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ABSTRACT

Cancer remains a major medical problem accounting for over 500,000 deaths in the
US annually. A common feature of most human tumors is their ability to induce the
proliferation of new blood vessels, i.e. angiogenesis. Considerable evidence now exists
which demonstrates that these tumor vessels are associated with a distinct range of
morphological and physiological properties which are not present in normal tissue
vasculature. Several studies now document that in a wide variety of tumor models, average
tumor vessels have diameters two times those of normal tissue vessels. NMR techniques
based on magnetic susceptibility mechanisms are sensitive to varying sizes of blood
vessels. By using gradient echo (GE) and spin echo (SE) pulse sequences and different
concentrations of an exogenous contrast agent, it is possible to determine the signal
contribution from small versus large vessels by examining the change in T2 and T2* rates
(AR2 and AR2*), i.e. the ratio of AR2* to AR2 increases with vessel size. This ratio
provides an index for the average size of vessels within a voxel. The central goal of this
research was to utilize such a tool in order to obtain a regional picture of the tumor vascular
bed.

Rats, inoculated with C6 glial cells, underwent an MR imaging series nineteeti days
after implantation, which comprised conventional SE and GE images prior to and foll6wing
serial injections of an equilibrium iron oxide contrast agent (MION). Regions within the
tumor and in the contralateral normal gray matter were identified. The change in the T2 rate
and T2* rate (AR2 and AR2*) were calculated for each region. Since susceptibility
contrast mechanisms designed to study the distribution of vessel sizes rely entirely on the
compartmentalization of the contrast agent within the vasculature, the first set of
experiments was designed to demonstrate the stability of MION to remain within the
vasculature, despite the disruption in the blood brain barrier. The second experiments
measured AR2 and AR2* as a function of contrast agent concentration and TE. The MR

measurements were compared with predicted values of AR2 and AR2* made from
histological assessment of vessel sizes and theoretical Monte Carlo simulation results.

The steady state measurements of AR2 and AR2* in the first experiments
demonstrated that once the maximum contrast agent concentration had been reached, the
values of AR2 and AR2* remained stable over 90 minutes, suggesting that MION remains
within the vasculature. In the second experiments, significant differences were observed
between the tumor and contralateral deep gray matter. Specifically, the ratio of R2*/ R2
was greater in the tumor than the normal brain, by a factor of 1.9 ± 0.2. From histologic



sections and numerical simulations, the corresponding ratio was predicted to be 1.9 ± 0.1.
These ratios are suggestive of a greater relative density of large vs small vessels. Maps of
the ratio AR2*/AR2 were also produced on a pixel by pixel basis. Regions of high

intensity on these maps (indicating a higher ratio of AR2*/AR2) corresponded well with the
location of the tumor as determined using conventional images.

Thesis Supervisor: Dr. Bruce R. Rosen

Title: Co-Director, MGH NMR Center
Associate Professor, Harvard Medical School
Visting Associate Professor, Massachusetts Institute of Technology
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Chapter I

INTRODUCTION

Cancer. It is the second leading cause of death in the United States, exceeded only

by heart disease. Although some cancers such as cervical, colon, rectal and testicular have

seen a decline in mortality over the past twenty years, there has been an overall 7% increase

in death rate per 100,000 population. This year alone, over 560,000 people will die of

cancer, and over 1,350,000 new invasive cancers will be diagnosed - not including

carcinoma in situ or basal and squamous cell carcinoma. In 1990, there were 20,500 new

cases of primary brain tumors and over 20,700 new cases of metastatic brain tumors.

Seventy-five percent of these patients will die within a year of diagnosis. Primary

malignant brain tumors are the second most common cause of cancer death in people under

34 years of age. Despite concentrated efforts to improve both radiation therapy and

chemotherapy, the five year survival rate for patients suffering from brain tumors has only

improved by 11% in the past thirty years (18% in 1960 to 29% in 1990) (1). This type of

cancer remains one of the deadliest. New diagnostic and therapeutic strategies are required

to increase survival in these patients.

The cause of primary brain tumor is unknown, as is the case for most caticers,

despite advances in molecular biology. Environmental agents, familial tendencies and viral

causes are all under investigation. Brain tumors originate from various cells: neuromas are

tumors of the nerves themselves; astrocytomas arise from astrocyte cells; lymphomas are

cancers of the immune system; ependyomas arise from ependymal cells which form the

lining of the ventricles and central canal of the spinal cord; hemangioblastomas originate

from blood vessels; meningiomas arise from the meninges; pituitary adenomas are slow

growing tumors of the pituitary gland. Some of these tumors are usually benign

(neuromas, hemangioblastomas, meningiomas and pituitary adenomas) while most gliomas

(tumors arising from the glial or supportive tissue of the brain) can present at various stages



of. growth and aggressiveness, from low grade to high grade. Often, tumors contain

several grades of cells. The highest or most malignant grade of cell found determines the

grade of the tumors, even if most of the tumor is a lower grade. Tumor diagnosis by name

and by grade is very important for both treatment and prognosis (1).

Brain cancer can be very difficult to diagnose because of the protective nature of the

skull. A physician is unable to see or feel a brain tumor during a routine examination.

Non-invasive imaging studies such as those performed using CT and MRI can obtain a

picture of the brain to provide clues which may suggest a particular type of tumor. Only a

sample of tumor obtained via biopsy and examined under a microscope can provide an

exact diagnosis. However, because of the inherent heterogeneity of tumors, biopsies are

subject to potential sampling errors because routinely only one or two small portions of the

tumor are assayed and repeat biopsy is not feasible. It is possible that in the future, tumor

markers may help identify the presence of a tumor. Relatively non-invasive techniques

such a blood tests could screen for the presence of various tumor markers to determine the

presence or regrowth of certain tumors. Unfortunately, these markers do not indicate the

location or extent of a tumor, only its presence. Many tests would have to be carried out to

determine the exact diagnosis of the tumor, since these markers are cell specific.

Imaging techniques, including Computed Tomography (CT), Magnetic Resonance

Imaging (MRI) and Positron Emission Tomography (PET) have become very useful in the

diagnosis and follow-up of cancers. Brain tumors often cause tmuch of their damage due

to their size and hindrance of vital sections of the brain. This mass effect can usually be

seen on anatomical scans as deviations from normal anatomy. However, a simple

anatomical image does not provide information about grade or aggressiveness of a tumor.

Radiation necrosis, which is caused by the radiation treatments given patients, may also

have similar mass effects and thus look identical to recurring tumor. Tumors are known

however to differ in function from normal tissue and from necrosis. For example, high

grade lesions because of their aggressive nature and uncontrolled growth require a large



amount of nutrients. In the brain, that nutrient is primarily glucose. By injecting glucose

which has been labeled with radioactive fluorine (FDG), the increased intake of glucose by

the tumor can be monitored via PET as shown in figure 1-1. Low grade tumors have a

slower metabolism, requiring less energy. A low grade tumor would therefore not appear

as an FDG hot spot. Although this is a significant improvement to simple anatomical

images, PET suffers from low resolution. It may not be able to resolve very small focal

increases in glucose uptake, which would be indicative of a local region of high grade

tumor.

