEL of the Responders.  

 

12 Month Radiographic Assessment: In order to capture the durability of the 

response for the 14 patients who were classified as 6-Month Radiographic Responders, a 

second assessment was performed 12 months after the beginning of radiation. Patients 

who showed an obvious resurgence of contrast enhancement were classified as having a 

12-month Intermediate-Response (n=8) and patients who continued to show a decrease or 

no change in the enhancement were classified as having a 12-month Sustained-Response 

(n=6). Figure 5.4.b shows examples of two of these patients, one where the observed 

response is transient (middle) and the other where the observed response was sustained 

(bottom).  
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 This classification allowed the data to be analyzed in terms of patients who 

showed no short term radiographic response; those who showed an intermediate 

radiographic response; and those that showed a sustained radiographic response during 

the one-year of follow-up imaging. The rationale for doing both 6-month and 12-month 

assessment is two-fold. Firstly it reduces the risk of mistakenly capturing a pseudo-

progression event because the radiographic pattern is assessed at two discrete standard 

clinical time-points. Secondly, by delineating between intermediate and sustained 

response, it allows the identification of imaging characteristics associated with patients 

who benefit the most from therapy.  

 

 

Figure 5.4: Radiographic response assessment. 
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Figure 5.4: T1w post-gadolinium serial images of three exemplar patients of each of the 

response categories. 6-month Non-responders (top) had a significant increase in contrast 

enhancement (CE) within the 6-month assessment (a), while 6-month Responders 

(middle, bottom) did not.  Those patients that responded during the 6-month assessment 

showed two distinct patterns of CE upon the further 12-month assessment (b). Patients 

with a 12-month Intermediate-Response had a dramatic resurgence of CE (middle) while 

patients with a 12-month Sustained-Response did not (bottom). 

 

 

5.3 Results: 
 

A total of 145 patient scans were collected with an average of 18 patient scans per 

time point (Table 5.1). Kaplan-Meier curves describing progression-free survival and 

preliminary overall survival of the thirty-five patients are displayed in Figure 5.5. Thirty-

two of the thirty-five patients were determined by their neuro-oncologist to have evidence 

of progression during the length of the study. All patients that progressed within 12 

weeks of the completion of radiotherapy (n=13) were confirmed to have had true 

progression; 11 patients had histological confirmation at resurgery, 1 patient had new 

CEL outside of the high-dose radiation field, and 1 patient changed therapies and quickly 

progressed again. Median progression-free survival (PFS) for the entire population was 

30.9 weeks (95% CI: 18.4 to 41.6 weeks) and median overall survival (OS), based on 26 

events, was 75.9 weeks (95% CI: 57.6 to 78.0 weeks). Median follow-up time for the 

censored patients at study completion was 98.9 weeks. 
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Table 5.1: Pattern of therapy and number of DSC patient scans acquired at each time 
point. 

 Time (Months) 

 Baseline 1 2 4 6 8 10 12 Total 

Therapy RT+Drug RT+Drug RT+Drug Drug Drug Drug Drug Drug  

DSC 
Scans 

29 19 28 22 17 14 11 5 145 

* “RT” is External Beam Radiation Therapy (60 Gy, 5 days per week for 6 weeks) 

* “Drug” includes Enzastaurin (250 mg daily) and Temozolomide (75mg/m2 daily during RT; 
200mg/m2 for 5 days every 28 days after RT) 

 

 

Figure 5.5: Kaplan-Meier progression-free survival and overall survival curves for 
the thirty-five patients with GBM. 
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Early Differences in Perfusion Parameters among Radiographic Response Groups: 
 
Data was analyzed from baseline pre-therapy scan through progression or furthest follow-

up with a particular emphasis on identifying early predictors of response. 

 

Peak Height – Measure of Vascularization: 
 

Normalization of Entire Population: 

 

 The greatest change in the 90th percentile peak height (PH) across the patients occurred 

within the first two months of therapy (Figure 5.6.b top). There was a significant 

within-patient reduction of the 90th percentile PH and the standard deviation of PH in the 

putative tumor region between baseline and two months post initial therapy scans 

(Wilcoxon sign-rank, p=.002; p=.008).  After 4 months of therapy, there were no longer 

any significant within-patient changes for either 90th percentile PH or standard deviation 

of PH between sequential bimonthly scans across the population.  
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Figure 5.6: Peak Height 

 

Figure 5.6: (a) Peak Height parametric maps of patient examples of each response 

category at baseline and 1-month into therapy. Note the increase in peak height of the 6-

month Non-Responder patient (top) and the decrease in peak height of the patient with a 

12-month Intermediate-Response (middle) and the patient with a 12-month Sustained-

Response (bottom) within the putative tumor region (black line). 

(b) Peak Height over time for entire population (top) and by response group (middle, 

bottom). Greatest amount of change in 90th percentile peak height occurred within the 

first 2 months of therapy. 
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Table 5.2: Summary of peak height and percent recovery data during the first two 
months of therapy and at progression for each response group. 

 Peak Height: Mean Intensity (90th Percentile)* 

 Baseline 1-month Δ(Baseline, 1-
month) 2-months Progression+ 

Non-
Responders 

(n=21) 
2.67± .51 2.82±.64 .20±.53 2.40±.41 2.29±.64 

Responders: 
Intermediate 

(n=8) 
2.45±.93 2.23±.57 -.27±.58 2.19±.60 

2.30±.56 
Responders: 

Sustained 
(n=6) 

2.67±.62 2.53±.14 -.19±.62 2.29±.36 

All Patients 
(n=35) 2.63±.62 2.57±.59 -.02±.58 2.32±.46 2.29±.60 

 

 Peak Height: Heterogeneity (Standard Deviation)* 

 Baseline 1-month Δ(Baseline, 1-
month) 2-months Progression+ 

Non-
Responders 

(n=21) 
.83±.19 .88±.24 .06±.22 .75±.13 .76±.24 

Responders: 
Intermediate 

(n=8) 
.91±.43 .72±.18 -.22±.33 .76±.18 

.81±.21 
Responders: 

Sustained 
(n=6) 

.86±.16 .84±.07 -.05±.14 .79±.08 

All Patients 
(n=35) .86±.25 .82±.20 -.04±.26 .76±.13 .78±.23 
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 Percent Recovery: Mean Intensity (25th Percentile) * 

 Baseline 1-month 2-months Δ(Baseline, 2-
months) Progression+ 

Non-
Responders 

(n=21) 
75.0%± 9.3 76.4%±12.4 71.8%±18.5 -2.7%±12.0 75.9%±17.9 

 Responders:  
Intermediate 

(n=8) 
78.8%±4.5 81.3%±2.2 82.1%±4.0 3.9%±3.8 

77.1%±8.3 
Responders: 

Sustained 
(n=6) 

76.5%±5.0 80.6%±4.2 83.7%±3.5 7.2%±7.0 

All Patients 
(n=35) 76.1%±7.8 78.8%±8.8 76.8%±14.7 1.0%±10.3 76.2±15.6 

 

 Percent Recovery: Mean Heterogeneity (Standard Deviation)* 

 Baseline 1-month 2-months Δ(Baseline, 2-
months) Progression+ 

Non-
Responders 

(n=21) 
9.4%±2.6 9.2%±3.7 12.7%±5.8 3.1%±5.1 11.1%±5.7 

 Responders:  
Intermediate 

(n=8) 
10.8%±3.1 8.7%±1.8 10.3%±3.3 -.9%±4.1 

12.0%±4.8 
Responders: 

Sustained 
(n=6) 

10.8%±4.0 9.30%±2.8 10.3%±3.5 -.6%±6.6 

All Patients 
(n=35) 10.0%±3.0 9.2%±2.9 11.6±4.88 1.3%±5.3 11.3%±5.4 

*Mean computed across all patients in group 

+ Includes only patients that had progressed so was analyzed by 6-month Radiographic 

Response Group 
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Radiographic Response Assessment: 

 

 Within the first two months of anti-angiogenic drug administration, there was a 

significant reduction in the 90th percentile PH between the 1-month (during RT) and 2-

month scans (Wilcoxon sign-rank, p=.008), but not between the baseline and 1-month 

scans. However, this lack of significance is explained by distinct differences within the 

radiographic response groups as summarized in Table 5.2.  

 

 Figure 5.6.a shows the PH parametric map from a 6-month Non-Responder 

patient, as well as examples of responder patients with either a 12-month Intermediate-

Response or Sustained-Response, at baseline and 1-month into therapy. Both the patients 

with a 12-month Intermediate-Response and patients with a 12-month Sustained-

Response showed a similar mean decrease between the baseline and 1 month scans, -

.19±.63 and -.27±.58 respectively, while 6-month Non-Responders showed a mean 

increase of .21±.57 (Table 5.2.a). While the amount of change was not significantly 

different between response groups, it did have implications for PFS, which is discussed 

within the context of progression predictors. 

 

 The initial vascularization varied for the various response groups. 6-month Non-

Responders and patients with a 12-month Sustained-Response had similar baseline 

vascularization (90th percentile PH of 2.68±.51 and 2.67±.62), while patients with a 12-
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month Intermediate-Response were initially lower (2.45±.93; Table 5.2.a) and after the 

first month of therapy were significantly reduced compared with the rest of the 

population  (2.23±.57; Table 5.2.a, Wilcoxon rank-sum, p<.03). The reduced 90th 

percentile PH value can also be seen in the patient example with 12-month Intermediate-

Response in Figure 6.a (middle) compared to the 6-month Non-Responder (top) and 12-

month Sustained-Response patient (bottom) examples.  

 

Percent Recovery – Measure of Vascular Permeability: 
 
 Normalization of Entire Population: 

 

Unlike PH, the percent recovery parameter was not found to have a specific time 

period during which there were significant within-patient changes for the entire 

population. Rather, by as early as 2 months after the initial therapy significant differences 

had begun to emerge in both the value and heterogeneity of the recovery within the 

putative tumor region between response groups. 

 

Radiographic Response Assessment: 

 

Figure 5.7.a displays the parametric maps of percent recovery at 2-months post 

initial therapy for one 6-month Non-Responder patient and two 6-month Responder 
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patients with either a 12-month Intermediate- or Sustained-Response. Significant 

differences were found at 2-months post initial therapy among the 6-month response 

groups, as described below. Note the reduced recovery and increased heterogeneity 

throughout the putative tumor for the 6-month Non-Responder (top) compared to both of 

the 6-month Responders (middle, bottom).  

 

 6-month Non-Responders displayed significantly lower 25th percentile recovery 

(71.8% ± 18.5%) than 6-month Responders (82.7% ± 3.7%) at 2-months into therapy 

(Wilcoxon rank-sum, p = .01). The 6-month Responder group showed significant 

improvement in 25th percentile recovery value between the baseline and two month scan 

(Wilcoxon sign-rank, p = .008), while the 6-month Non-Responders did not show 

significant within-patient change (Wilcoxon sign-rank, p = .64). 6-month Non-

Responders had instead undergone a highly variable decrease in 25th percentile Recovery 

value (-2.7% ± 12.5%) and a marginally significant increase in overall heterogeneity (3.1 

± 5.3; Wilcoxon sign-rank, p = .05) by this time point. Table 5.2.b shows the 25th 

percentile recovery and standard deviation for each of the radiographic response groups. 
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Figure 5.7: Percent Recovery 

 

Figure 5.7: (a) Percent Recovery parametric maps of patient examples of each 

radiographic response category at 2-months into therapy. Note the reduced percent 

recovery of the 6-month Non-Responder patient (top) compared to the patient with a 12-

month Intermediate-Response (middle) and patient with a 12-month Sustained-Response 

(bottom) within the putative tumor region (black line). The 25th percentile value within 

the putative tumor region was further predictive of PFS at this time point. 

 (b) Percent Recovery over time for entire population (top) and by response group 

(middle, bottom). 



 

 129 

 

Early Imaging Predictors of Progression and Survival: 
 

The data were analyzed to identify any patterns of perfusion parameters that were 

predictive of imminent progression and of overall survival. Of the 35 patients enrolled, 

32 patients had clinically progressed and 26 patients were deceased at the time of study 

completion.  

 

Progression-free Survival (PFS): 
 

Peak Height:  

 

An increase in 90th percentile PH value between baseline and 1-month was a risk 

factor for PFS adjusted for the baseline heterogeneity (standard deviation) of PH and the 

clinical control factors of baseline KPS, age, extent of resection, and gender (multivariate 

Cox regression, p = 0.02, hazard ratio = 5.408, 95% CI = [1.259, 24.420]). For every one 

unit increase in the change of 90th Percentile PH between baseline and 1-month (mean 

change = -0.02±.58 ), patients were at approximately a 5-fold greater risk of progression.  

 

Percent Recovery:  
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Greater 25th percentile percent recovery at two months was a protective factor for 

PFS, adjusting for baseline KPS, age, extent of resection, and gender (multivariate Cox 

regression, p = .009, hazard ratio = .955, 95% CI = [0.926, 0.987]). For every 1% 

increase in percent recovery at two-months (mean = 76.8%  ± 14.7), there was 

approximately a 5% reduction in risk of progression. Whereas prior to this 2-month scan, 

the 25th percentile value of percent recovery at baseline and at one month was not found 

to be predictive of PFS (multivariate Cox regression adjusted for clinical control factors, 

p = 0.46 and 0.11, respectively). This supports the claim that by as early as two months 

into therapy not only had differences in permeability emerged between response groups, 

but also the extent of permeability within the tumor region was further predictive of PFS.  