Post Gd FDG
Figure 1-1: High grade tumor. The image on the left is a post-Gd image

enhancing the location of the lesion due to the disruption of the Blood Brain Barrier
(BBB). The PET FDG image on the right shows the lesion with high glucose

uptake, characteristic of a high grade tumor.

Another common feature of solid tumors is their increased vasculature. Tumors are

in fact capable of inducing the proliferation of new blood vessels - a process known as

angiogenesis. The microvascular system in the adult remains quiescent without capillary

growth for prolonged periods (2). However, within a short time, it appears to be capable

of responding to both physiologic and pathophysiologic demands. The term angiogenesis

was coined in 1935 by Hertig (3) to describe the neovascularization in the developing

placenta. It is also found in the development of the corpus luteum following ovulation and



in the granulation tissue of wound healing. Angiogenesis also plays a major role in many

diseases (4) such as diabetic retinopathy (5), atherosclerosis (6), rheumatoid arthritis (7)

and most importantly cancer (8). For over 100 years, solid tumors have been known to be

associated with an increased vascular supply, but detailed studies of tumor angiogenesis

only began about 50 years ago. In 1939, Ide et. al. (9) surmised that "it is probable that

tumors may be elaborating a vessel growth stimulating substance". Algire et. al. (10) then

showed that tumor implants began to grow in size only after the initial vascularization

occurred, implying that the capacity of tumors to stimulate perpetual growth of new

capillaries from the host may be the fundamental difference between the malignant cell and

the normal cell from which it arose. In 1966, Folkman et. al. (11) reported that when

tumors were grown in isolated perfused organs where blood vessels do not proliferate,

they reach a maximum size of only 1-2 mm 3. However, on transplantation to mice these

tumors induce vascularization and expand rapidly to 1-2 cm 3. Based on the data cited

above, Folkman (12) proposed the hypothesis that "tumor growth is angiogenesis-

dependent". This hypothesis can be stated as follows: "In its simplest terms, once tumor

take has occurred, every increase in tumor cell population must be preceded by an increase

in new capillaries converging on the tumor" (4).

Over the last 20 years, many lines of evidence have accumulated supporting

Folkman's hypothesis (8, 13) including the discovery of various angiogenic factors which

are released by tumor cells themselves(14-17). While much of this work has been

performed on tumor and cell lines from outside the brain, it has also been demonstrated that

glioma cells have high levels of expression of multiple immunoreactive forms of angiogenic

growth factors (18, 19). In fact, of the following list of histologic characteristics of

glioblastomas: high cell density, cellular pleomorphism, mitoses, necroses with palisading

cells and prominent vascularization with endothelial cell proliferation (20), Burger et. al.

(21) noted that in a study of 1440 malignant astrocytic gliomas, only vascular proliferation

differentiated anaplastic astrocytomas into short and long-term survival categories. This



increased vascularization therefore offers another opportunity by which to characterize

lesions in the central nervous system (CNS) by using imaging techniques which highlight

the vasculature.

PET can measure Cerebral Blood Volume (CBV) by using carbon monoxide

labeled 150 which remains in the vasculature by binding with the hemoglobin present in red

blood cells (22). The increased vasculature present in tumors is located within the

microcirculation, i.e., within vessels on the micron scale. In normal brain, the

microvascular system makes up only 4% of tissue. In a low resolution scan such as PET,

where a single voxel is on the order of a cm 2, signal from the microcirculation is lost. Only

voxels which consist of pure blood vessels will register as high intensity. Therefore, PET

CBV images are mostly representative of large arteries and veins.

Magnetic resonance imaging techniques have been developed which can map both

normal and abnormal brain microvascular hemodynamics, including CBV. These

techniques, based on magnetic susceptibility contrast mechanisms are more sensitive to the

microvasculature (see chapter two) than are the PET techniques and can therefore provide

better information about the increased microcirculation of brain neoplasms. Briefly, a

paramagnetic contrast agent is injected into the patient's vein. As the agent circulates

through the brain, it will induce inhomogeneities in the local magnetic field in the tissues

surrounding the vasculature. With high speed imaging techniques such as echo planar

imaging (EPI), the dynamic first pass effects of the contrast agent can be recorded before

the agent is washed out of the vasculature. Areas of high microvascular blood volume will

cause increased changes in the surrounding tissue, thus appearing as bright regions in CBV

maps, as shown in figure 1-2. This figure is representative of a high grade glioma

associated with an increase blood volume. Evaluation of patients with primary brain

tumors using high speed susceptibility contrast techniques can have significant impact on

the diagnosis, prognosis and/or management of patients. Studies have been conducted

which show a positive correlation between relative CBV and tumor grade (23, 24). These



studies are used to aid in initial diagnosis, provide important information on patient

prognosis, guide surgical interventions and biopsies and provide early surveillance for

evidence of malignant dedifferentiation and tumor recurrence post treatment.

T2 CBV map
Figure 1-2: High grade glioma. Image on the image is a T2 weighted image.

Image on the right is the rCBV map showing a high intensity region
corresponding to the increased vasculature present in high grade tumors

Along with increased vasculature, it is well known that tumor vessels are associated

with a distinct range of both morphological and physiological properties which are not

present in normal tissue vasculature. Qualitatively, tumor vessels are disorderly and

dominated by large, dilated and tortuous vascular structures with increased vessel spacing.

Deane and Lantos (25) studied the various phases of vascularization of rat glioma and

discovered that in the late phase of growth, microvessels with diameters on the order of 40

pm could be found in the intermediate zone of the tumor, i.e. the zone between the necrotic

core and the proliferating edge. These vessels also varied in shape and size. Using

scanning electron microscopy on tumor vascular casts, Zama et. al. (26) were able to

assess the three dimensional growth patterns of rat gliomas. They found large budding

vessels which attained diameters of 250 pm. These buds, although filled with blood, did

not have normal blood flow characteristics. Dewhirst et. al. compared the newly forming

blood vessels in tumors with those of granulation tissue found in wound healing (27).



They discovered that on average, tumor vessels had diameters two to three times greater

than those of normal proliferating vessels.

The mechanism of image contrast associated with magnetic susceptibility contrast

techniques is dominated by the compartmentalization and delivery of the contrast agent.

Both theoretical and empirical data (28-33) have suggested that microscopic tissue

properties such as blood vessel size and density affect susceptibility-sensitive imaging

techniques. These effects will be described in greater detail in chapter two. Briefly, the

compartmentalization of paramagnetic contrast agents within the vasculature induces long-

range magnetic field perturbations which shorten the T2 and T2* of the tissue. The range

at which these effects are measurable depends on the size of the blood vessel containing the

contrast agent. The enhancement of the transverse magnetization relaxation rate, known as

relaxivity, can be expressed as follows:

AR2 1 1 _1 n( SpostI
T2post T2pre  TE So

1 1 -1 l(Sost

R 2 * = . ý I-- In o
AR T2 T2 TE So

post pre 
o

where T2 pre and T2post are the tissue T2 in the absence and presence, respectively, of field

perturbations (similarly for T2*), So and Spost are the signal intensities in the absence and

presence of field perturbations, respectively.

Both AR2 and AR2* have been shown to vary with vessel size (31, 32), as shown

in figure 1-3. Shown here for a concentration of contrast agent comparable to physiologic

injections of Gd-DTPA, AR2 and AR2 first increase as a function of vessel size. At larger

vessel radii (> 8 pm), AR2 decreases to zero whereas AR2* maintains a constant value,

independent of vessel size. AR2 peaks for vessels with radii on the order of 3-4 pm,

corresponding to normal microvasculature. It is important to note the ratio of AR2* to AR2

increases as the size of the vessels increases. This ratio could thus be used as an index of

the average vessel size present within a voxel.
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Figure 1-3: AR2 and AR2* as a function of vessel radius

Based on this theory and the fact that tumor vessels can have diameters two to three

times greater than normal tissue capillaries (27), MRI could therefore provide another

marker for tumor growth, by obtaining a regional picture of tumor vascular morphology.

Specific Aims

To examine whether tumor vessels have different morphologic characteristics than

normal vessels, this research will study an established rat glioma model - the C6 model.

AR2 and AR2* measurements will be made as a function of contrast agent concentration

and as a function of echo time. An equilibrium iron oxide agent known as MION

(Monocrystalline Iron Oxide Nanoparticle) will be used as the contrast agent.

Aside from these morphologic properties unique to tumor vessels, tumor

vasculature is also characterized by a range of physiologic properties not shared by normal

tissue capillaries. Specifically, tumor capillaries are known to be hyperpermeable (14). In

the brain, a barrier known as the blood-brain-barrier (BBB) controls the transport of

various chemicals, hormones and nutrients from the vasculature into the brain parenchyma.

)

~A A



Blood vessels in brain tumors are known to have a disruption of the BBB, making them

more permeable to agents injected within the vasculature. Additionally, factors released by

the tumor cells themselves such as vascular endothelial growth factor, also known as

vascular permeability factor (VEGF/VPF) increase the permeability of capillaries to solutes.

These combining factors make brain tumor capillaries hyperpermeable.

Susceptibility contrast mechanisms rely entirely on the compartmentalization of the

contrast agent within the vasculature. If the agent were to leak out of the vessels faster than

its first passage through the microcirculation, no signal changes would be recorded. It is

therefore important to determine whether the contrast agent used to measure the relaxivity

(AR2 and AR2*) remains intravascularly. Although MION has a diameter of

approximately 40 nm (34) which is too large to cross the blood brain barrier, it may be

possible that with a disruption of the BBB, this agent will leak out of the vessels. The first

set of experiments shown will examine the measurements of AR2 and AR2* as a function

of time, establishing the stability of MION to remain within the vasculature.

The second set of experiments will examine the ratio of AR2* to AR2 as a function

of contrast agent concentration and echo time. Based on the theory, this ratio should be

larger in the region of the tumor where larger microvessels should dominate the

microcirculation system. It is also possible to create maps of AR2*/AR2 on a pixel by

pixel basis in order to examine the regional picture of the microvascular bed.

Finally, in order to demonstrate the validity of this model, histologic assessment of

vessel size will be performed in both the tumor and the contralateral grey matter of the

brain. A direct comparison of the histologic data and the MR data will be described and

results shown.

Outline of thesis

Chapter two will provide the theoretical background upon which this theory is

based. The basic principles of NMR will be briefly outlined, followed by a presentation of

studies which have described the effects of vessel size on relaxivity. Chapter three will



present experimental methods and materials as well as the analysis methods used in these

experiments. The results from the experiments and the data analysis will be presented in

chapter four. Finally, a discussion of the material presented will be offered in chapter five.



Chapter II

THEORY OF MAGNETIC
SUSCEPTIBILITY CONTRAST

The discovery of NMR dates back some fifty years to the work of Bloch (35) and

Purcell (36) in 1946. The impact of their work was immediate with applications in

physics, chemistry, biology and eventually in medicine. The advent of Nuclear Magnetic

Resonance Imaging (MRI) took somewhat longer to develop. In 1973, Lauterbur (37)

was the first to publish an image of two tubes of water, which was obtained via a series of

back-projections using field gradients. The first human image of a live finger was reported

in 1976 (38). Since then, NMR images have improved in quality, resolution, contrast to

noise and tissue discrimination.

MRI presents several distinct advantages over other imaging modalities. First and

foremost, it does not use ionizing radiation like x-rays, CT, PET or SPECT. In contrast

with ultrasound, the energy used in MRI is capable of penetrating bony structures without

attenuation. The relaxation parameters inherent to MRI are able to provide not only

excellent anatomical information, but also physiologic information not previously seen with

other modalities (i.e. multiple sclerosis plaques). Finally, unlike CT, MRI can visualize an

object in axial, coronal or sagittal slices, or slices of arbitrary orientation (39).

2.1 THE NMR SIGNAL

Nuclear magnetic resonance can be performed on any element which possesses a

magnetic moment and spin. The nuclei which possess this property have an odd number of

either protons or neutrons. Such nuclei are characterized by an inherent property known as

the gyromagnetic ratio. For example, hydrogen, with only one proton, has a gyromagnetic

ratio of 42.58 MHz/T. Although any such nuclei could be used for imaging the human

body, hydrogen, with a spin of 1/2, is most often used because of its high natural



abundance as well as its high gyromagnetic ratio. As a consequence, standard clinical

images are often referred to as proton images.

Because of the magnetic moment inherent to protons, these nuclei behave somewhat

like a tiny bar magnet. Much like the compass of a needle which aligns itself with a

magnetic field, protons will act in a similar manner when exposed to an external magnetic

field. Unlike the needle however, quantum mechanics dictate that the longitudinal

component of the nuclear magnetization will take on one of two states: parallel or anti-

parallel to the external magnetic field. These two alignments correspond, respectively to

lower and higher energy states. Within this applied magnetic field, there is always an small

excess of protons, also referred to as spins, which fall into the lower energy state. As

such, a net magnetization (M) will exist in the direction of the applied field (figure 2-1).

By convention, the external magnetic field is applied along the z-direction. The net

magnetization is proportional to the strength of the external field (Bo). The larger the

applied magnetic field, the larger the magnitude of M. This will increase the MRI signal,

which explains why the MRI scanners are heading towards higher and higher field

strengths.

BO I I I I
ILJ

I

Figure 2-1: Because more spins align with the external magnetic field, a net
magnetization will exist in the sample

,I I



Although the protons are said to be aligned with or against Bo, in reality, they are

precessing around the main magnetic field at a frequency known as the Larmor frequency:

o = yB (2.1)

where co = Larmor frequency (MHz), 7 = gyromagnetic ratio (MHz/T) and B0 = applied

magnetic field strength (T). The individual magnetizations of the protons therefore have

projections along the z-axis which form the net magnetization M but the projections on the

x-y plane sum to zero.