 

Changes in Parameters Prior to Progression: 
 

The data were also examined to identify changes in the perfusion parameters on 

the scans prior to patients’ progression date that might be indicative of the imminent 

progression. Immediately prior to progression, there were no significant changes in the 

level of vascularization, both in terms of 90th percentile value and standard deviation (not 

shown). However, there were interesting changes in the percent recovery parameter prior 

to progression, which are displayed in Figure 5.8. At 4-months prior to progression the 

heterogeneity of recovery values within the putative tumor region began to increase 

(Figure 5.8.a, patient example Figure 5.8.e). There was a significant increase in the 

standard deviation of the recovery at 4-months prior to progression over the previous (6-

months pre-progression) scan (Figure 5.8.a, Wilcoxon sign-rank, p < 0.04). Patients with 
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12-month Intermediate-Response were similar to the 6-month Non-Responders at 4-

months prior to progression both in terms of the 25th percentile recovery value and 

overall standard deviation of recovery within the putative tumor region (Figure 5.8.b-c, 

Wilcoxon rank-sum p > 0.05). Figure 5.8.e shows the percent recovery parametric maps 

of a patient with a 12-month Intermediate-Response leading up to progression. Note the 

increase in the heterogeneity of percent recovery within the putative tumor region at 4-

months pre-progression. This functional change can be seen on the percent recovery 

parametric map prior to the increase in enhancement on the T1-contrast enhanced images 

(Figure 5.8.d). The observed changes in the percent recovery map are not limited to 

within the contrast-enhancing lesion (Figure 5.8.d), but rather are throughout the broader 

putative tumor region (Figure 5.8.e). Patients had very similar percent recovery levels at 

progression date (Figure 5.8.b-c, Wilcoxon rank-sum, p > .2). At progression, the mean 

percent recovery value was 76.2% ± 15.6 and the mean standard deviation within the 

putative tumor region was 11.3% ± 5.4 for the entire population. 
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Figure 5.8: Percent Recovery Prior to Progression. 
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Figure 5.8: (a) Standard deviation of percent recovery within the putative tumor region 

increased 4 months prior to progression. (b,c) Both 6-month Non-Responders and 

patients with a 12-month Intermediate-Response converged as they neared progression in 

percent recovery intensity and heterogeneity. Note patient example showing an increase 

in heterogeneity of percent recovery (e) prior to the increase in CE (d). 

 

 

Overall Survival: 
 

 Greater 25th percentile percent recovery at 2-months into therapy was a protective 

factor for overall survival, adjusted for baseline KPS, age, extent of resection, and gender 

(multivariate Cox regression, p = 0.02, HR = .957, CI = [.926, .991]). For each 1% 

increase in percent recovery at two-months, there was an associated 4% reduction in risk 

of death. Prior to the 2-month scan, percent recovery was not predictive of overall 

survival (multivariate Cox regression adjusted for clinical control factors, baseline p = 

0.08 and at 1-month p = 0.16). 

 

 

5.4 Discussion: 
 

DSC imaging was used to identify periods of vascular remodeling during the 

course of anti-angiogenic therapy. Changes in the neovasculature that occurred within the 

first 2-months of therapy were related to both response and PFS. The marked decrease in 
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peak height that was observed during the first two months of therapy is consistent with 

the vascular normalization window that was reported by Batchelor et al [3] in 2007. They 

reported that the relative vessel size, as determined using a dual gradient- and spin-echo 

DSC sequence, reversed toward abnormal values at day 56 after initial therapy with 

AZD2171 and interpreted this as the end of the vascular normalization window.   

When perfusion has normalized and the vasculature becomes more patent, it may 

be expected that intravascular gadolinium no longer leaks as readily into the extracellular 

extravascular space and that as a result the contrast enhancement on T1-weighted 

anatomical images decreases. This underlines the challenge in terms of using standard 

response criteria to evaluate response to anti-angiogenic therapy. The advantage of using 

6- and 12-month assessments to analyze radiographic response to anti-angiogenic therapy 

is that they incorporate the full pattern of response rather than just the date of 

progression. Some patients present with a marked decrease in contrast enhancement early 

in therapy that is suggestive of positive response but possess a drastic return and/or 

growth of contrast enhancement by the 12-month assessment. Identifying which patients 

will have this pattern of response prior to the resurgence of enhancement would allow 

alternative therapies to be considered at a time point when they may be more effective. 

Interestingly, not all patients present in this way. Patients who show sustained response 

through both 6- and 12-month assessments may be interpreted as showing substantial 

benefit from anti-angiogenic therapy. The ability to make an early distinction between 

these two patterns of radiographic response may therefore be of critical clinical 

importance for choosing the most effective therapy. 
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 The disadvantage of using the 6- and 12-month response assessment is that it does 

not provide a continuous scale on which to measure response and to test predictive 

hypotheses.  While the use of MacDonald criteria to evaluate progression-free survival is 

limited in the evaluation of response to anti-angiogenic therapy [15], it does provide a 

scale for evaluating early biomarkers. Overall survival may be a more appropriate end-

point in evaluating response to anti-angiogenic therapy, but is limited by the influence of 

salvage treatments [15]. The advantage in integrating the discrete 6- and 12-month 

radiographic assessment with the continuous PFS and OS scales is that two main 

challenges could be addressed (1) elucidating perfusion differences in order to identify 

radiographic response groups and (2) evaluating perfusion parameters during therapy that 

may predict outcome.  

 

The subpopulation of patients who have a large decrease in vascular density after 

one month of therapy and an improvement in permeability after two months of therapy 

appeared to show the best response to therapy. Patients who show an increase in vascular 

density after one month of therapy and no improvement in permeability after two months 

did not respond within the first six months and thus had reduced PFS. In future 

prospective studies, this combination of early change in vascular density and permeability 

may be tracked as a biomarker of response and may ultimately aid in tailoring anti-

angiogenic therapy to individual patient characteristics. 
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The most challenging question lies in identifying patients who display an 

intermediate positive response to therapy but then suddenly progress. Patients with 

Intermediate-Response showed a similar response pattern (decrease in vascular density 

after the first month and improvement in recovery after second month) as patients with 

Sustained-Response but had lower initial levels of vascularization. This suggests that an 

initially well-vascularized tumor, which improves in patency during initial therapy, is 

associated with better patient response. It seems that the combination of vascularization 

and permeability best describes the pattern of response.  

 

Since most patients with GBM recur, it is critical to identify changes in perfusion 

that may be predictive of imminent progression [17]. When adjusted for the initial 

heterogeneity of tumor vascularization, the decrease in vascular density was predictive of 

PFS. This highlights interesting questions regarding the relationship between the extent 

and spatial distribution of tumor vascularization and the PFS of patients on anti-

angiogenic therapy. The level of abnormal recovery that occurred after two-months of 

therapy was predictive of both PFS and OS. Four months prior to progression the 

heterogeneity of recovery within the putative tumor region began to increase, suggesting 

the end of the normalization period of the therapy for the individual patient and the 

beginning of reduced perfusion function. As Figure 8.d-e demonstrates, this change may 

occur prior to changes in appearance of the contrast-enhancing lesion and it will be 

crucial to investigate the potential of this parameter in future studies. 
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 The observation that the entire population, regardless of radiographic response 

group, had similar perfusion parameters at progression is suggestive of a “progression 

profile”.  In the radiographically challenging case of patients with 12-month 

Intermediate-Response, perfusion parameters were similar to the 6-month Non-

Responders at four months prior to progression. However, these patients remained on 

therapy due to the stable appearance of their contrast-enhancing lesion. Early changes in 

the heterogeneity of percent recovery that may precede the increase in appearance of 

contrast enhancement have great potential for improving the management of patients on 

anti-angiogenic therapy. Future prospective studies will validate these findings in a larger 

patient population and with other anti-angiogenic therapies.  

 

5.5 Conclusion: 
 

This study demonstrated changes in tumor vasculature on DSC MRI during the 

first two months of therapy for patients with GBM who were being treated with radiation 

therapy, temozolomide, and enzastaurin. Patients who had a large decrease in peak height 

after one month of therapy and improvement in percent recovery after two months of 

therapy seemed to respond best, which may aid in identifying patients who would benefit 

most from anti-angiogenic therapy in the future. The level of recovery present at the end 

of this two-month normalization window was found to be predictive of progression-free 

survival and overall survival. These results support the hypothesis that DSC perfusion 

imaging provides valuable information about changes in vascular function during 

therapy, which may ultimately aid clinicians in identifying patients who are likely to 
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respond prior to therapy and as an early indicator of patient response to anti-angiogenic 

therapy.  
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 : Patterns of Changes in Diffusion and Anatomic Imaging CHAPTER 6

Parameters Vary with Treatment Regimen for Patients with Newly 

Diagnosed Glioblastoma 

 

In the project described in this chapter, we investigated the effect of treatment regimen on 

the early changes in anatomic and diffusion parameters in patients newly diagnosed with 

glioblastoma. This was a collaborative project with Dr. Laleh Jalilian. My contributions 

included data processing, analysis of results, and editorial review. In this project, three 

different treatment regimens are compared (standard temozolomide (TMZ), enzastaurin 

with TMZ, and bevacizumab with TMZ ) in conjunction with radiotherapy. Anatomic 

and diffusion changes were found to be therapy specific, with bevacizumab preventing 

the increase in edema associated with radiotherapy more effectively than enzastaurin or 

TMZ alone. This work provides the context for future predictive biomarker development 

by illustrating the early imaging changes that can be expected with these therapy 

regimens. 

 

Authors: 

Jalilian L, Essock-Burns E, Li Y, Cha S, Chang SM, Prados MD, Butowski NA, 

Nelson SJ. 
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6.1 Abstract:  
 
Purpose:  To compare anatomic and DWI parameters at pre-, mid-, and post-RT scans in 

the contrast-enhancing lesion (CEL) and non-enhancing lesion (NEL) of 99 post-surgical 

patients with newly diagnosed GBM who were treated with RT concurrently with either 

temozolomide only (TMZ alone), temozolomide and enzastaurin (TMZ+ENZA), or 

temozolomide and bevacizumab (TMZ+BEV).  

 

Materials and Methods: Histograms of nADC and nFA within the CEL and NEL were 

generated and summary statistics calculated.  Wilcoxon sign-rank and kruskal-wallis tests 

were used to determine changes for these parameters within each treatment arm and to 

evaluate differences amongst the different treatment arms at pre-, mid- and post-RT.   

 

Results: The CEL volume decreased significantly from pre- to post-RT for patients 

treated with  TMZ+BEV and TMZ+ENZA.  The NEL volume decreased significantly 

from pre- to post-RT for patients treated with TMZ+BEV.  The median and 10% nADC 

in CEL and NEL increased significantly from pre- to post-RT for patients treated with 

TMZ alone and patients treated with TMZ+ENZA.  There was no significant change in 

the median and 10% nADC in the CEL and NEL from pre- to post-RT for patients treated 

with TMZ+BEV..   

 

Conclusion: These quantitative results indicate that anatomic and diffusion patterns differ 

by treatment regimen. The diffusion pattern observed in patients treated with 
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bevacizumab supports the observation that this agent prevents the increase in edema that 

is associated with RT more effectively than enzastaurin or temozolomide alone.   

 

6.2 Introduction:   
 

Glioblastoma (GBM) is the most malignant primary malignant brain tumors in 

adults.  The standard of care for patients with newly diagnosed GBM consists of surgery, 

radiotherapy and temozolomide (TMZ). Despite this multimodality treatment, the median 

overall survival remains around15 months [1].  GBM are highly vascularized tumors that 

overexpress vascular endothelial growth factor (VEGF),. This is a critical regulator of 

angiogenesis and neovascularization and is therefore an attractive target for therapy..  

Phase II trials evaluating bevacizumab, which is an anti-VEGF antibody, either alone or 

in combination with irinotecan, have demonstrated an increase in 6-month PFS rates in 

patients with recurrent GBM when compared to historic controls [2-7].  This has resulted 

in anti-angiogenic therapies becoming the subject of investigation in the up front setting.   

 

Enzastaurin is a selective protein kinase C β-inhibitor that is believed to indirectly 

inhibit tumor-induced angiogenesis [8] and Bevacizumab is a humanized monoclonal 

antibody to VEGF. The assessment of the efficacy of these agents is problematic because 

they directly affect the size of the CEL by reducing the permeability of the vasculature to 

gadolinium-based agents [9-10].  An alternative strategy is to use the new RANO 

(Response Assessment in Neuro-Oncology) criteria, which integrate changes in the T2 

lesion into the definition of response. Although this approach is more flexible, it is still 

not specific for detecting tumor and there is an increasing need for alternative imaging 
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biomarkers to define treatment effects. A critical step in moving in this direction is to 

understand the degree to which anti-angiogenic agents impact anatomic and physiologic 

parameters compared to the current standard of care. 

 

Diffusion weighted imaging (DWI) has been shown to detect disruption of tumor 

tissue architecture and identify regions of elevated cellular density by assessing random 

motion of water molecule protons in the extracellular space. Parameters derived from 

DWI include the apparent diffusion coefficient (ADC), which is a measure of the 

magnitude of diffusion of water molecules within the extracellular space, and the 

fractional anisotropy (FA), which is a measure of tissue architecture. These parameters 

have been proposed to be relevant for the assessment of treatment efficacy by providing 

an estimate of cellularity and tissue disruption within and beyond the CEL [11-13]. 

Radiation has been reported to cause an increase in ADC within the CEL and NEL [13], 

which is consistent with disruption of tissue architecture and reduction in tumor 

cellularity [13].   

 

The inclusion of anti-angiogenic therapy into the standard treatment regimen has 

been reported to influence ADC in both a positive and negative manner, depending on the 

agent given and on whether patients had received previous therapy [11,14]. Obtaining a 

detailed understanding of how to interpret such changes would have a significant impact 

on clinical treatment decision-making. The purpose of this study was to evaluate and 

compare changes in anatomic and diffusion imaging parameters at baseline, mid-RT and 

post-RT scans within the CEL and NEL of post-surgical patients with newly diagnosed 
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GBM who were receiving TMZ alone or TMZ in combination with two different anti-

angiogenic agents. 

 

6.3 Methods:  
 

Study Population 
 

A total of 99 patients with newly diagnosed GBM (WHO Grade IV) who had 

received surgery and were to be treated with standard of care RT concurrently with either 

a) TMZ only (31 patients), b) TMZ with enzastaurin (41 patients), or c) TMZ with 

bevacizumab and erlotinib (27 patients) were recruited to this study.  Diagnosis was 

based on histological examination using criteria defined by the World Health 

Organization (WHO). Patients were enrolled in three distinct prospective phase II clinical 

trials between 2005-2011, and were required to have a Karnofsky performance score 

(KPS) of ≥ 60.  All subjects provided informed consent as approved by the Committee on 

Human Research at our institution.  Table 6.1 describes the characteristics of the three 

patient populations. 

 

Table 6.1: Characteristics of the patients in each treatment cohort. 