If a second, smaller magnetic field (B1) is applied along either the x or y direction,

i.e., perpendicular to M, the net magnetization will rotate away from the z-axis at the

Larmor frequency (figure 2-2). However, as soon as M is tipped slightly from the z-axis,

Bo will tend to bring it back because of its relatively greater strength. If B also precesses

at the Larmor frequency, then it will remain perpendicular to M. This will cause the net

magnetization to continue to move away from the z-axis. Its final position with respect to

the z-axis is dependent upon the duration and strength of B1 and its final angle with respect

to the z-axis is known as the flip angle. Since this applied field is rotating at a frequency in

the MHz range which is in the radiofrequency (RF) range, it is referred to as the RF pulse.

For example, if the net magnetization lands in the x-y plane, also known as the transverse

plane, the RF pulse is a 90" RF pulse. To simplify the motion, it is easiest to view this

process in a rotating frame of reference. If the coordinate system rotates at the Larmor

frequency, then the 90" RF pulse is seen to produce a simple tilt of the magnetization into

the transverse plane (figure 2-3).

Once the net magnetization is in the transverse plane and the RF pulse is removed,

M will precess about the z-axis. According to Faraday's law, a time varying magnetic field

will induce a voltage in an antenna surrounding the sample. This voltage which is

proportional to the magnitude of the magnetization is the MRI signal (figure 2-4).
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Figure 2-2: Effect of a 900 pulse on the net magnetization M is
the transverse plane in a spiraling motion.
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Figure 2-3: Effect of a 90' RF pulse as seen in the rotating frame of
reference
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Figure 2-4: The precessing transverse magnetization will produce a voltage in a
properly designed antenna surrounding the sample. The voltage is proportional to the

amplitude of the net magnetization.

2.2 RELAXATION

There are several tissue-related factors which affect the strength of the NMR signal.

The most important of these is known as relaxation and refer to the process by which spins

return to their equilibrium state following the perturbing effects of the RF pulse. There are

two mechanisms by which this may occur: 1) T1 relaxation also known as spin-lattice

relaxation and 2) T2 relaxation, also known as spin-spin relaxation. Each of these

parameters is a characteristic of each tissue or substance. They can however be altered by

changing the temperature of the sample and/or the external magnetic field or by adding

contrast agents to the sample.

2.2.1 T1 Relaxation

T 1 relaxation is most easily understood in terms of M. If M is tipped into the

transverse plane by a 90o RF pulse, there will be no component remaining along the z-axis.

------

t



The T1 relaxation time is an exponential time constant that relates to the period required for

the longitudinal, or z, component to recover from zero to its maximal value (figure 2-5).

Although the NMR signal originates from the transverse magnetization, there must exist a

longitudinal magnetization in the z-axis in order to create the transverse magnetization.

Therefore, if any experiment is to be repeated (as most NMR experiments are), the

repetition time (TR) must allow for sufficient longitudinal magnetization to recover. TR is

thus dependent upon the T1 of the sample.
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Figure 2-5: After the 900 pulse, the longitunal magnetization will return to its initial
value in an exponential manner with a time constant of T1.

A TI-weighted image takes advantage of the varying T 1 values present within a

sample. As a simple example, consider a sample contains two substances, one with a short

T 1 and the other with a long Ti. If the repetition time is chosen such that the substance

with the short T has recovered most of its longitudinal magnetization while the substance

with the long TI has only recovered a small amount (figure 2-6), then the signal following

the 900 RF pulse will be weighted by the amount of magnetization which has recovered.

This difference provides contrast between the two substances.
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Figure 2-6: By choosing the repetition time appropriately, differences in T 1 will

provide image contrast.

2.2.2 T2 Relaxation

T2 can be most easily understood if the net transverse magnetization is seen as the

sum of individual magnetic moments. Once the RF pulse is removed, each spin will

precess about the z-axis at or near the Larmor frequency. Local magnetic field

inhomogeneities cause some nuclei to experience a slightly stronger magnetic field and

others to experience a weaker field. Since the precessional frequency is direction

proportional to the magnetic field experienced by the protons, those in the stronger field

will precess faster while those in the weaker field will precess more slowly. This loss of

phase coherence between the protons is known as dephasing. It will result in a loss of net

transverse magnetization, as shown in figure 2-7. T2 is the exponential time constant

which relates to the loss of this transverse magnetization. Since the transverse

magnetization is responsible for the NMR signal, its reduction will cause signal loss (figure

2-7).

The local magnetic field inhomogeneities noted previously are produced by two

factors: 1) microscopic effects due to magnetic interactions with neighboring molecules or

2) macroscopic effects due to inhomogeneities of the external magnetic field B0 .



Dephasing which is due to molecular interactions alone is called T2 while dephasing due to

both processes is called T2*. With a perfect magnet, T2 would be identical to T2. In

reality, T2 is always shorter than T2.

Imaging sequences can take advantage of these inherent parameters to produce T2-

weighted images. The NMR signal is usually read at a time interval known as the echo

time (TE) after the RF pulse has been applied. As TE increases, more dephasing can occur

due to T2 effects, leading to greater signal loss. For a given TE, the signal intensity of a

substance with a long T2 will be greater than that of a substance with a short T2 . These

differences are translated into image contrast.
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Figure 2-7: Loss of transverse magnetization due to differences in local magnetic
fields experienced by the protons.
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2.3 PULSE SEQUENCES

Different combinations of RF pulses can be used to produce different types of MR

signals and different types of images. The two most commonly used sequences are the

spin echo and the gradient echo.

2.3.1. Spin Echo

The spin echo pulse sequence consists of two RF pulses, 900 and 180%, separated

in time by an interval equal to TE/2 (figure 2-8). The signal is read at a time of TE. The

90' RF pulse will tip the net magnetization to the transverse plane. Because of T2 effects

the spins will lose phase coherence during the time TE/2. The 180" RF pulse is applied

along either the x or y direction. Its effect is to cause the spins to rotate 1800, but without

loss of precessional frequency. In the equivalent time TE/2, the protons will realign,

causing an "echo" in the signal measurement (figure 2-8). The 180' RF pulse has in effect,

rephased or refocused static inhomogeneities in the sample (such as the imperfections of the

external magnetic field). It is unable however to refocus dynamic or nonstatic

inhomogeneities inherent within the sample which are responsible for T2 . Therefore, spin

echo sequences are T2-weighted rather than T2 -weighted.

900 1800
RF TE/2

S

Figure 2-8: A typical spin echo sequence. The 900 RF pulse is seperated from the
180* RF pulse by a time TE/2. An echo occur at a time TE.