Treatment 
Population RT + TMZ only RT + TMZ + 

Enzastaurin 
RT + TMZ + 

Bevacizumab + Erlotinib 
Number of Patients 31 41 27 
Median Age (range) 52 (38-77) 56 (25-80) 52 (21-76) 
Male: Female Ratio 18:13 32:9 13:14 

Surgery    
GTR 16 11 10 
STR 13 25 13 

Biopsy 2 5 4 
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The treatment schema for the three separate clinical trials is seen in Figure 6.1.  Patients 

began treatment within 5 weeks of diagnosis with fractionated RT (total dose of 60 Gy) 

and 75 mg/m2 of TMZ given daily over a period of 6 weeks.  Patients receiving 

enzastaurin were administered the agent (250 mg daily) concurrent with the other 

treatments.  Patients receiving bevacizumab received bevacizumab at a dose of 10 mg/kg 

IV every 14 days starting in week 2 of radiotherapy and received erlotinib (patients not 

on anti-epileptic drugs received 150 mg/day continuously and patients on anti-epileptic 

drugs received 500 mg/day continuously) starting on day 1 of RT.   

 

MRI exams were performed at three time-points: (1) following surgical resection 

or biopsy but prior to RT (pre-RT), (2) between 3 and 5 weeks into treatment (mid-RT), 

and (3) within 2 weeks after completion of RT (post-RT). Patients receiving TMZ alone 

did not have a mid-RT scan.  

 

 

Figure 6.1: Treatment Schema 
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MRI Acquisition 
 

All scans were obtained using a 3T GE MR scanner with the body coil for 

transmission and an 8-channel phased array coil for reception. 

 

TMZ only Protocol: Exams included T1-weighted sagittal scout (TR/TE = 54/2 

ms), axial T2-weighted fluid attenuated inversion recovery (FLAIR) (TR/TE/TI = 

10002/127-157/2200 ms, matrix = 256x256x48, slice thickness = 3 mm), pre- and post-

contrast T1-weighted spoiled gradient echo (SPGR) (TR/TE = 26/2-8 ms, matrix = 

256x256x64, slice thickness = 3 mm), and six-directional axial diffusion echo-planar 

imaging (EPI) (TR/TE = 5000-10000/63-110 ms, matrix = 128x128 or 256x256, slice 

thickness = 3-5 mm, 21-40 slices, b = 1000 s/mm2) sequences.   

 

TMZ with enzastaurin and TMZ with bevacizumab Protocol: Exams included 

axial T1-weighted pre- and post-Gd 3D T1-weighted inversion recovery SPGR 

(IRSPGR) images (TR =8 ms, TE =3 ms, TI =400 ms, slice thickness =1.5 mm, matrix 

=256 × 256, FOV =241 × 241 mm2, flip 158°), axial T2-weighted FLAIR (TR =9500 ms, 

TE =122 ms, TI =2375 ms, slice thickness =3 mm, matrix =256 × 256, FOV = 241 ×241 

mm2), six directional diffusion tensor EPI (TR = 7,000 ms, TE = 63 ms, matrix size = 256 

x 256, slice thickness = 3 mm, b = 1000 s/mm2, FOV = 220 x 220 mm2, NEX=4) 

sequences.  

 

Data Processing 
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The FLAIR and post-gadolinium T1-weighted images were aligned to the pre-gadolinium 

T1-weighted images using software developed in our laboratory [15].  Anatomical T2-

weighted FLAIR images and post-Gd T1-weighted images were used to define the 

contrast-enhancing lesion (CEL), T2 hyperintense lesion. The non-enhancing lesion 

(NEL) was defined as the T2 hyperintense lesion without the CEL or any resection cavity 

(NEL = T2 hyperintense lesion - CEL).  Figure 6.2 shows an example of the CEL and 

NEL ROIs. 

 

 

Figure 6.2 Creation of CEL and NEL ROIs. 

 

 

 

ADC and FA maps were calculated on a voxel-by-voxel basis using software 

developed in-house and were compared to anatomical imaging by rigidly aligning the T2-

weighted (b=0) diffusion image to the T2-weighted FLAIR and applying the 

transformation to the ADC maps.  To facilitate comparison of parameter values between 

patients and time points, normalized ADC maps (nADC) were generated by dividing the 

ADC maps by the mode ADC value from the histogram of values from the entire brain. 
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The latter was found to be a robust representation of the median ADC in normal 

appearing white matter.  The same method was applied to the FA maps to generate 

normalized FA (nFA) maps. 

 

Statistical Analysis 
 

The volumes and histograms of normalized diffusion parameters (i.e. nADC, 

nFA) were calculated within the CEL and NEL regions.  Parameters that summarized the 

shape of the histogram and that were considered in the analysis were the median, mode, 

mean, standard deviation, skewness, kurtosis, 10th, 25th, 75th and 90th percentile of the 

distribution. The volume of the region within the T2 lesion that had nADC less than 1.5 

was determined as a measure of the diffusion tumor burden (DTB). The cut-off for 

estimating the diffusion tumor burden (DTB) within the NEL had been established as 1.5 

times the median value of nADC in NAWM from previous studies that found patients 

with larger volumes demonstrated a significantly shorter overall survival [16-17].  The 

percent change for each volume and normalized diffusion parameter was calculated for 

three time point changes: from pre- to mid-RT (pre-mid), as 100 x [mid-pre]/pre; from 

mid-post RT (mid-post), as 100 x [post-mid]/mid; and from pre- to post-RT (pre-post), as 

100 x [post-pre]/pre within the CEL and NEL regions.   

 

Changes in lesion volumes, median and 10th percentile diffusion values were 

assessed using a 2-sided Wilcoxon signed-rank tests. Differences between treatments in 

lesion volumes, median and 10th percentile values, and percent changes at pre-, mid- and 

post-RT were assessed using kruskal-wallis tests.  In cases where significance was found 
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using kruskal-wallis, a pair-wise test was also performed.  Because of the exploratory 

nature of these analyses, no adjustments were made to account for type I error, and a P-

value of <0.05 was considered to be statistically significant.   

 

6.4 Results:  
 

Differences in Anatomic Lesion Volumes: 
 

Comparisons between Therapies: The median volumes (cc) of the CEL and NEL 

at pre-, mid-, and post-RT for patients receiving TMZ only, TMZ with enzastaurin, and 

TMZ with bevacizumab are presented in Table 6.2.  Patients receiving TMZ and 

enzastaurin demonstrated significantly higher CEL volumes at pre-RT compared to 

patients receiving TMZ only and patients receiving TMZ and bevacizumab.  No 

differences in the NEL volume was noted at baseline between the three treatment 

regimens. 

Table 6.2: Volume and percent change in volume of anatomic lesions. 

 

 

 Volume Percent Change in Volume 
Pre-RT Mid-RT Post-RT Pre-Mid Mid-Post Pre-Post 

 
 
 
CEL 

TMZ 
only 

2.83 
(0.14-18.47) 

n/a 2.13 
(0.00-41.27) 

n/a n/a -25% 
(-100-11879) 

TMZ + 
enzastaurin 

6.25 
(0.08-44.74) 

4.06 
(0.10-19.46) 

2.59 
(0.04-29.45) 

-34% 
 (-92-2650) 

-7% 
(-89-1678) 

-42% 
(-99-2750) 

TMZ +  
bevacizumab 

2.75 
(0.19-21.94) 

1.11 
(0.00-17.65) 

0.80 
(0.00-8.72) 

-66%  
(-100-128) 

-43% 
(-100-686) 

-79% 
(-100-92) 

 
 
 
 
NEL 

TMZ 
only 

13.67 
(2.35-93.88) 

n/a 21.27 
(1.04-134.49) 

n/a n/a 20% 
(-89-1572) 

TMZ + 
enzastaurin 

13.48 
(0.83-97.82) 

12.41 
(0.88-77.45) 

14.75 
(2.66-68.52) 

-5%  
(-87-645) 

36% 
(-64-1021) 

49% 
(-80-888) 

TMZ +  
bevacizumab 

23.58 
(1.71-139.34) 

19.90 
(1.45-136.57) 

6.65 
(1.33-39.14) 

-4%  
(-95-591) 

-28%  
(-87-153) 

-55% 
(-93-121) 
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 Comparisons within Therapy: Patients receiving TMZ only did not demonstrate a 

significant change in CEL or NEL volume from pre- to post-RT scans.  Patients receiving 

TMZ with enzastaurin  showed a significant decrease in CEL volume from pre- to mid-

RT (p < 0.0013), but not from mid- to post-RT, with no change in the volume of the 

NEL.  Patients receiving TMZ with bevacizumab showed a  significant decrease in the 

CEL volume from pre- to mid-RT (p< 0.0074), but not from mid- to post-RT. However 

in this case the volume of the NEL showed a significant decrease from mid-to post-RT 

(Wilcoxon sign-rank, p < 0.0006).   

 
 

Comparisons in Percentage Change: Patients receiving TMZ with bevacizumab 

had a significant and more extreme percentage decrease in CEL volume from pre- to mid-

RT (median decrease = -66%) than patients receiving TMZ with enzastaurin (median 

decrease = -34%) (Wilcoxon rank-sum, p < 0.02). These patients also showed a 

significant difference in the percentage change in volume of the NEL lesion between 

mid- to post-RT (median change of -28%, compared with a median change of +36%, 

Wilcoxon rank-sum, p< 0.0001).  Figure 6.3 (top) shows the percent change in NEL 

volume from mid- to post-RT in patients receiving TMZ with enzastaurin and patients 

receiving TMZ with bevacizumab.   
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Figure 6.3: Mid to Post %-change in NEL volume and median nADC 

 

Figure 6.3: Mid to Post % Change in volume of NEL (top) and in median nADC 

(bottom) for patients receiving TMZ with enzastaurin and patients receiving TMZ with 

bevacizumab. 

  

 

Patients receiving TMZ with bevacizumab demonstrated a significant difference 

in the percentage change from pre- to post-RT in CEL and NEL volume (p < 0.0075 and 

p < 0.0004) as compared to patients receiving TMZ only and TMZ with enzastaurin.  

Specifically, patients receiving TMZ with bevacizumab had a larger percent decrease in 

anatomic lesion volume for both CEL and NEL, between pre- and post-RT than patients 

in the other two cohorts (Wilcoxon rank sum, p <.0075; p <0.0004 respectively).  
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Figure 6.4: Pre to post %-change in CEL and NEL by treatment arm 

 

Figure 6.4: Boxplots illustrating pre- to post-RT percent changes in CEL and NEL 

volumes (top) and median nADC (bottom) by treatment arm.   

 

 

Differences in Normalized Apparent Diffusion Coefficient (nADC): 
 

Comparisons between Therapies: The median nADC within the CEL and NEL at pre-, 

mid-, and post-RT for patients receiving TMZ only, TMZ with enzastaurin, and TMZ 

with bevacizumab are presented in Table 6.3. The median nADC of the CEL and NEL at 

pre-RT was not significantly different for the three patient cohorts (kruskal-wallis, p= 

0.2421).   
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Table 6.3: Median and percent change of nADC in anatomic lesions 

 

 

 

 

 

 

 

Comparisons within Therapy Cohorts: Patients receiving TMZ only showed a 

significant increase in median nADC in the CEL and NEL from pre- to post-RT scans (p 

< 0.0001 and p < 0.0053).  Patients receiving TMZ with enzastaurin, showed a significant 

increase in median nADC in the CEL from pre- to mid-RT (p < 0.0443) and from mid- to 

post-RT (p < 0.0002).  The median nADC in the NEL did not change significantly from 

pre- to mid-RT, but increased from mid- to post-RT (p < 0.0315). Patients receiving TMZ 

with bevacizumab showed no significant change in median nADC in the CEL and NEL 

from pre- to mid-RT or from mid- to post-RT.  The 10th percentile data were consistent 

with these results (values not shown).  

 

Comparisons of Percentage Changes: From pre- to mid-RT, patients receiving the 

anti-angiogenic treatments showed a significant difference in the percentage change in 

median nADC within the CEL (TMZ with enzastaurin 9%; TMZ with bevacizumab -5%; 

Wilcoxon rank sum, p<.02). The percentage changes in median nADC within the NEL 

 nADC Percent Change in nADC 
Pre-RT Mid-RT Post-RT Pre-Mid Mid-Post Pre-Post 

CEL TMZ 
only 

1.27 
(0.96-1.87) 

n/a 1.72 
(1.04-2.99) 

n/a n/a 26% 
(-17-111) 

TMZ + 
enzastaurin 

1.32 
(0.82-1.84) 

1.48 
(0.81-2.06) 

1.63 
(0.53-2.49) 

9% 
(-36-59) 

12% 
(-10-207) 

21% 
(-48-98) 

TMZ +  
bevacizumab 

1.33 
(0.70-1.95) 

1.29 
(1.02-2.16) 

1.27 
(0.85-2.00) 

-5% 
(-27-35) 

-2% 
(-49-58) 

-7% 
(-43-186) 

 
NEL TMZ 

only 
1.40 

(1.13-1.95) 
n/a 1.51 

(1.08-2.08) 
n/a n/a 7% 

(-26-56) 
TMZ + 

enzastaurin 
1.34 

(0.91-2.14) 
1.46 

(1.05-2.33) 
1.47 

(1.09-1.93) 
2% 

(-29-37) 
6% 

(-23-35) 
9% 

(-31-45) 
TMZ +  

bevacizumab 
1.47 

(1.16-2.06) 
1.40 

(1.19-1.95) 
1.40 

(1.18-1.92) 
-1% 

(-35-30) 
-2% 

(-33-32) 
-9% 

(-34-30) 
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were smaller (TMZ with enzastaurin  6%; TMZ with bevacizumab -2%; Wilcoxon rank 

sum, p<.02). Figure 6.3 (bottom) shows the percentage change in median nADC in the 

NEL from mid- to post-RT in patients receiving TMZ with enzastaurin and in patients 

receiving TMZ with bevacizumab.   

 

The percentage change in median nADC in the CEL from pre- to post-RT was 

significantly different between the three treatment regimens (kruskal-wallis, p < 

0.00001).  Patients who received TMZ with bevacizumab demonstrated a -7% median 

change in median nADC in the CEL, as compared to patients who received TMZ only 

(26%) and patients who received TMZ with enzastaurin (21%). The percentage change in 

median nADC in the NEL from pre- to post-RT was also significantly different between 

the three treatment regimens (kruskal-wallis, p< 0.0081).  Patients who received TMZ 

and bevacizumab demonstrated a -9% median change in median nADC in the NEL, as 

compared to patients who received TMZ only (7%) and TMZ with enzastaurin (9%).  