2.3.2. Gradient Echo



The gradient echo pulse sequence consists of a 900 RF pulse and externally applied

linear magnetic field gradients. These gradients are applied between the RF pulse and the

signal read out which occurs at a time TE. The first gradient will dephase the spins and is

thus called a dephasing gradient. The second gradient is usually equal in magnitude but

reversed in sign. It rephases the spins and is therefore called a rephasing gradient. This

gradient reversal will cause a gradient echo to occur at the time TE. The absence of the

1800 refocus pulse generates images which are weighted by T2 rather than T2 . Gradient

echo images are therefore sensitive to the inhomogeneities in the externally applied

magnetic field, but also to static inhomogeneities present within the sample, such as large

iron deposits (such as sites of hemorrhage). These effects, known as magnetic

susceptibility effects will be discussed in the following sections.

2.4 MAGNETIC SUSCEPTIBILITY

Magnetic susceptibility is a substance's ability to attract or repel the lines of force of

an externally applied magnetic field. These effects are dominated by the electrons of a

sample, especially unpaired electrons which have both spin and orbital angular momentum.

2.4.1. Diamagnetism

Most organic and many inorganic compounds of low molecular weight which have

paired electrons are diamagnetic. Such materials weakly repel magnetic lines of force and

therefore reduce the local magnetic field. Although most tissues are diamagnetic, the signal

changes which occur due to this property are more typically overwhelmed by larger effects

of signal loss, such as relaxation. NMR imaging artifacts at air-tissue interfaces are

nonetheless due to this effect.

2.4.2. Paramagnetism

Many transition metal ions and lanthanide metals have unpaired orbital electrons,

with a spin of 1/2, which behave much like the hydrogen nucleus when exposed to an

external magnetic field. That is to say that they tend to align themselves parallel or anti-



parallel to the applied field. Since more align with the field than against it, the local

magnetic field surround this atom or molecule is enhanced. Such materials are known as

paramagnetic materials. The amount by which the local field is enhanced is proportional to

the strength of the applied magnetic field Bo:

M = XBo (2.2)

where the constant of proportionality, X, is called the magnetic susceptibility of the

material. Elements such as gadolinium and dysprosium are used as contrast agents in

NMR. A thorough review of paramagnetic metal complexes as contrast agents for MRI is

presented by Lauffer et al. (40). The effect of a contrast agent on the relaxation rates 1/T1,

1/T2 and 1/T2 can be divided into two groups. Changes in T1 occur because of a magnetic

field interaction between the electron magnetic dipole and the proton nuclear magnetic

dipole. The molecules in the contrast agent are also able to enhance the local magnetic

fields which increases the inhomogeneities seen by the protons in the environment. This

effect, known as susceptibility induced relaxation will shorten the T2 and T2*. In either

situation, the changes may be expressed as follows:
1 1

AR1= - I
Tlpost Tlpre

1 1
AR2 = (2.3)

T2post T2pre

AR2* 1 1

post pre

One of the most common contrast agents used in clinical MRI is a gadolinium atom

chelated with diethylenetriaminepentaacetic acid (Gd-DTPA). Following intravenous

administration, this agent travels through the vasculature and diffuses into the extracellular

compartment, except in the brain because of the presence of an intact blood brain barrier.

The localization of the contrast agent within the vasculature of the brain induces a magnetic

susceptibility difference between the intravascular and extravascular spaces of 2.8 x 10-8

/mM Gd (41). This will shorten the tissue T2 such that a decrease in signal intensity in T2-



weighted images can be seen during the first pass of the contrast agent through the

vasculature (figure 2-9).

2.4.3. Superparamagnetism

Materials such as iron oxide are considered to be superparamagnetic because they

enhance the local magnetic field to an even greater extent than paramagnetic agents (42).

The field induced by these agents are also proportional to the applied external magnetic field

at low field strengths, but they saturate at high fields. A superparamagnetic agent known

as MION (Monocrystalline Iron Oxide Nanoparticle) was used in this study (34, 43). It is

composed of a core of iron oxide measuring approximately 4.5 nm in diameter, surrounded

by dextran molecules which gives the particle a total diameter of approximately 40 nm.

2.5 MR SUSCEPTIBILITY AND PULSE SEQUENCES

The compartmentalization of paramagnetic contrast agents within the vasculature or

cells induces long-range magnetic field perturbations that extend over many microns which

shorten the T2 and T2* of tissue. Assuming monoexponential decay, the enhancement of

the transverse magnetization relaxation rate caused by these agents and can be expressed as

follows:

AR2= 1 _1 1 n S post

T2 T2pre TE , So
(2.4)

AR2*= - -- In( post
T2 T2 TE Spost pre o

where T2 pre and T2post are the tissue T2 in the absence and presence, respectively, of field

perturbations (similarly for T2*), So and Spost are the signal intensities in the absence and

presence of field perturbations, respectively.
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Figure 2-9: Dynamic cerebral passage of Gd-DTPA (0.2 mmol/kg). (a) Six SE
echo planar images (TR = 1 sec, TE = 100 msec) from the seris reflect the

parenchymal signal attenuation during transit of agent. (b) Time course from a
cortical region of interest.



The magnitude of AR2 and AR2* is dependent upon the diffusion of tissue protons

in the vicinity of susceptibility-induced field perturbations. Because spin echo sequences

use an 1800 RF pulse, they are capable of refocusing static inhomogeneities. However,

susceptibility differences combined with proton diffusion introduce nonstatic

inhomogeneities which are not completely refocused by spin echo sequences. As the echo

time is increased with respect to the diffusional correlation time, SE acquisitions become

more sensitive to magnetic susceptibility inhomogeneities. Gradient echo sequences on the

other hand are sensitive to static magnetic field inhomogeneities (like Bo imperfections) as

well as the effects of proton diffusion. Even in the absence of diffusion, considerable

signal attenuation will occur in the presence of susceptibility differences due to the range of

intravoxel Larmor frequencies induced.

The effects of proton diffusion in magnetic fields have been studied extensively

since Hahn's original work (44). In uniform gradients, Carr and Purcell derived an

expression for spin echo signal attenuation due to proton diffusion (45):

S = e -a 2/2 = e - 2G2T E 3D/12 (2.5)

where G is the gradient amplitude, g is the gyromagnetic ratio and D is the diffusion

coefficient. The effects of nonlinear gradients have also been studied by various

investigators (46-48). Glasel et. al. (49) investigated systems of heterogeneous water and

glass beads and concluded that the field gradients at the surface of small spheres can be

very large even if the susceptibility difference between the spheres and the surrounding

water is small. These results were later applied to physiological origins of susceptibility

variations, for example in transport and metabolism of cells (50), erythrocyte suspensions

(51, 52), and the oxygenation state of hemoglobin (53, 54).

The complete analysis of susceptibility-induced relaxivity must take into account the

diffusional rate of protons with respect to the size of the magnetic field perturbations.

Three regimes have been described which are determined by the magnetic, geometric and

dynamic properties of the system. These regimes, defined as the "motionally narrowed",



"intermediate" and "linear gradient" regimes are best defined in terms of the diffusive

correlation time of the protons with respect to the magnetic field inhomogeneities, tD, and

the characteristic variation in Larmor frequency due to field perturbations, 8o (55). For

localized magnetic field perturbers, TD is the time required for diffusion past the perturber,

and dw is the change in frequency on the surface of the perturber, expressed as (55):

TD r 2/D,

o• = yBeq(r),

where r is the radius of the perturber and Beq(r) is the magnetic field on the surface o the

perturber.