Figure 6.4 (bottom) demonstrates the pre- to post-RT percentage change in median 

nADC within the CEL and NEL. 

 

Diffusion Tumor Burden 
The levels of ADC within the CEL and NEL for all three patient cohorts were 

significantly higher than the values in the normal appearing white matter (NAWM). The 

values for the DTB for all three patient populations are listed in Table 6.4.  In patients 

receiving bevacizumab, this volume significantly decreased from mid- to post-RT (p < 

0.0298), which is also the time point showed the greatest decrease in the NEL volume.  

For patients receiving conventional temozolomide only and temozolomide with 



 

 157 

enzastaurin, there was no significant decrease in the DTB from pre- to mid-, mid- to post-

, or pre- to post-RT time points.     

 

 
Table 6.4: Volume of nADC <1.5 within the NEL (Diffusion Tumor Burden) 

DTB = Diffusion Tumor Burden 

 

Differences in Normalized Fractional Anisotropy (nFA): 

 

There were no significant differences in the median or other nFA parameters in 

the CEL and NEL at pre-RT, mid-RT, or post-RT among the three treatment regimens.  

There were no significant changes in median nFA from pre- to mid-, mid- to post-, or 

pre- to post-RT within each individual treatment regimen.  There were no significant 

differences in the percentage change of median nFA in CEL or NEL from pre- to mid-, 

mid-to post-, or pre- to post- amongst the three cohorts.   

 

6.5 Discussion:  
 
Glioblastoma is a highly vascularized tumor that overexpresses VEGF.  

Pathologic angiogenesis driven by misregulation of VEGF is a hallmark of such lesions, 

and there are now therapeutic agents that target different parts of the pathway. Anti-

 Volume Percent Change in Volume 
Pre-RT Mid-RT Post-RT Pre-Mid Mid-Post Pre-Post 

 
 

DTB 

TMZ 
only 

9.95  
(1.41-62.60) 

n/a 7.20  
(0.89-45.34) 

n/a n/a -30%  
(-87-780) 

TMZ + 
enzastaurin 

9.98  
(0.70-61.83) 

8.02  
(0.91-59.29) 

6.71 
 (0.50-41.97) 

-11%  
(-95-152) 

-4%  
(-67-981) 

-17%  
(-78-1037) 

TMZ +  
bevacizumab 

7.77  
(0.56-33.53) 

13.18  
(0.33-46.94) 

4.54  
(0.52-31.12) 

-15%  
(-81-287) 

-21%  
(-82-156) 

-36%  
(-86-301) 
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angiogenic agents have been shown to alter the presentation of contrast enhancement and 

therefore compromise the standard contrast-enhancement based metrics of response to 

therapy [18].  As the interest in integrating these agents into the standard of care in an 

upfront, newly diagnosed setting increases, there is a need to consider alternative metrics 

for assessing response to therapy. While DWI has been shown to detect changes in 

cellularity and tissue disruption following adjuvant chemotherapy in the recurrent setting, 

it is less well understood how these changes compare between therapies and in 

conjunction with changes in anatomic lesion volumes for patients with newly diagnosed 

disease. In the present study, the patterns of changes in anatomic and diffusion imaging 

parameters were compared among patients with newly diagnosed GBM at pre-, mid- and 

post-RT scans for three different treatment regimens.   

 

Previous studies have indicated that anti-angiogenic agents can cause a marked 

decrease in the size of the contrast enhancing lesion on T1-weighted MR images [11, 19]. 

The results of the present study were consistent with these findings, with patients 

receiving TMZ with enzastaurin and TMZ with bevacizumab demonstrating a decrease in 

contrast-enhancement, while patients receiving conventional TMZ alone showing no 

significant change (see Figure 6.5). This is attributed to the combined effects of a 

reduction in blood volume, flow, and vessel permeability that have been reported to be 

associated with anti-angiogenic therapies [11, 20-21]. The patterns of changes that were 

observed in the non-enhancing lesion reflect the differential effects of the two anti-

angiogenic therapies with only the bevacizumab being able to causes a reduction in 

edema. 
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Figure 6.5: Pattern of early changes in contrast-enhancement differ by treatment 
arm. 

 
Figure 6.5: T1-weighted post-contrast images at of three patients receiving different 

treatment regimens. Patients on TMZ with enzastaurin (middle) and TMZ with 

bevacizumab (bottom) significantly decrease in contrast-enhancement, while TMZ alone 

(top) does not. Red arrows highlight the additional comparison from pre- to mid-RT for 

the TMZ with enzastaurin and TMZ with bevacizumab patients. 

 

 

Previous studies of changes in nADC following radiation therapy and 

chemotherapy have reported an increase in the observed values shortly after treatment 

[18-20, 23]. These results are consistent with the findings for the patients receiving TMZ 

alone and TMZ with enzastaurin [11, 22]. For patients receiving bevacizumab, the 

observation of stable nADC and decreased volume of the diffusion tumor burden (volume 
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of nADC < 1.5 within the NEL) suggest that the vascular effects of this treatment 

modulate the expression of radiation damage. This is supported by in vitro data, which 

showed that the addition of bevacizumab to conventional treatment can potentiate the 

response of radiation [25-26]  Since vasogenic edema is known to be associated with high 

VEGF levels and poor outcome, this may confer a therapeutic advantage [27].  

Identifying differing patterns of changes in nADC within the NEL between treatment 

regimens as was seen in this study may help to provide a better understanding of how to 

utilize these new antiangiogenic therapies.   

 

While corticosteroids are traditionally used to treat radiation-induced edema, their 

chronic use is also associated with significant morbidity. Since the majority of patients 

receiving temozolomide and bevacizumab did not receive steroids or were tapering off 

steroids during our study, the decrease in the volume of the NEL and the changes in 

nADC values appear to be a direct effect of VEGF inhibition. A similar effect was seen 

in a recent double-blinded, randomized trial, where Levin et al. showed that all 5 patients 

who were assigned to the bevacizumab treatment group showed a decrease in the volume 

of T2-weighted edema [20]. Even if there is no difference in overall survival for 

bevacizumab in the upfront setting, the observation of a more favorable side effect profile 

may make it an acceptable alternative to the use of steroids in reducing the amount of 

edema caused during RT. 
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6.6 Conclusions: 
 

This study evaluated 99 patients with newly diagnosed GBM on three different 

therapy regimens and found distinct differences in the patterns of changes in volumes of 

anatomic lesions and diffusion parameters during the first two months of treatment. 

Patients treated with radiation, temozolomide and combined antiangiogenic therapy 

showed a decrease in the enhancing volume, but only patients treated with bevacizumab 

demonstrated a significant decrease in the non-enhancing volume from pre- to post-RT. 

Patients receiving temozolomide and enzastaurin or TMZ alone showed a significant 

increased in nADC during radiotherapy, whereas patients receiving bevacizumab had 

stable nADC and decreasing volumes of their diffusion tumor burden. These results 

indicate that imaging biomarkers of response must be tailored to take into account the 

specific treatment regimen being considered. Since nADC provides a quantitative 

measure that is reasonably accessible to clinical exams, it may provide a more reliable 

metric than volumetric T2-weighted hyperintensity when comparing between multiple 

time points or between different therapies. Future studies will determine whether early 

changes in anatomic and diffusion parameters are predictive of 1-year progression-free 

and overall survival, as well as looking at changes in anatomic and diffusion MRI 

parameters at the time of tumor recurrence 
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 : Regional Variation in Histopathologic Features of Tumor CHAPTER 7

Specimens From Treatment-naïve Glioblastoma Correlates with Anatomic 

and Physiologic MR Imaging GBM 

 

In this project, perfusion, diffusion, and anatomic MRI are compared to histologic 

features of tissue samples from treatment-naïve glioblastoma to identify non-invasive 

markers of malignant features in both the contrast-enhancing and non-enhancing lesion.  

This was a large, collaborative project with significant contribution from fields of MR 

research, clinical radiology, pathology, and statistics.  My role in this project was to 

analyze the perfusion data, create the figures and assist in editing for publication, and 

facilitate interface of MRI data and pathology data. This project is highly 

complementarity to Chapter 3. In Chapter 3 we identified DSC post-processing methods 

predictive of vascular histopathology, and in Chapter 7 we find that these vascular 

pathologies are associated with malignant features. The work presented here suggests 

tissue sampling for diagnosis should be guided by physiologic imaging, specifically DSC 

within the CE-lesion and DWI within the NE-lesion. 

This project has been previously published: 

Barajas RF, Phillips JJ, Parvataneni R, Molinaro A, Essock-Burns E, Bourne G, Parsa 

AT, Aghi MK, McDermott MW, Berger MS, Cha S, Chang SM, Nelson SJ. Neuro Oncol 

[accepted May, 2012]  
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7.1 Abstract 
 

Background:  Histopathologic evaluation of glioblastoma (GBM) at initial diagnosis is 

typically performed on tissue obtained from regions of contrast enhancement (CE) as 

depicted on gadolinium-enhanced T1 weighted images.  The non-enhancing (NE) portion 

of the lesion, which contains both reactive edema and infiltrative tumor, is only partially 

removed due to concerns about damaging functioning brain.  The purpose of this study 

was to evaluate histopathologic and physiologic MR imaging features from image guided 

tissue specimens from CE and NE regions to investigate correlations between imaging 

and histopathologic parameters.  

Methods:  119 tissue specimens (93 CE and 26 NE regions) were acquired from 51 

patients with newly diagnosed GBM utilizing stereotactic image-guided sampling.  

Anatomic, diffusion weighted (DW), and dynamic susceptibility weighted contrast 

enhanced (DSC) imaging variables from each tissue sample location were obtained and 

compared with histopathologic features such as tumor score, cell density, proliferation, 

architectural disruption, hypoxia, and microvascular hyperplasia. 

Results:  Tissue samples from CE regions had increased tumor score, cellular density, 

proliferation, and architectural disruption when compared to NE regions.  DSC imaging 

variables such as relative cerebral blood volume, peak height, and recovery factor were 

significantly higher and the percentage of signal intensity recovery was significantly 

lower in the CE compared to NE regions.  DW imaging variables were correlated with 

histopathologic features of GBM within NE regions. 
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Conclusion:  Image-guided tissue acquisition and assessment of residual tumor from 

treatment naïve GBM should be guided by DSC perfusion imaging in CE regions and by 

DW imaging in NE regions.   

  



 

 167 

7.2 Introduction:  
 

Glioblastoma (GBM) is the most common and aggressive primary brain tumor in 

adults and demonstrates heterogeneous imaging characteristics, histological features, and 

clinical outcome.  Despite significant advances in targeted surgical resection and 

conformal radiation therapy GBM remains a uniformly deadly disease with a dismal 

prognosis of less than 10% two-year overall survival (1-6).  The presence of infiltrative 

tumor makes it is difficult to define tumor margins, as regions with malignant features are 

intermingled within functioning brain that cannot be removed without severe detriment to 

the patient.  Although it may be possible to achieve a “gross total resection” of the 

contrast enhancing (CE) component of the lesion, there is often a substantial non-

enhancing (NE) tumor component that is left behind and eventually becomes the site of 

focal recurrence.   

The current standard for diagnosis and evaluation of prognosis for GBM remains 

histopathologic analysis of tumor specimens.  The WHO II diagnostic criteria of GBM 

are based upon the presence of microvascular hyperplasia, cellular proliferation, nuclear 

atypia, architectural disruption, and necrosis (3-6).  Tissue samples are typically obtained 

from the CE component of the tumor (5-8).  There is rarely an examination of 

heterogeneity throughout the entirety of the lesion or an attempt to make direct 

correlations between imaging and histopathological features.  The introduction of MR 

imaging sequences that provide tissue contrast based upon physiologic parameters, such 

as diffusion weighted imaging (DW) and T2* dynamic susceptibility weighted contrast 

enhanced (DSC) perfusion imaging, holds significant promise for identifying 

characteristics of GBM that are representative of biological behavior (7-26).  However, 
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there remains the need to understand the relationship of these physiologic imaging 

measures with standard anatomical imaging parameters and histopathologic 

characteristics so they can collectively be utilized to assess tumor burden (7-11).   

DW imaging derived apparent diffusion coefficient (ADC) and fractional 

anisotropy (FA) values are increasingly utilized in the evaluation of patients with brain 

tumors as these quantitative measures can be obtained in less than five minutes.  ADC 

and FA values have been previously associated with increased cell density and disruption 

of normal tissue architecture (27-30).  Recent studies investigating tissue samples from 

patients with primary cerebral nervous system lymphoma have suggested there is an 

inverse correlation between ADC values and cell density (29-30), but similar studies 

involving specimens from GBM have yielded varied results (30-33).   

DSC perfusion imaging has been widely used to investigate variations in cerebral 

blood volume (CBV), peak height (PH), recovery factor (RF), and percentage of signal 

intensity recovery (PSR) (9-16).   Prior investigations have shown that DSC imaging 

provides quantitative parameters that reflect hemodynamic characteristics of normal and 

tumor microvasculature within the brain and have demonstrated its clinical utility as a 

companion to anatomic MR imaging differentiating GBM from single brain metastasis 

(9-19), predicting glioma grade (19-22), and distinguishing recurrent brain tumors from 

radiation necrosis (34-37). 

The purpose of the current study was to determine whether the differential 

distribution of histological features between tissue specimens that were obtained from CE 

and NE regions of tumor in patients with treatment naive GBM are associated with 
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specific anatomic and physiologic MR imaging parameters.  This investigation utilized 

image guided tumor specimens from patients undergoing initial surgical resection in 

conjunction with a battery of histopathologic tests in order to make direct correlations 

between their biological features and the corresponding in vivo MR imaging parameters. 

 

7.3 Methods: 
 

Patient Population 
A total of 51 adult patients (35 men, 16 women; mean age 64.5, range 33 to 85 

years old) with newly diagnosed GBM were prospectively enrolled from July 2007- June 

2010 into this Health Insurance Portability and Accountability Act compliant, 

Institutional Review Board and Committee on Human Research approved study that was 

in accordance with the ethical standards of the World Medical Association Declaration of 

Helsinki: Research involving human subjects.  Written informed consent was obtained 

from all patients.   

 

Preoperative Imaging Protocol 
Forty six patients underwent preoperative anatomic and physiologic MR imaging 

using a 3T MR scanner (GE Medical Systems, Milwaukee, WI) and five patients were 

imaged on a 1.5T Signa Horizon scanner (GE Medical Systems, Milwaukee, WI).  

Similar MR imaging protocol was utilized: three plane localizer (8.5 ms/1.6 ms, TR/TE), 

sagittal T1-wighted spin echo (600 ms/17ms, TR/TE), axial three dimensional (3D) T2-

weighted fast spin-echo (FSE) (3000 ms/102 ms, TR/TE), axial FLAIR (10,000 ms/148 
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ms/2200 ms, TR/TE/TI), axial DWI (echo-planar; 10,000 ms/99 ms, TR/TE; 3 mm/0 

mm, slice thickness/interslice gap; 256 X 256, matrix size; 24 cm, field of view; 6 

gradient directions, b= 0 and 1000 seconds/mm2), contrast-enhanced 3D spoiled gradient-

recalled acquisition in the steady state (SPGR) T1-weighted (34 ms/8 ms, TR/ TE; 1.5 

mm/0 mm, slice thickness/interslice gap), and T1-weighted post-contrast spin echo 

images (600 ms/17 ms, TR/TE).  In selected cases, 3D H-1 MR spectroscopy (MRSI) 

data were acquired for evaluation of tumor metabolism and contributed to the site 

selection for obtaining tissue samples that were likely to represent tumor, based upon the 

choline to N-acetyl aspartate (NAA) index (CNI) being greater than 2 standard deviations 

above normal (12, 38-39). 

Axial DSC imaging was performed utilizing a series of T2* gradient-echo echo-

planar images (flip angle= 35° or 60°; 54-56/1250-1500 ms, TE/TR; 128 X 128, matrix 

size; 26 X 26 cm field of view; 8-12 slices, 3-4 mm slice thickness) acquired immediately 

before, during, and after (total of 60-80 time points) intravenous administration of 

gadopentetate dimeglumine (0.1 mmol/kg, Gd-DTPA; Magnevist, Bayer HealthCare 

Pharmaceuticals Inc.) with an MR-compatible power injector (Medrad, Spectris Solaris, 

Indianola, Pa) at a rate of 4-5 ml/second through a 20 gauge angiocatheter, followed by 

20 ml of continuous saline flush.  The first 10 echo-planar imaging acquisitions were 

performed before the injection of Gd-DTPA to establish a pre-contrast baseline.  The 

region selected for DSC imaging coverage included the entire tumor volume as 

determined by T2-weighted FLAIR and FSE images.  A TE of 54 ms and flip angle of 

35° were selected to maximize the effect of susceptibility changes while minimizing T1 

effect during the first pass of contrast agent.     
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Physiologic MR Image Processing 
Post-contrast T1 weighted 3D SPGR images, T2-FLAIR images, DSC perfusion 

images, and DW images, and, where available, H-1 MRSI data were transferred to a 

commercially available linux workstation where they were processed and co-registered as 

described previously (40).  The accuracy of co-registration was manually verified by 

visual inspection. 

DSC and DW image analysis was performed using software developed by our 

group (14, 40-41).  The T2* dynamic signal intensity time curves acquired during the 

first pass of the gadolinium bolus were converted into dynamic ΔR2* curves and re-

sampled to match the spatial resolution of the anatomic imaging series.  Peak height (PH) 

was defined as the maximum ΔR2* value of the first-pass curve.  Percentage of signal 

recovery (PSR) was calculated as the difference between the PH value and the average 

values of the final five time points in the dynamic ΔR2* series divided by the PH value.  

CBV and recovery factor (RF) maps were calculated on a voxel-by-voxel basis utilizing a 

modified gamma-variate function that takes into account leakage of the contrast agent 

(14, 40-41).  DW images were used for the production of ADC and FA maps on an 

automated voxel-by-voxel basis.  Several of the physiologic MR imaging parameters 

were normalized by dividing the estimated values in normal appearing white matter 

(NAWM) from the contralateral hemisphere before comparing with the histological data 

(rCBV, rPH, rADC, rFA).   
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Preoperative Tumor Tissue Site Selection and MR Imaging Analysis  
Anatomic and physiologic MR images were used to guide the prospective 

selection of tissue sampling sites within the T2 FLAIR and FSE hyperintense portion of 

the tumor.  Tissue sampling sites were preoperatively planned and marked on the 

anatomical images that were used by the surgical navigation workstation (Brainlab, 

VectorVision Navigation System; Medtronic, Stealth Station).  Criteria used to plan sites 

were based upon results from previous studies as having either rPH >3, ADC<1200, or, 

when MRSI data was available, CNI>2 (14, 19, 32-33, 38-39, 42-43).  The tissue targets 

were marked on the anatomic images to be used by the surgeon for intraoperative sample 

localization.  Requested tissue sampling sites were obtained more than 85% of the time 

with at least one requested tissue sampling site for all patients being sampled, however, it 

was not always possible to match all the requested tissue targets so the actual locations of 

the acquired tissue sample were saved on the surgical navigational system as both 

screenshots and as a list of image coordinate values.  The tissue coordinates were 

subsequently used to define spherical regions of interest (ROIs) with a 5 mm diameter 

and used to record corresponding values of anatomic and physiologic MR imaging 

parameters.  Accurate co-registration of intraoperatively generated screen shots that 

defined the tumor specimen site and the corresponding ROI were reviewed by a 

neuroradiologist, who was blinded to other patient data.  The median intensity values for 

each of the relevant imaging parameter within the sample ROIs were determined for the 

subsequent imaging analysis using automated software developed in our research group. 
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Intraoperative Tissue Collection and Histopathologic Tumor Analysis 
After removal from the brain, tissue specimens were divided in half with one-half 

snap frozen in liquid nitrogen, for potential future studies, and one-half immediately 

placed in Zinc-formalin for 4-6 hours, dehydrated in a series of graded alcohols, and 

infiltrated with low temperature paraffin for histological analysis.  Sections from the 

tissue specimens were stained with hematoxylin and eosin (H&E) or immunostained 

using an automated immunohistochemical (IHC) tissue staining process (Ventana 

Medical Systems Benchmark XT).  Digital images were captured with a microscope 

(Olympus, Model BX41TF) and digital microscope camera (Olympus, Model DP70).  

For each tissue specimen, the presence of tumor cells was scored based upon 

review of H&E stained sections by a neuropathologist as follows:  0, no tumor present; 1, 

infiltrating tumor margin; 2, infiltrating cellular tumor; 3, highly cellular infiltrating 

tumor involving greater than 75% of the tissue.  Tumor cells were identified based upon 

morphologic features including cytologic atypia, enlarged nuclear to cytoplasmic volume 

ratio, and hyperchromasia.  The cumulative extent of necrosis was scored as follows:  0, 

no necrosis; 1, focal necrosis involving less than 50% of the tissue area; 2, extensive 

necrosis involving greater than or equal to 50% of the tissue area.   

The degree of microvascular hyperplasia, hypoxia, and architectural disruption 

was qualitatively measured using IHC stained sections for Factor VIII, CA-9, and SMI-

31, respectively, using an ordinal scale of immunoreactivity.  For Factor VIII staining, 

the presence of specific microvascular elements were scored as follows:  0, delicate 

microvasculature only; 1, simple hyperplastic structures identified (hyperplastic 

capillaries with definitive lumen); and 2, complex microvascular hyperplasia 



 

 174 

(circumferential multi-layered and glomeruloid type vessels).  The contribution of each 

type of microvascular element to the overall vascularity was scored as follows: 0, not 

present; 1, present but not predominant; and 2, predominant.   

The degree of hypoxia, as denoted by CA-9 (carbonic anhydrase-IX) positivity, 

was scored using a three tiered system:  0, no positive staining; 1, less than 10% of the 

tissue; 2, greater than or equal to 10% of the tissue but less than 25%; 3, greater than or 

equal to 25% of the tissue is CA-9 positive.  The CA-9 gene has a hypoxia-responsive 

element in its promoter and its expression at the protein level is commonly used as a 

marker for hypoxia.  To assess the degree of architectural disruption we performed 

immunohistochemistry with SMI-31, an antibody against a phosphorylated neurofilament 

epitope in thick and thin axons, and scored the samples based on the extent of SMI-31 

staining as follows:  0, no disruption of the normal architecture; 1, minimal disruption; 2, 

mild disruption; and 3, severe disruption with no residual SMI-31 immunostaining.   

The total number of cells and the total number of Ki-67 stained cells was 

quantified in 3-5 separate fields at 20x magnification to assess total cell number and 

standardized proliferation index.  A minimum of 400 nuclei were counted per sample.  

An attending neuropathologist with greater than 10 years experience and who was 

blinded to the results of MR imaging, performed all quantitative and qualitative 

histopathologic assessments.  All of the tissue specimens were of sufficient size and IHC 

staining quality to be included for analysis.  
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Statistical Analysis  
 

There were three components to the analysis: 1) assessing intra-tumor variation 

for each histopathologic and MR imaging variable, 2) assessing whether MR imaging 

parameters (perfusion, diffusion, and anatomic) were predictive of GBM histopathology; 

and, 3) evaluating associations within histopathology features and in-vivo MR imaging 

parameters.      

  

Association of Histopathology Characteristics and MR Imaging Variation Within Tumor 

Specimen Regions:  Mixed-effects modeling was performed to estimate the coefficient of 

intra-tumor variation (as measured in CE versus NE regions) for each histopathologic and 

MR imaging variable in the subset of patients who had tumor specimens from both 

regions.  For each continuous variable the initial model included a fixed effect for each 

tissue specimen site and a random effect for each patient. This model can be written as: 

 

ikkjiijkibjijky ,...,1;2,1;51,...,1; ===++= εβ  

 

where yijk is the histopathologic or imaging value of the ith subject, in the jth tumor 

specimen region, for the kth biopsy;  βj is the tumor specimen specific intercept; and ε is 

the residual.  This model assumes that bi~Ν(0,σb
2) and εijk~ Ν(0,σ2).  The assumptions of 

normality for the random effects were verified with quantile-quantile plots.  For some 
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histological and MR imaging variables, plots of residuals against fitted values 

demonstrated heteroscedasticity within tumor specimen regions.  In those cases, the 

model was adjusted to account for unequal variances within tumor specimen regions.  

Interactions between the fixed and random effects were also investigated.  Models were 

pair-wise compared and the coefficient/p-value for the best model is reported.  The R 

Language and Environment for Statistical Computing and NLME package were used for 

the continuous-valued outcome mixed effect models.  

To compare the ordinal histopathology variables between CE and NE tumor 

specimen regions we employed a proportional odds logistic regression model with 

repeated measures to model the probability of observing a lower versus higher response. 

This model is written as: 

 

,1,...,1;35,...,1;''')],([log −==+Ζ++=ΖΧ≤ ckiibijzijijxkiiijkYPit ββακ  

  

where c is the total number of levels of the ordinal variable, Хi is the design matrix for the 

fixed effects and Ζi for the random effects; xij and zij are rows corresponding to the jth 

biopsy region; and β & bi are the vectors of fixed and random parameters.  The intercepts 

are fixed and category dependent.  The odds ratio and p-value for each variable is 

reported.  The ordinal-valued outcome mixed effect models were analyzed with PROC 

GENMOD in SAS v.9.2.  
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Predictive Ability of MR Imaging Parameters Separately by Tumor Specimen Region:  

The primary analysis focused on whether anatomical, diffusion, or perfusion parameters 

(rT1C, rFSE, rFLAIR, rFA, rADC, rCBV, rPH, PSR, or RF) were predictive of malignant 

glioma histopathology as assessed by tumor cellularity (H&E), proliferation (Ki-67), 

overall cell density (H&E), necrosis (H&E), microvascular hyperplasia (Factor VIII), 

hypoxia (CA-9), architectural disruption (SMI-31), or microvascular morphology 

(delicate, simple, complex; Factor VIII) in each region.  Univariate mixed effects linear 

models were fit as described above were used with each histopathology feature as the 

outcome and the imaging parameter as a fixed predictor adjusting for the patient effect.  

For models involving continuous outcomes, the coefficients were reported if they were 

statistically significant at P≤ 0.05 and if the within-tumor residual variance decreased at 

least 5% when compared to the unconditional means model.  Each association was also 

assessed by randomly selecting one sample per patient and calculating a Kendall’s Tau 

correlation coefficient (τ).  This sampling process was repeated 100 times.  A strong 

correlation was identified if the corresponding p-value for τ was significant at P≤ 0.05 in 

70% of the 100 samples.  The median τ and p-value is reported when a correlation did not 

exist linearly.  Imaging parameters statistically significant at P≤ 0.15 were modeled pair-

wise with and without interaction.  These models were compared to the univariate model 

to confirm if the additive effect strengthened the model.    

 

Associations Among Histopathology Scores and MR Imaging Separated by Tumor 

Specimen Region:  Exploratory associations were estimated within histopathology 

features and within in-vivo MR imaging parameters stratified by tissue sample regions.  
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Univariate mixed effects linear models were fit as described above.  Only associations of 

the following MR imaging variables are summarized: rT1c, rFSE, rFLAIR, rCBV, rADC, 

and rFA.  Hypoxia, necrosis, and complex vessel scores were excluded from analyses 

involving NE regions because there were a relatively small number of non-zero values. 

 

 

7.4 Results:  
 

A total of 119 image-guided tissue specimens were obtained from regions of 

suspected tumor during surgical resection of 51 patients who were assessed as having 

newly diagnosed GBM.  Ninety three tissue specimens were obtained from CE regions 

and 26 from NE regions.  The analysis of DSC perfusion data was limited to patients 

imaged with a flip angle of 35º to minimize T1 signal intensity effects during the first 

pass of the contrast agent (N= 35, Total number of tissue samples= 72). 