In the motionally narrowed regime, diffusion is fast compared to spatial variations

of field perturbations, such that tD8• << 1. This condition holds in regions where the size

of high-susceptibility is small, where water diffusion rates are high or where the frequency

shifts are small. In such a regime, Gillis and Koenig (56) found that the relaxation rate due

to a spherical perturber can be expressed as:

AR2 = 16tD f(50) 2/135 (2.7)

which varies quadratically with magnetic field and the radius of the perturber (r). In the

case of intravascular paramagnetic contrast agents, this would imply that for small vessels,

AR2 would vary as r2 .

At the opposite end of the spectrum, the linear gradient regime, ¶TD8 >> 1, holds

for cases of slow water diffusion or large field perturbations. In such a situation, the

variation of fields can be locally approximated by a linear gradient. Under these

conditions, Majumdar and Gore (29) showed that the transverse relaxation enhancement in

a spin echo experiment is well describe by:

AR2 = (yoGTE) 2 D/12 (2.8)

where o~ is the variance of the internal gradient distribution induced by the perturbation.

Weisskoff et. al. (31) used the modified Bloch equations with diffusion terms to produce

scaling rules which can be used for more general cases. Weisskoff noted that the diffusion



coefficient D should enter any relaxivity expression only the form D/r 2. As such, the

expression for AR2 in the linear gradient regime as derived by Majumdar and Gore (29) is

inversely proportional to the square of the radius of the perturber. Therefore, in the case of

intravascular paramagnetic contrast agents, the SE relaxitivity will approach zero as the size

of the vessels increases.

Gradient echo relaxivity on the other hand has been described by Brown (57, 58)

who derived an expression for AR2* induce by magnetite particles in the linear gradient

regime:

AR2* = (2t/3V-)f6c0 (2.9)

He concluded that in this regime, AR2* is independent of diffusion and by the same

argument as above, independent of perturber radius.

When TD8•O 1, the analytical approximations and solutions described above

cannot be applied to the intermediate regime. However, numerical techniques have been

applied to predict the response of both AR2 and AR2* (28, 31, 59-61). For example,

Monte Carlo simulations performed by Weisskoff et. al. (31) have estimated the enhanced

relaxivity of both SE and GE acquisitions in the presence of intravascular paramagnetic

contrast agents as a function of vessel size. Their results, shown in figure 2-10, not only

support the theoretical data described above, but also show the values of AR2 and AR2* in

the intermediate regime. Shown here for a concentration comparable to physiologic Gd-

DTPA injections, AR2 and AR2* first increase as a function of vessel size, corresponding

to the motionally narrowed regime. At larger vessel radii (> 8 pm), AR2 decreases to zero

whereas AR2* maintains a constant value, independent of vessel size. This corresponds to

the linear gradient regime. AR2 is seen to peak for vessels on the order of 3-4 pm,

corresponding to normal microvasculature, making SE pulse sequences more sensitive to

capillary blood volume.

Theoretical data courteously provided by Dr. Jerry Boxerman generated the plot

shown in figure 2-11 (see (32)). For a susceptibility difference of AX = 10-6 and a TE =



20 msec, the ratio of AR2* to AR2 was computed as a function of radius. These results

show an almost linear relationship between the ratio AR2*/AR2 and radius. This plot

supports the hypothesis that measurements of AR2 and AR2* and most importantly their

ratio could be used to obtain a index of the average vessel size within a voxel.

Based on this theory and the fact that tumor vessels can have diameters two to three

times greater than normal tissue capillaries (27), this research set out to obtain a regional

picture of tumor vascular morphology by measuring AR2 and AR2* as a function of

contrast agent concentration in a rat glioma model.
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Figure 2-10: Effect of vessel radius on AR2 and AR2* at AX = 10-6 and TE = 20

msec.
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msec. This ratio could be used to obtain a index of the average vessel size within a voxel.



Chapter III

MATERIALS AND METHODS

The basic aim of these experiments was to measure the changes in the relaxation

rates (both 1/T2 and 1/ T2 ) as a function of contrast agent concentration and TE. Two sets

of experiments were performed. First, since susceptibility contrast mechanisms designed

to study the distribution of vessel sizes rely entirely on the compartmentalization of the

contrast agent within the vasculature, it is important to demonstrate that the disruption in the

blood brain barrier within the tumor does not cause the contrast agent to leak out of the

vasculature for the entire duration of the experiment. These experiments were performed

on two animals. Second, experiments were performed to measure AR2 and AR2* as a

function of contrast agent concentration and TE in four animals.

3.1 ANIMAL PREPARATION

Adult female Fisher 344 CD rats weighing 150-200g were used for this study.

Standard pelleted food and water ad libitum were given to the animals and a 12h light-dark

cycle was continuously maintained.

3.1.1 Day 1: Brain tumor implantation

Rats were anesthetized using 1% halothane. After immobilizing the heads in a

small rodent standard stereotactic apparatus (D. Kopf Instruments), the top of the heads

were treated with alcohol and a linear skin incision was placed over the midline. A 1 mm

burr hole was drilled in the skull approximately 3.5 mm lateral to the midline and 0.5 mm

behind the bregma on the left side. A Hamilton 10 iL gas-tight syringe (Hamilton-Comp.,

Reno, Nevada) was used for injection of 10 pL C6 glioma cell suspension (106 cells

cultured in DMEM) into the left frontal lobe at a depth of 3.5 mm relative to the dural

surface. The injection time was one minute, after which the needle was slowly retracted for

two minutes. Bone wax (Ethicon) was used to occlude the burr hole and to prevent leakage



of CSF. The skin was closed with stitches and the animals were allowed to recover from

the anesthesia under permanent observation. The entire procedure required approximately

fifteen minutes.

3.1.2 Day 2-19: Post-operative care

During the first three postoperative days, the rats were monitored twice daily for

incomplete wound closure, pain or distress. In case of pain, ibuprofen was given into the

drinking water at a dose of 400 mg/bottle.

Nineteen days after implantation of the tumor cells, the animals underwent the

imaging protocol described below. Rats were anesthetized with 1.5% halothane and the

femoral vein was catheterized for contrast agent administration. The animals were placed

supine on a water-heated pad and placed on the imaging table. Imaging took place on a 2T

1 lcm bore SISCO NMR image Spectrometer (Varian Associates, Fremont, CA) using a

custom built 40mm cosine volume coil.