 

Differential Distribution of Histopathologic Features Within CE and NE Regions 
 

Summary statistics for regional histopathology features obtained from this cohort 

are presented in Table 7.1 and Figure 7.1.  Eighty one percent of NE tissue specimens 

and 90% of CE tissue specimens contained tumor.  Considering that the surgeon was not 

always able to sample the requested location, the high tumor identification rate indicated 

that the imaging criteria used for tumor targeting were highly effective.  Tissue 
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specimens obtained from CE regions had significantly increased tumor score (P= 0.04) 

and architectural disruption as demonstrated by SMI-31 (P= 0.05) when compared to NE 

regions.  Proliferation and tumor cell density were also found to be elevated within CE 

regions (proliferation mean of 15.8% versus 4.6%, P= 0.04; tumor cell density mean of 

268 versus 146, P= 0.007).  The relative contribution of delicate vascular morphology 

was higher in NE tumor tissue regions (P = 0.01).  As is shown in Figure 7.1, there were 

relatively few samples from NE regions with complex microvascular hyperplasia, 

hypoxia, and necrosis (19%, 4% and 0% respectively). 
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Figure 7.1: Frequency distribution of histopathologic features of GBM among 
contrast-enhancing and non-enhancing regions. 

 

Figure 7.1:. Histopathologic features were noted to be heterogeneously distributed within 

both enhancing and non-enhancing regions.  Bar graphs of the entire cohorts 

histopathological features demonstrates significantly increased distribution of tumor 

score, architectural disruption, and complex vascular hyperplasia morphology within 

contrast enhancing regions when compared to non-enhancing biopsy regions (P< 0.05).  

Delicate vascular morphology distribution was increased within non-enhancing biopsy 

regions when compared to contrast enhancing regions (P= 0.01).  The distributions of 

overall vascular hyperplasia and simple microvascular hyperplasia morphology were not 

different between enhancing and non-enhancing regions.  Hypoxia and pseudopalisading 

necrosis were not observed in non-enhancing regions. 
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Table 7.1: Regional histopathological summary statistics and differential regional 
expression 

 

Regional Histopathological Summary Statistics and Differential Regional 
Expression 

Categorical Features 

Histologic 

Value 

Tissue 

Region 

Pt 

# 

TS 

# 

Frequency 

Distribution (%) 
Random Effect Model Analysis 

0 1 2 3 # Pairs 
Odds 

Ratio 

95% Confidence 

Interval 
P-Value 

Tumor 

Score 

NE 20 26 19 35 27 19 
16 2.6 1.1 6.6 0.04 

CE 47 90 10 18 28 44 

Necrosis 
NE 20 26 100 0 0 NA 

17 NA NA NA NA 
CE 48 92 69 22 9 NA 

Hypoxia 
NE 20 26 96 0 0 4 

16 NA NA NA NA 
CE 47 89 45 17 18 22 

AD 
NE 20 26 35 31 23 12 

16 2.8 1 7.7 0.05 
CE 46 88 17 19 22 42 

Total 

MVH 

NE 20 26 35 46 19 NA 
16 2.5 1 6.2 0.06 

CE 47 89 22 44 34 NA 

Delicate 

MVH 

NE 20 26 4 15 19 62 
16 0.3 0.1 0.8 0.01 

CE 47 89 18 3 25 27 

Simple NE 20 26 31 35 15 19 16 2 0.8 5.2 0.15 
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MVH CE 47 89 18 26 26 30 

Complex 

MVH 

NE 20 26 81 11 8 0 

16 NA NA NA NA 
CE 47 89 60 16 10 14 

Continuous Features 

Histologic 

Value 

Tissue 

Region 

Pt 

# 

TS

# 
Min Median Max SD # Pairs B 

95% Confidence 

Interval 
P-Value 

Proliferation 
NE 20 26 0.0 4.6 26.7 7.3 

16 5.9 0.2 11.6 0.043 

CE 47 89 0.0 15.8 59.2 13.9 

Tumor Cell 

Number 

NE 20 26 66.5 145.5 474 88.7 

17 103 30.6 175.1 0.007 

CE 48 91 43.0 267.8 921 165.9 

Note:  Regional summary statistics of histopathological values obtained from contrast enhancing (CE) and 

non-enhancing (NE) regions.  The  estimated difference in effect between the two regions (NE as baseline) 

are summarized by the odds ratio/p-value from a random effects model.  Tumor score:  0, no tumor 

present; 1, infiltrating tumor margin; 2, infiltrating cellular tumor; 3, highly cellular infiltrating tumor 

involving greater than 75% of the tissue. Necrosis:  0, no necrosis; 1, focal necrosis involving less than 

50% of the tissue area; 2, extensive necrosis involving greater than or equal to 50% of the tissue area.  

Hypoxia: 0, no positive staining; 1, less than 10% of the tissue; 2, greater than or equal to 10% of the tissue 

but less than 25%; 3, greater than or equal to 25% of the tissue is CA-9 positive. AD:  0, no disruption of 

the normal architecture; 1, minimal disruption; 2, mild disruption; and 3, severe disruption with no residual 

SMI-31 immunostaining.  Total MVH:  0, delicate microvasculature only; 1, simple hyperplastic structures 

identified (hyperplastic capillaries with definitive lumen); and 2, complex microvascular hyperplasia 

(circumferential multi-layered and glomeruloid-type vessels).  Relative contribution of each vascular 

morphology (Delicate, Simple, Complex) to total vascularity within the sample: 0, no contribution; 1, 

minimal; 2, prevalent; 3, predominant. Proliferation is based on total number of Ki-67-positive cells 

relative to total number of cells in 3-5 separate fields at 20x magnification. Tumor cell number:  Total cells 

per field at 200x magnification.  AD denotes architectural disruption.  Pt # denotes number of patients.  TS 

# denotes number of tissue samples.  NA denotes not applicable.   
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Differential Distribution of MR Imaging Parameters Within CE and NE Regions 
 

Summary statistics for regional anatomic and physiologic MR imaging values 

obtained from this cohort are summarized in Table 7.2 and Figure 7.2.  Compared to NE 

regions, tissue specimens obtained from CE regions demonstrated significantly higher 

levels of rT1C, rFSE, rCBV, rPH, and RF (P< 0.01).  As expected, PSR was found to be 

significantly lower within CE regions when compared to NE regions (P= 0.007).  The 

distributions of rADC, rFA, and rFLAIR were not found to be different between CE and 

NE regions.   

 

 

Table 7.2: Regional anatomic and physiologic MR imaging values: summary statistics 
and differential regional expression 

 

Table 7.2: Regional Anatomic and Physiologic MR Imaging Values: Summary 

Statistics and Differential Regional Expression 

 
Summary Statistics Mixed Effects Model 

MRI 

Value 

Tissue 

Region 

Pt 

# 

TS 

# 

Min Median Max Std 

Pair 

# 

B 
95 % Confidence 

Interval 

P 

value 

to m
i  rT1C NE 20 26 0.60 0.92 1.42 0.21 17 0.4 0.2 0.7 0.004 
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CE 48 93 0.55 1.29 2.61 0.46 

rFSE 
NE 20 26 0.94 1.57 4.36 0.92 

17 0.7 0.2 1.3 0.007 
CE 48 93 0.38 1.94 6.34 0.92 

rFLAI

R 

NE 20 26 0.71 1.42 2.35 0.37 

17 0.1 -0.1 0.3 0.569 
CE 48 93 0.83 1.50 2.94 0.41 

D
SC

 P
er

fu
si

on
 

rCBV 
NE 11 15 0.47 1.64 2.77 0.70 

7 0.9 0.4 1.4 0.003 
CE 29 52 0.45 2.29 8.61 1.50 

rPH 
NE 12 17 0.49 1.48 4.06 0.86 

8 0.6 0 1.1 0.046 
CE 30 53 0.27 1.67 6.74 1.08 

PSR 
NE 12 17 77.5 94.5 99.5 5.9 

8 -19.6 -31.9 -7.4 0.007 
CE 30 53 34.5 78.5 96.5 16.9 

RF 
NE 11 15 0.89 2.65 3.75 0.85 

7 2.6 1.2 4 0.002 
CE 29 52 0.37 3.60 13.15 3.01 

D
iff

us
io

n 

rADC 
NE 19 24 0.86 1.09 2.34 0.37 

16 0.2 -0.1 0.5 0.156 
CE 47 90 0.35 1.43 3.69 0.48 

rFA 
NE 19 24 0.37 1.03 2.37 0.50 

16 -0.2 -0.4 0.1 0.224 
CE 47 90 0.21 0.68 2.50 0.36 

Note:  Regional summary statistics of anatomic and physiologic MRI values based on contrast enhancement 

(CE) or non-enhancement (NE).  The estimated difference in effect between the two regions (NE as 

baseline) are summarized by the coefficient/p-value from mixed effects models.  Relative values are 

indicated by prefix r, which indicates tumor value divided by contralateral white matter value.  rFLAIR= 

relative FLAIR T2 hyperintensity value, rT1C= relative T1 enhancing value, rFSE= relative fast spin echo 

T2 hyperintensity value, rCBV= relative cerebral blood volume, rPH= relative peak height, PSR= 

percentage of signal intensity recovery, RF= Recirculation factor,  rADC= relative apparent diffusion 

coefficient, rFA= relative fractional anisotropy,  Min= minimum value within region of interest,  Pt # 

denotes number of patients,  TS # denotes number of tissue samples, Max= maximum value within region of 
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interest, Std= standard deviation. 

 

 

Figure 7.2: Distribution of DSC perfusion, diffusion, and anatomic T1 and T2 
weighted MR imaging characteristics among contrast enhancing and non-enhancing 

regions. 

 

Figure 7.2: Histograms as a distribution of the entire cohort’s MR imaging values 

demonstrates significantly elevated rT1C, rFSE, rCBV, rPH, RF values within contrast 

enhancing regions when compared to non-enhancing regions (P<0.01).  Mean PSR values 

were significantly lower within contrast enhancing regions when compared to non-

enhancing regions (P<0.01).  rADC, rFA, and rFLAIR were not observed to be 

differentially distributed between contrast enhancing and non-enhancing regions. 
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Association of Histology and MR Imaging Parameters Within CE Tumor Regions 
 

 Table 7.3 summarizes the statistically significant associations between MR 

imaging and histopathology parameters in samples from CE tumor regions (detailed 

results are shown in Supplemental Table 7.6).  Univariate mixed effects model analyses 

demonstrated that tumor score was associated with rFLAIR, rCBV, rPH, and RF (P= 

0.01, 0.003, 0.011 and 0.015).  Microvascular hyperplasia and proliferation were 

associated with rT1C, rCBV, and rPH (P= 0.027, 0.005 and 0.005; Figure 7.3).  Tumor 

cell density was associated with rCBV and rPH (P= 0.01).  Necrosis was associated with 

rCBV (P= 0.003) and delicate vasculature was inversely associated with rT1C (P= 

0.033).  There were no significant univariate relationships observed between 

histopathologic features and PSR, rFSE, rADC, or rFA parameters within CE regions.   

Pairwise models of rFLAIR with perfusion parameters rCBV (Odds Ratio; OR= 

2.38, P= 0.10), rPH (OR= 2.46, P= 0.002), or RF (OR= 0.85, P= 0.044) were predictive 

of tumor score.  Additional pairwise predictive models of tumor score included RF with 

rCBV (OR= 2.26, P= 0.003) and RF with rPH (OR= 2.74, P= 0.03).  Pairwise models of 

rT1C with rCBV (OR= 1.88, P= 0.007) and rT1C with rPH (OR= 2.43, P= 0.002) were 

predictive of microvascular hyperplasia. 
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Table 7.3: Association between key histopathologic and in vivo MR imaging parameters. 

 

Table 7.3: Associations Between Key Histopathologic and In Vivo MR Imaging 
Parameters 

 

CE Region NE Region 

rT1
C 

rFS
E 

rFLAI
R 

rCB
V 

rP
H 

R
F 

rAD
C 

rF
A 

rT1
C 

rFS
E 

rFLAI
R 

rCB
V 

rP
H 

R
F 

rAD
C 

rF
A 

Tumor 

score 
  

- + + - 
   

- 
  

+ 
 

- 
 

Proliferatio

n 
+ 

  
+ 

      
- 

   
- 

 
Total MVH + 

  
+ + 

           
Delicate 

MVH 
- 

       
+ 

      
+ 

Simple 

MVH 
    

+ 
           

Necrosis 

   
+ 

            
TCN 

   
+ + 

       
+ 

   
AD 

            
+ 

 
- + 

Note:  Statistically significant (P< 0.05) associations observed between histopathologic and MR imaging 

parameters.  + denotes a positive correlation.  – denotes inverse correlation.  AD denotes architectural 

disruption.  Total MVH denotes all microvascular hyperplasia including both simple and complex. Tumor 

cell density denotes mean tumor cell number per 200x-microscopic field.  Tumor cell density denotes mean 

tumor cell number per 200x-microscopic field. TCN= tumor cell number per high power field.  CE denotes 

contrast enhancing.  NE denotes non-enhancing. 
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Figure 7.3: Regional correlation between histopathologic features of GBM and 
physiological MR imaging within contrast enhancing regions. 

 

 

Figure 7.3: Site of 2 tumor samples (colored circles; A) Green, B) Yellow) planned on 

axial T1 weighted MR images (column 1), co-registered CBV maps and average dynamic 

ΔR2*-time curve within the tissue sample region (column 2 and 3), and histopathological 

features (column 4, microvascular hyperplasia; column 5, cellular proliferation) 

demonstrates significant correlation between perfusion MR imaging, microvascular 

hyperplasia, and cellular proliferation within contrast enhancing regions.  Contrast 

enhancing regions with elevated microvascular hyperplasia and cellular proliferation (A) 

demonstrated elevated rCBV and rPH values (insert, column 3) when compared to 

similar appearing contrast enhancing regions which demonstrate less aggressive tumor 

features (B). 

 

 

Association of Histology and MR Imaging Parameters Within NE Tumor Regions 
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The associations between MR imaging and histopathologic features in NE regions 

are summarized on the right hand side of Table 7.3 (detailed results are shown in 

Supplemental Table 7.7).  Inverse associations were observed for tumor score with rFSE 

and rADC (P= 0.03 and 0.02) as well as proliferation with rFLAIR and rADC (P= 0.01; 

Figure 7.4).  Architectural disruption (SMI-31) was inversely related to rADC (P= 0.005; 

Figure 7.4) but positively correlated to rFA and rPH (P= 0.035 and 0.038).  Tumor cell 

density was associated with increasing rPH (P= 0.05), while delicate microvasculature 

was found to be positively associated with rT1C (P= 0.03) and rFA (P= 0.009).  

 

Figure 7.4: Regional correlation between histopathologic features of GBM and 
physiological MR imaging within non-enhancing regions. 