3.2 IMAGING PROTOCOL

Conventional SE and GE images were acquired prior to and following each

injection of the equilibrium iron oxide contrast agent MION. For the spin echo sequence,

TR = 3000 msec was used and a series of echo times were obtained: TE = 20, 40, 60, 80

msec. Gradient echo sequences used a similar TR = 3000 msec but TE = 15, 20, 30, 40

msec. Both imaging sequences had the following parameters: FOV=3.5 x 3.5 cm, 64 x 64

resolution, slice thickness of 2 mm, and the number of slices ranged from three to five to

cover the entire tumor. Each image acquisition required 13 minutes. A post Gd-DTPA SE

image (TR=500 ms, TE-25 ms, 16 averages) was acquired to delineate the location of the

tumor. The animals were then sacrificed via carbon dioxide inhalation, the brain was

removed and fixed in OMNIFIX 2000 (Aaron Medical Industries Inc.) for at least 24

hours.

3.2.1. Equilibrium measurements



For this set of experiments, three injections of MION were given at a concentration

of 8 mg/mL. The imaging protocol described above was performed at the beginning of the

experiments and following each injection. After the last injection, the imaging protocol was

repeated three times, for a total of approximately 90 minutes.

3.2.2. AR2 and AR2* experiments

In these experiments, five serial injections of 5 mg/mL of MION were given,

preceded and followed by the imaging protocol described above.

3.3 IMMUNOHISTOCHEMISTRY

Immunohistochemical staining was performed in three tumors. Sections 2 mm

thick covering the location of the tumor were cut from the fixed brain and embedded in

paraffin (1 hr in 75% ethanol, lhr in 95 % ethanol, 4 x lhr in 100% ethanol, 2x 30 min in

xylene, 1 hr in melted paraffin at 57*C). Five micron slices were obtained through the

tumor and placed on standard histology slides. After one hour in a 60'C oven, the slides

were allowed to cool overnight.

To stain the slides, a standard immunohistochemical technique for laminin was used

to stain the vascular endothelial cells (62). The slides were deparaffanized by immersing

them for 2 x 10 min in xylene, followed by 3 min in 100% ethanol and 1 min each in 95%,

75% and 50% ethanol. The slides were then soaked in deionized water for 5 minutes

followed by 5 minutes in phospate buffered saline (PBS). Endogenous peroxidase activity

was blocked with methanol containing 0.3% H20 2 for 30 minutes. The slides were treated

with trypsin-EDTA (Gibco) for 1 min at 37"C and then immersed in cold PBS for 5 min.

Following a 20 minute incubation with 10% normal goat serum (Zymed Laboratories Inc.,

CA) tissue sections were incubated with the polyclonal anti-laminin antibody (Sigma, ) at

1:100 for 30 minutes. The slides were rinsed with PBS 2 x 5 min and incubated with

biotinylated secondary anti-rabbit IgG antibody (Zymed Laboratories Inc., CA) for 10

minutes. Following a PBS rinse (2 x 5 min), the slides were incubated with streptavidin



peroxidase conjugate solution for 5 minutes (Zymed Laboratories Inc., CA). Following a

PBS rinse, diaminobenzidine (DAB) was placed on the slides long enough for sufficient

staining to occur, as monitored under a microscope. Finally, the slides were counterstained

with hematoxalin (15 seconds), rinsed in tap water for 2 minutes and dehydrated using the

same alcohol baths as above, but in reverse order. Coverslips were placed on the slides

and allowed to dry overnight.

Morphometric analysis and quantification of microvascularization were performed

using BioQuand System IV morphometry software package (R&M Biometrics, Nashville,

TN) interface with an IBM microcomputer. Over 300 tumor vessels and over 200 grey

matter vessels were measured.

3.4 DATA ANALYSIS

From the MR images, a 4x4 pixel region of interest (ROI) was selected in the tumor

core and in the contralateral deep grey matter. The signal intensity averaged over these

ROIs was obtained at each point in the experiment (i.e. at baseline and following each

injection of contrast agent). The standard error of the ROI was used as an estimate of the

error. This may overestimate the error because the measurement includes the biological

variability inherent to the region of interest. AR2 and AR2* measurements were made for

each MION dose and each echo time according to equation (2.4). Standard error

propagation analysis was used to calculate the errors on AR2 and AR2*. Plots of AR2 and

AR2* as a function of dose and TE were made for each animal as well as a summary plot

of AR2 vs AR2* for all five animals.

Maps of AR2*/AR2 were produced on a pixel by pixel basis for one animals. At

each dose, both the SE and GE data as a function of TE were fit to a monoexponential

curve and interpolated to a value of TE = 20 ms. AR2, AR2* and their ratio (AR2*/AR2)

at TE = 20 ms were calculated at each dose and averaged to obtain a ratio map. In addition,

a total blood volume (CBV) map was obtained from the AR2* data (63, 64). Using the



same ROIs as described above, tumor blood volume was compared to grey matter blood

volume.

To validate the vessel size dependence of our AR2*/AR2 metric, we combined our

empirically measured distributions of vessel size in both normal grey matter and tumor

tissue with previous Monte Carlo simulation of the functional relation between AR2 and

AR2* and vessel size (32) to estimate a histologically realistic weighted average of

AR2*/AR2 ratio. The values of AR2* and AR2 from theoretical simulations performed at

TE = 20 ms and AX = 10-6 were weighted by the actual vessel sizes obtained from our

histologic data, as follows:
AR2 * _r 2 f(r)AGE(r)

(3.1)
AR2 I r2f(r)ASE(r)

where r is the radius of the vessel, f(r) is the number of vessels with radius r and AGE(r)

and ASE(r) are the amplitudes of the Monte Carlo determined values of AR2* and AR2 at

radius r, respectively. To obtain an error estimate on these calculations, random

distributions were generated from the measured vessel distributions. With each newly

generated distribution, the ratio AR2*/AR2 was computed according to Eq. [5] in both

tumor and grey matter. The quotient of these ratios (tumor/grey) was obtained and

compared with the measured MR ratio.



Chapter IV

RESULTS

Data from experiments described in chapter III will be presented in this chapter.

4.1 RAW DATA

Figure 4-1 shows a representative series of spin echo (TE = 60 msec) and gradient

echo (TE = 15 msec) images from one animal. Because gradient echoes decay with the

time constant T2 which is shorter than T2 , TE values for gradient echo images are shorter

than for spin echo images. These images show the decrease in signal intensity associated

with serial injections of the contrast agent MION. Because MION is an equilibrium agent,

it accumulates within the vasculature throughout the experiment, causing a cumulative

decrease in signal intensity with consecutive injections. In figure 4-1, the spin echo signal

intensity decreases by = 13% following each injection whereas the gradient echo signal

intensity decreases by - 17%.