 

Figure 7.4: Site of 2 tumor samples (colored circles; A) Violet, and B) Blue) planned on 

axial T1 weighted MR images (column 1), co-registered DW maps (column 2), and 

histopathologic features (column 3, architectural disruption; column 4, cellular 

proliferation) demonstrates significant inverse correlation between diffusion weighted 

MR imaging, architectural disruption, and cellular proliferation within non-enhancing 

regions.  Non-enhancing regions with increased architectural disruption and cellular 
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proliferation (B) demonstrated decreased rADC values (insert; column 2) when compared 

to similar appearing non-enhancing regions which demonstrate less aggressive tumor 

features (A). 

 

 

Associations Between Histology Parameters  
 

The potential interactions between histopathologic features within each tumor 

region are summarized in Table 7.4 (Details shown in Supplemental Table 7.8).  No 

assessment was made for complex microvascular morphology because the number of 

samples with positive scores was relatively small (41% for CE and 20% for NE regions).  

Within CE tissue specimens, all histopathologic features, except for delicate vasculature, 

were positively associated with tumor score, proliferation, and total microvascular 

hyperplasia.  Delicate microvascular morphology was inversely associated with tumor 

score, proliferation, total microvascular hyperplasia, and necrosis within CE tissue 

specimens.  Additionally, CE tissue specimens demonstrated a positive association 

between hypoxia, architectural disruption, simplex microvascular morphology, and 

necrosis.  

Relationships between proliferation, microvascular hyperplasia, architectural 

disruption, and simplex vasculature scores were similar in NE tissue specimens, however, 

a low number of positive scores for necrosis and hypoxia (0% and 4%) precluded 

evaluation of these features.  NE tissue specimens lacked a significant association of 
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delicate microvascular morphology with other histopathologic features and for tumor cell 

density with proliferation or microvascular hyperplasia. 

 

 

Table 7.4: Correlations between key histopathologic features. 

 

Table 7.4: Correlations Between Key Histopathologic Features 

 

CE Tissue Specimen NE Tissue Specimen 

Tumor 

Score 
Proliferation 

Total 

MVH 
Necrosis 

Tumor 

Score 
Proliferation 

Total 

MVH 
Necrosis 

Tumor 

Score         
Proliferatio

n + 
   

+ 
   

Total MVH + + 
  

+ 
   

Necrosis + + + 
 

NA NA NA 
 

CA9 + + + + NA NA NA NA 

AD + + + + + + + NA 

TCN + + + 
    

NA 

Delicate 
MVH - - - - 

   
NA 

Simple 
MVH + + + + + + + NA 

Note:  Statistically significant (P< 0.05) associations observed between histopathologic features of GBM.  
+ denotes a positive correlation.  – denotes inverse correlation.  AD denotes architectural disruption.  Total 
MVH denotes all microvascular hyperplasia including both simple and complex. Tumor cell density 
denotes mean tumor cell number per 200x-microscopic field.  TCN= tumor cell number per high power 
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field.    CE denotes contrast enhancing.  NE denotes non-enhancing.  NA denotes not applicable.   

 

Associations Between MR Imaging Parameters 
 

Associations among MR imaging parameters are summarized in Table 7.5 

(Details are shown in Supplemental Table 7.9).  rFSE and rFLAIR were associated 

within CE and NE regions.  rT1C was inversely associated with rFSE and rFLAIR only 

within NE regions.  rCBV was positively associated with rPH and inversely associated 

with rADC in CE and NE regions.  rCBV was associated with rT1C only in CE regions.  

rADC was positively associated with rFSE and inversely associated rFA in CE and NE 

regions.  Similar parameters from the same imaging modality such as rCBV and rPH 

were positively related, and PSR was inversely related with RF for CE and NE regions.   

 

Table 7.5: Correlations between key in vivo MR imaging parameters. 

 

Table 7.5: Correlations Between Key In Vivo MR Imaging Parameters 

 

CE Region NE Region 

rT1C rFSE rCBV rADC rT1C rFSE rCBV rADC 

rT1C 
  

+ 
  

- 
  

rFSE 
   

+ - 
  

+ 

rCBV + 
  

- 
   

- 

rADC 
 

+ - 
  

+ - 
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Note:  Statistically significant (P< 0.05) associations observed between anatomic and 
physiologic MR imaging parameters.  + denotes a positive correlation.  – denotes inverse 

correlation.  rT1C denotes  relative quantitative contrast enhancement.  rFSE denotes  relative 
quantitative T2 hyperintensity.  rCBV denotes relative cerebral blood volume.  rADC denotes 

relative apparent diffusion coefficient.  CE denotes contrast enhancing.  NE denotes non-
enhancing. 

 

 

7.5 Discussion:  
 

In this study we prospectively collected tissue specimens from CE and NE regions 

in patients with untreated GBM utilizing MR image-guided neurosurgical techniques to 

evaluate their physiologic MR imaging and histopathological characteristics and to assess 

the correlation of in vivo MR parameters with histological features of GBM.  We 

observed that a number of histopathologic features and quantitative MR imaging 

parameters differ between CE and NE regions.  These variables also demonstrate 

significant correlations suggesting that DSC perfusion and DW MR imaging are capable 

of detecting heterogeneous histopathologic features within anatomically distinct portions 

of treatment naive GBM. 

The results of our study suggests the tissue sampling site criteria of either 

rCBV>3, ADC<1200, or CNI>2 within CE and NE regions proved to be highly effective 

in identifying tumor containing regions for patients with treatment naïve GBM.  This is 

of particular interest for defining tumor burden in NE regions, where being able to 

distinguish reactive edema from biologically active infiltrative tumor is clinically 

important.  Previous studies in patients with newly diagnosed GBM have shown that 

increased volumes of ADC< 1200 or CNI> 2 within the T2 hyperintense lesion were 
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associated with poor overall survival prior to initial surgical resection (42).  Additionally, 

Saraswathy et al have demonstrated that increased volumes of these three physiologic 

MR parameters within the T2 hyperintense lesion at the post surgery and pre-treatment 

examination are associated with decreased survival (43).  Future studies will follow up on 

these findings by considering these measures as candidates for defining physiological as 

opposed to anatomical tumor burden in serial studies of response to therapy. 

From the comparison of histological parameters within CE versus NE regions, it 

was clear that the hallmark histopathologic features of GBM, including necrosis and 

complex microvascular hyperplasia, were present in a significant number of CE regions 

but either absent or rare in NE regions.  Despite this, the majority of NE regions (81%) 

did contain tumor cells as indicated by a positive tumor score.  Additionally, a median 

Ki-67 score of 4.55% was observed among the NE regions.   Interestingly, the hypoxia 

score was zero for all except one of the NE tumor specimens.  Give that well oxygenated 

tissues are more sensitive to radiation damage, this finding raises the possibility that 

tumor in NE regions of GBM is more effectively treated by radiation or DNA damaging 

chemotherapies than tumor in CE regions.  This has significant implications for planning 

boost volumes for radiation therapy.  Of further interest in designing therapy protocols is 

the presence of simple microvascular hyperplasia in 65% of the samples from NE 

regions, which indicates that although there is increased vasculature in these areas, the 

vessel permeability is limited.  

The relationship between increased intra-tumoural perfusion and malignant 

growth has been associated with hypoxic cellular conditions within GBM (44-50).  The 

morphological feature of contrast enhancement on T1-weighted MR imaging, which 
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reflects the disruption of the blood–brain barrier, has previously been thought of as a 

marker of elevated complex microvasculature, but several studies have demonstrated a 

discrepancy between regions of contrast enhancement and microvascular density.  In this 

study, a strong positive correlation was observed for rCBV and rPH in CE regions with 

the histopathologic features of proliferation, cell density, and microvascular hyperplasia.  

This suggests that DSC imaging is capable of capturing a clinically useful, noninvasive 

assessment of the CE lesion for newly diagnosed GBM that can be utilized on an 

individual basis to provide quantifiable biomarkers (7, 13, 19-22, 33, 51-53). 

 The pattern of microvascular proliferation can vary widely in GBM (54-61).  

Areas of infiltrative tumor often contain delicate vasculature that resembles normal 

cerebral vasculature.  Regions with more malignant tumor features contain both simple 

and complex microvascular hyperplasia.  Simple microvascular hyperplasia has been 

characterized by hyperplastic capillaries with increased endothelial cellularity and 

luminal patency (33, 54-61).  Complex microvascular hyperplasia is identified by large 

collections of capillaries with partially to completely thrombosed slit-like lumen resulting 

in minimal perfusion to the surrounding tissue (33, 54-61).  The correlation of rCBV and 

rPH with microvascular morphology suggests that DSC imaging is sensitive to all three 

types of vascular morphology and can used to guide the acquisition of tumor samples, 

irrespective of the patterns of contrast enhancement.    

The results of our study challenge the widely held concept that T2 FSE and 

FLAIR hyperintense non-enhancing regions have limited malignant potential.  By using 

physiologic MR imaging parameters to target tissue specimens from NE regions we were 

able to identify areas with histopathologic features corresponding to biologically active 
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tumor.  Interestingly, rADC and rFSE were found to be associated with tumor score in 

the NE region but this was not the case in CE regions.  This was thought to be due to 

partial volume averaging of tumor and necrosis within voxels that correspond to the CE 

region, which makes the image intensities higher than would have otherwise been 

observed.  Previous investigations have also yielded mixed results.  Sadeghi et al., in their 

investigation of untreated GBM, reported an inverse correlation of rADC with 

microvascular density but no inverse correlation between rADC and tumor cell density in 

their examination of 33 tumor tissue specimens (19).  On the other hand, several other 

groups have reported finding an inverse correlation between rADC and cell density (30-

33).  These conflicting findings are likely due to the differences in sampling strategies for 

obtaining tissue samples, as well as the complex interactions of water diffusivity within 

the heterogeneous cellular environment of GBM. 

Our study was specifically designed to look at regions within the enhancing and 

non-enhancing lesions with physiological imaging parameters that are suggestive of 

tumor. Given that it was not always possible to exactly target the areas requested, as well 

as the differences in scale of the image resolution versus the amount of tissue evaluated 

using histology, the fact that 90% of the enhancing samples and 81% of the non-

enhancing samples had a positive tumor score is encouraging.  To determine whether the 

imaging data can accurately define lesion boundaries would require a sampling strategy 

that also targeted regions of non-enhancing tumor with physiological parameters unlikely 

to correspond to tumor, however, this may not be practical from the patient perspective 

given the risk of taking tissue from regions of normal brain. 
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One limitation of this study is the potential for misregistration between biopsy 

sites and MR images uploaded to the neuro-navigational device theatrically exists when 

significant amounts of brain shift occur.  Such a mismatch could lead to inaccuracy in 

DSC perfusion and diffusion weighted imaging measurements, however, several steps 

were utilized to negate any possible brain shift that may have occurred following dural 

opening.  We sought to minimize significant amounts of brain shift by (a) performing 

accurate intraoperative neuronavigational system registration to the patient’s facial 

anatomy, (b) avoiding substantial loss of cerebrospinal fluid, (c) watching for 

intraoperative brain swelling, (d) testing registration accuracy against visible cortical 

landmarks immediately prior to biopsy sampling, (e) using standardized regions of 

interest of sufficient size to compensate for any minimal shift in brain location. We 

believe that any minimal amount of brain shift that may have occurred prior to biopsy 

sampling did not result in significant sampling error or adversely affect the results of this 

study.  Further prospective studies may consider implementing the use of closed brain 

biopsies to negate this potential limitation. 

Our investigation suggests that the heterogeneous distribution of histopathologic 

features within GBM can be reliably identified by physiological MR imaging.  The 

associations of imaging and histological parameters observed indicate that these 

physiological imaging variables are likely to be of interest for defining residual post-

surgical tumor burden and may need to be considered in expanding the definition of the 

RANO criteria for assessing response to therapy (62). 
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7.5 Conclusions:  
 

We have demonstrated that histopathologic features of GBM are differentially 

expressed between contrast enhancing and non-enhancing components of the tumor.  In 

contrast enhancing regions DSC perfusion MR imaging variables can be used to identify 

tissue specimens with higher tumor proliferation, necrosis, and vascular hyperplasia.  In 

the non-enhancing component of the lesion, diffusion weighted imaging variables are 

able to improve the detection of infiltrating tumor, which may lack some of the 

characteristic histopathologic features of GBM and may therefore respond differently to 

radiation or other types of therapy.    
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7.7 Supplemental Tables: 
 

Table 7.6 (Supplemental): Significant correlations between histopathologic features of 
GBM and MR imaging parameters within CE regions. 

 

Significant Correlations Between Histopathologic Features of GBM and MR 
Imaging Parameters Within CE  Regions 

Histopathologic 

Features 

MR Imaging 

Parameter 

Pt 

# 

TS 

# 
OR 95% CI P  value 

C
at

eg
or

ic
al

 

Tumor 

Score 
rFLAIR 47 90 Kt:-0.28 0.010 

Tumor 

Score 
rCBV 29 52 2.36 1.33 4.18 0.003 

Tumor 

Score 
rPH 30 53 2.16 1.19 3.92 0.011 

Tumor 

Score 
RF 29 52 0.84 0.73 0.97 0.015 

Necrosis rCBV 29 52 1.32 1.10 1.60 0.003 

Total MVH rT1C 47 89 2.30 1.10 4.82 0.027 

Total MVH rCBV 29 52 1.86 1.21 2.85 0.005 

Total MVH rPH 30 53 2.40 1.31 4.41 0.005 

Delicate MVH rT1C 47 89 0.42 0.19 0.93 0.033 

Simple MVH rPH 30 53 1.44 1.01 2.05 0.044 
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C
on

tin
uo

us
 

Proliferation rT1C 47 89 6.55 NA NA 0.04 

Proliferation rCBV 29 51 4.42 NA NA <0.001 

TCN rCBV 29 52 43.06 NA NA 0.01 

TCN rPH 30 53 57.56 NA NA 0.01 

Note: Odds ratio (ordinal outcomes) or coefficient (continuous outcomes) for statistically 

significant parameters at P< 0.05 within contrast enhancing regions; the estimate for the 

corresponding tumor tissue region is also listed for comparison though it may not always be 

significant.  In the cases where the association is non-linear, the median Kendall Tau (Kt) 

correlation coefficient and p-value is reported.  Total MVH denotes all microvascular hyperplasia 

including both simple and complex.   TCN= tumor cell number per high power field.  Pt # denotes 

number of patients.  TS # denotes number of tissue samples.   rFLAIR denotes relative  fluid 

attenuated inversion recovery.  rPH denotes relative peak height.  RF denotes recovery factor.  

rT1C denotes  relative quantitative contrast enhancement.  rFSE denotes  relative quantitative T2 

hyperintensity.  rCBV denotes relative cerebral blood volume.  rADC denotes relative apparent 

diffusion coefficient.  NA denotes not applicable. 
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Table 7.7 (Supplemental): Significant correlations between histopathologic features of 
GBM and MR imaging parameters within NE regions. 

 

Significant Correlations Between Histopathologic Features of GBM and MR 
Imaging Parameters Within NE  Regions 

Histopathologic  

Feature 

MR Imaging 

Parameter 

Pt 

# 

TS 

# 
OR 95% CI P  

value 

C
at

eg
or

ic
al

 

Tumor  

Score 
rFSE 20 26 0.54 0.3 0.94 0.030 

Tumor  

Score 
rADC 19 24 0.15 0.03 0.74 0.020 

Tumor  

Score 
rPH 12 17 5.77 1.74 19.15 0.004 

AD rADC 19 24 NA Kt: -0.52 0.005 

AD rFA 19 24 3.79 1.1 13.12 0.035 

AD rPH 12 17 3.32 1.07 10.35 0.038 

Delicate MVH rT1C 20 26 NA Kt:0.42 0.027 

Delicate MVH rFA 19 24 NA Kt:0.51 0.009 

C
on

tin
uo

us
 Proliferation rFLAIR 19 24 NA Kt:0.51 0.010 

Proliferation rADC 19 24 NA Kt:-0.49 0.010 

TCN rPH 12 17 50.77 NA NA 0.05 

Note: Odds ratio (ordinal outcomes) or coefficient (continuous outcomes) for statistically 

significant parameters at p less than 0.05 within non-enhancing regions; the estimate for the 

corresponding tumor tissue region is also listed for comparison though it may not always be 

significant.  In the cases where the association is non-linear, the median Kendall Tau (Kt) 

correlation coefficient and p-value is reported.  TCN= tumor cell number per high power field.  

AD denotes architectural disruption.  rFLAIR denotes relative  fluid attenuated inversion 



 

 207 

recovery.  rPH denotes relative peak height.  RF denotes recovery factor.  rT1C denotes  relative 

quantitative contrast enhancement.  rFSE denotes  relative quantitative T2 hyperintensity.  rADC 

denotes relative apparent diffusion coefficient.  rFA denotes relative fractional anisotropy.  NA 

denotes not applicable.   

 

 

Table 7.8 (Supplemental): Significant correlations between histopathologic features of 
GBM stratified by tumor specimen region. 

 

Significant Correlations Between Histopathologic Features of GBM Stratified by 
Tumor Specimen Region 

CE Tissue Specimen 

Histopathological Features Pt # TS # OR 95 % CI P Value 

Tumor score Cell Per HPF 47 90 1.02 1.01 1.02 <.001 

Tumor score Proliferation 47 89 1.10 1.04 1.16 0.001 

Tumor score Hypoxia 47 89 2.75 1.75 4.33 <.001 

Tumor score Total MVH 47 89 3.73 1.99 7.02 <.001 

Tumor score Delicate MVH 47 89 0.39 0.26 0.57 <.001 

Tumor score Simple MVH 46 88 3.00 2.09 4.32 <.001 

Tumor score Complex MVH 47 89 1.78 1.14 2.77 0.011 

AD Tumor score 46 88 5.18 3.16 8.49 <.001 

AD TCN 46 88 1.01 1.00 1.01 0.02 
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AD Necrosis 46 88 4.31 1.81 10.28 0.001 

AD Hypoxia 46 88 2.80 1.87 4.21 <.0001 

AD Total MVH 46 88 2.19 1.23 3.89 0.007 

AD Delicate MVH 46 88 0.47 0.30 0.74 0.001 

AD Simple MVH 46 88 1.98 1.28 3.08 0.002 

Necrosis Tumor score 47 90 2.62 1.27 5.42 0.009 

Necrosis Hypoxia 47 89 3.27 2.05 5.22 <0.001 

Necrosis Delicate vessels 47 89 0.37 0.23 0.59 <0.001 

Total MVH Tumor score 47 89 1.14 1.85 4.64 <0.001 

Total MVH Proliferation 47 88 1.10 1.04 1.17 0.001 

Total MVH Hypoxia 47 89 1.79 1.20 2.67 0.005 

Total MVH Delicate MVH 47 89 0.45 0.28 0.72 0.001 

Total MVH Simple MVH 47 89 4.72 2.92 7.64 <0.001 

Total MVH Complex MVH 47 89 7.13 1.36 37.32 0.02 

Delicate MVH Tumor score 47 89 0.37 0.26 0.54 <0.001 

Delicate MVH TCN 47 89 1.00 0.99 1.00 0.004 

Delicate MVH Proliferation 47 88 0.96 0.94 0.99 0.008 

Delicate MVH Necrosis 47 89 0.30 0.14 0.64 0.002 
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Delicate MVH Hypoxia 47 89 0.39 0.24 0.63 <0.001 

Delicate MVH Total MVH 47 89 0.33 0.18 0.63 0.002 

Delicate MVH Simple MVH 47 89 0.49 0.34 0.72 <0.001 

Delicate MVH Complex MVH 47 89 0.30 0.19 0.47 <0.001 

Simple MVH Tumor score 47 89 3.42 2.24 5.21 <0.001 

Simple MVH TCN 47 89 1.00 1.00 1.01 0.011 

Simple MVH Proliferation 47 88 1.05 1.02 1.08 0.002 

Simple MVH Hypoxia 47 89 1.89 1.33 2.70 <0.001 

Simple MVH Total MVH 47 89 8.45 4.38 16.30 <0.001 

Simple MVH Delicate MVH 47 89 0.51 0.35 0.75 0.001 

Continuous Variables 

Proliferation Tumor score 47 89 7.03 NA <.001 

Proliferation TCN 47 89 0.04 NA <.001 

Proliferation AD 46 87 2.26 NA <.001 

Proliferation Hypoxia 47 88 5.25 NA <.001 

Proliferation Total MVH 47 88 9.75 NA <.001 

Proliferation Simple MVH 47 88 5.73 NA <.001 

Proliferation Complex MVH 47 88 6.91 NA <.001 

TCN Tumor score 47 90 112.33 NA <.001 
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TCN TCN 46 88 38.07 NA <.001 

TCN Hypoxia 47 89 Kt= 0.242 NA 0.032 

TCN Total MVH 47 89 Kt= 0.284 NA 0.014 

TCN Simple MVH 47 89 Kt= 0.3 NA 0.008 

TCN Complex MVH 47 89 Kt= 0.263 NA 0.023 

 
NE Region 

Histopathological Features Pt # TS # OR 95 % CI P Value 

Tumor score TCN 20 26 1.02 1.01 1.03 0.0003 

Tumor score Proliferation 20 26 1.24 1.10 1.39 0.0004 

Tumor score Total MVH 20 26 4.81 1.42 16.33 0.0117 

Tumor score Simple MVH 20 26 2.26 1.02 5.00 0.0436 

AD Tumor score 20 26 10.92 3.41 35.03 <.0001 

AD TCN 20 26 1.01 1.00 1.02 0.0419 

AD Proliferation 20 26 1.21 1.09 1.34 0.0003 

AD Total MVH 20 26 9.34 2.77 31.48 0.0003 

AD Simple MVH 20 26 2.04 1.04 4.02 0.0394 

Total MVH Tumor score 20 26 3.21 1.32 7.81 0.01 

Total MVH Proliferation 20 26 1.13 1.03 1.24 0.013 
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Total MVH Simple MVH 20 26 7.61 2.27 25.50 0.001 

Simple MVH Tumor score 20 26 2.66 1.14 6.21 0.0243 

Simple MVH Proliferation 20 26 1.16 1.04 1.28 0.007 

Simple MVH Total MVH 20 26 19.49 4.78 79.46 <.0001 

Continuous Variables 

Proliferation Tumor score 20 26 4.60 NA <.001 

Proliferation AD 20 26 4.31 NA <.001 

Proliferation Simple MVH 20 26 3.52 NA 0.02 

TCN Tumor score 20 26 51.32 NA 0.02 

TCN AD 20 26 39.23 NA 0.04 

Note:  Statistically significant (P< 0.05) associations observed between histopathologic features 

of GBM.  AD denotes architectural disruption.  Total MVH= all microvascular hyperplasia 

including both simple and complex. Tumor cell density denotes mean tumor cell number per 

200x-microscopic field.  TCN= tumor cell number per high power field.   NE denotes non-

enhancing.  In the cases where the association is non-linear, the median Kendall Tau (Kt) 

correlation coefficient and p-value is reported.  NA denotes not applicable.   

 

  



 

 212 

 

Table 7.9 (Supplemental): Significant correlations between anatomic and phsyiologic 
MR imaging parameters stratified by contrast enhancing and non-enhancing regions. 

 

Significant Correlations Between Anatomic and 

Physiologic MR Imaging Parameters Stratified by 

Contrast Enhancing and Non-Enhancing Regions 

CE Region 

MR Imaging 

Parameters 

Pt 

# 

TS 

# 
Β Value P Value 

rFSE rFLAIR 48 93 0.54 0.05 

rFSE rCBV 29 52 -0.151 <0.001 

rFSE rPH 30 53 -0.245 <0.001 

rCBV rT1C 29 52 0.735 <0.001 

rCBV rPH 29 52 1.221 <0.001 

rCBV rADC 28 51 -1.32 <0.001 

rADC rFSE 47 90 0.33 <0.001 

rADC rFA 47 90 -0.33 0.01 

rADC RF 28 51 -0.078 <0.001 
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rFA rFSE 47 90 -0.132 0.002 

NE Region 

MR Imaging 

Parameters 

Pt 

# 

TS 

# 
Β Value P Value 

rT1C rFLAIR 20 26 -0.23 0.01 

rT1C rFSE 20 26 -0.18 <0.001 

rFSE rFLAIR 20 26 1.29 0.01 

rCBV rPH 11 15 0.86 0.01 

rCBV rADC 10 14 -1.13 0.02 

rADC rFLAIR 19 24 0.65 0.01 

rADC rT1C 19 24 -1.18 0.03 

rADC rFSE 19 24 0.53 <0.001 

rADC rFA 19 24 -0.44 0.03 

rFA PSR 11 16 0.04 0.05 

Note:  Statistically significant (P< 0.05) associations observed 

between anatomic and physiologic MR imaging parameters.  Pt # 

denotes number of patients.  TS# denotes number of tissue specimens.  

rT1C denotes  relative quantitative contrast enhancement.  rFSE 

denotes  relative quantitative T2 hyperintensity.  rCBV denotes 

relative cerebral blood volume.  rPH denotes relative peak height.  

PSR denotes percentage of signal intensity recovery.  RF denotes 

recovery factor.  rADC denotes relative apparent diffusion coefficient.  
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rFLAIR denotes relative  fluid attenuated inversion recovery.  rFA 

denotes relative fractional anisotropy.  CE denotes contrast 

enhancing.  NE denotes non-enhancing. 
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 : Summary CHAPTER 8

 

 Advances in treatment management are critical for improving upon the poor 

prognosis of patients with glioblastoma (GBM). In recent years, the treatment paradigm 

for these patients has shifted to include antiangiogenic therapy and subsequently has 

generated new needs for noninvasive MRI in the field of neuro-oncology. The goal of 

this dissertation project was to develop and apply physiologic imaging techniques to 

guide the assessment of response to antiangiogenic therapy for patients with GBM. This 

dissertation puts forth three major themes toward the advancement of this goal. 

 

 First, this work supports that integrating dynamic susceptibility contrast (DSC) 

MRI into the exam workflow for patients with glioma is feasible in the clinical setting. 

DSC imaging can be acquired with a single dose of gadolinium when acquired with a low 

flip angle, rather than adding a preload dose prior to high flip angle acquisitions. This 

means that estimates of cerebral blood volume and permeability can be achieved without 

increasing the total gadolinium dose and associated risks to the patient. Further, these 

parameters can be generated using non-parametric, model-free analysis with limited 

computational expense. The integration of non-parametric post-processing into SIVIC 

(http://sourceforge.net/projects/sivic/ ), a freely available open-source software platform 

for visualizing 4-dimensional MRI data, is a major advance in making DSC post-

processing more easily accessible in the clinic. This software package is a collaborative 

project led by Dr. Jason Crane and Beck Olson of the Surbeck Lab for Advanced Imaging 
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and is an exciting example of how these advances in MRI analysis can be brought to the 

clinic.  

 

 Second, physiologic imaging can aid in the preoperative characterization of 

heterogeneous GBM. DSC imaging was found to yield estimates of blood volume that 

were predictive of vascular morphology in tissue samples from treatment-naïve GBM. 

Complementary physiologic imaging methods, DSC and diffusion weighted imaging 

(DWI), provided insights into the tumor histology within both the non-enhancing and 

contrast-enhancing lesion. These imaging methods offer noninvasive correlates of 

biological features, which can aid in guiding tissue sampling for diagnosis. In the future, 

this could be used to describe initial physiologic tumor burden in order to tailor 

subsequent treatment plans to individual patients.  

 

 Finally, DSC and DWI can be used to describe the physiologic changes 

underlying tumor response to therapy. This is critical to patient management in the 

antiangiogenic setting, since the therapy-induced reduction in permeability of tumor 

vasculature obscures the historical assessment metrics based on anatomic MRI changes. 

Assessing early serial changes in blood volume and permeability following 

antiangiogenic therapy was found to predict patient outcome. Diffusion changes during 

this time frame were found to be treatment-specific and reflected the anti-edema effect of 

bevacizumab. Together, these projects form a foundation for future validation in 
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prospective large-scale clinical trials in order to develop of predictive biomarkers of 

response to antiangiogenic therapy. 

  

 The opportunities created by antiangiogenic therapy to improve patient outcome 

have been accompanied by new research challenges in how to best evaluate the indication 

and benefit of these treatments. The inclusion of perfusion and diffusion MRI to clinical 

exams provides physiologic clues for individualizing treatments and identifying response, 

which will ultimately improve the clinical management of patients with GBM.  
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