4.2 EQUILIBRIUM EXPERIMENTS

To verify the stability of the contrast agent in the vasculature, steady state

measurements of AR2 and AR2* were performed as described. Figures 4-2 and 4-3 plot

AR2 and AR2* as a function of time for both the tumor and grey matter ROIs for two

animals at TE = 20 msec. The closed squares represent AR2 in the tumor core while the

open squares are measurements of AR2 in the contralateral deep grey matter. The closed

circles are measurements of AR2* in the tumor core and the open circles are measurements

of AR2* in the grey matter. Error bars are present on all data points, although some are too

small to appear on the graph. The first three points represent the measurements following

three consecutive injections of MION. Following the third injection, the imaging protocol

was repeated three times, for a duration of 90 minutes. For both tumor and grey matter,



the values of AR2 and AR2* remain constant, within errors, over 90 minutes. The values

of AR2 and AR2* within the tumor of the two animals did not change by more than 12%

over the course of the steady state measurements, indicating that the contrast agent is

remaining within the vasculature.

a) SE T2 images (TE = 60 msec)

baseline dose 1 dose 2 dose 3

a) GE T2 images (TE = 15 msec)

baseline dose 1 dose 2 dose 3

Figure 4-1: Spin and gradient echo images of a single slice following consecutive
injections of MION.
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Figure 4-2: AR2 and AR2* as a function of time for one animal (10-10-96) at TE = 20 msec.
Measurements of AR2* and AR2 remain constant, within errors, for 90 minutes.
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Figure 4-3: AR2 and AR2* as a function of time for one animal (04-30-97) at TE = 20
msec. Measurements of AR2* and AR2 remain constant, within errors, for 90 minutes.



4.3 AR2 AND AR2* EXPERIMENTS

There is also a difference in the ratio of AR2* to AR2 between the grey matter and

the tumor. For each dose and each stability point of figures 4-2 and 4-3, this ratio is

consistently larger in the tumor than in the contralateral deep grey. This trend was

reproduced in four animals who received five consecutive injections of MION. Figures 4-4

through 4-7 show plots of AR2 and AR2* as a function of contrast agent dose for each

animal at TE = 20 msec. As seen in all animals, the AR2* measurements were consistently

larger than the corresponding AR2 values, and both increase approximately linearly with

dose. As hypothesized, the ratio of AR2*/AR2 is greater for tumor than normal brain.

All measurements in these experiments were performed at various echo times. The

results from each animal at dose 3 are shown in figure 4-8 through 4-11. These are plots

of AR2 and AR2* as a function of TE. The AR2 measurements in each animal remain

quite independent of TE. The AR2* measurements in both tumor and grey matter show

different trends in each animal. Some decrease with increasing TE (figure 4-8) while

others increase with increasing TE (figure 4-9). The average of all four animals is shown

in figure 4-12. Within the standard deviation of the measurements, AR2 and AR2* for

both the tumor and the grey matter were independent of TE.
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Figure 4-4: AR2 and AR2* measurements for one animal (07-03-96) at TE = 20 msec as a function
of dose. The closed squares represent AR2 in the tumor, the open squares are AR2 measurements in

grey matter. The closed circles represent AR2* in the tumor and the open circles are AR2*
measurements in grey matter.
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Figure 4-5: AR2 and AR2* measurements for one animal (07-17-96) at TE = 20 msec as a function
of dose. The closed squares represent AR2 in the tumor, the open squares are AR2 measurements in

grey matter. The closed circles represent AR2* in the tumor and the open circles are AR2*
measurements in grey matter.
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Figure 4-6: AR2 and AR2* measurements for one animal (07-31-96) at TE = 20 msec as a
function of dose. The closed squares represent AR2 in the tumor, the open squares are AR2

measurements in grey matter. The closed circles represent AR2* in the tumor and the open circles are

AR2* measurements in grey matter.
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Figure 4-7: AR2 and AR2* measurements for one animal (08-07-96) at TE = 20 msec as a function
of dose. The closed squares represent AR2 in the tumor, the open squares are AR2 measurements in

grey matter. The closed circles represent AR2* in the tumor and the open circles are AR2*
measurements in grey matter.
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Figure 4-8: AR2 and AR2* measurements for one animal (07-03-96) at dose 3 as a function

of echo time. The closed squares represent AR2 in the tumor, the open squares are AR2

measurements in grey matter. The closed circles represent AR2* in the tumor and the open

circles are AR2* measurements in grey matter.
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Figure 4-9: AR2 and AR2* measurements for one animal (07-17-96) at dose 3 as a function of
echo time. The closed squares represent AR2 in the tumor, the open squares are AR2

measurements in grey matter. The closed circles represent AR2* in the tumor and the open circles

are AR2* measurements in grey matter.
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Figure 4-10: AR2 and AR2* measurements for one animal (07-31-96) at dose 3 as a function

of echo time. The closed squares represent AR2 in the tumor, the open squares are AR2
measurements in grey matter. The closed circles represent AR2* in the tumor and the open circles

are AR2* measurements in grey matter.
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Figure 4-11: AR2 and AR2* measurements for one animal (08-07-96) at dose 3 as a function

of echo time. The closed squares represent AR2 in the tumor, the open squares are AR2

measurements in grey matter. The closed circles represent AR2* in the tumor and the open

circles are AR2* measurements in grey matter.

50

40

30

20

C\J

CrC\

10

0 .... .... .... .... .... ....



Tumor GE

Grey GE

OU

50

40

30

20

10

0
10 20 30 40 50 60 70 80

TE (msec)

Figure 4-12: AR2 and AR2* measurements averaged over four animals at dose 3 as a
function of echo time. The closed squares represent AR2 in the tumor, the open squares are
AR2 measurements in grey matter. The closed circles represent AR2* in the tumor and the

open circles are AR2* measurements in grey matter.
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A summary of all four animals is shown in figure 4-13 which plots AR2* versus

AR2 for all doses at TE = 20 msec. The closed squares represent the data for the tumor

core while the open squares represent data from the contralateral deep grey. As seen on

this graph, the values of AR2* are greater than the values of AR2*. This difference can be

expressed quantitatively by taking the ratio of AR2* to AR2. By fitting the data to straight

lines through the origin, the following ratios were obtained:
AR2* * = 9.2 ± 1.0
AR2 tumor

AR2 * = 4.8 ± 03
AR2 grey

The ratio of these values was:

AR2 )tumor = 1.9 + 0.2
AR2 *
AR2 ) grey

From the histology sections, over 100 tumor vessel diameters in each of the three

tumors and over 200 grey matter vessel diameters were measured. The distribution of

vessels in the tumors and the grey matter are shown in figure 4-14. The average tumor

vessel diameter was 12.5 ± 6.8 pm and the average grey matter vessel diameter was 6.6 ±

2.1 pm. The predicted ratio of AR2*/AR2 computed using Eq. [5] and the MRI measured

ratio of AR2*/AR2 for tumor to grey matter are as follows

iAR2* = 6.6 ± 0.6
AR2 tumor

AR2 * = 3.6 ± 0.1

AR2 )grey

The relative ratio of these values was:

CR2 )tum or = 1.9 + 0.1
AR2 *

AR2 )grey



Averaging over all four tumors, total tumor blood volume was 15% greater than the

blood volume in the contralateral grey matter. A GE CBV map for one animal is shown in

figure 7, along with a post-Gd T2 weighted SE image and a map of AR2*/AR2. In the

ratio map, an area of high intensity in the upper right region of the brain corresponds to the

location of the tumor as shown in the post-Gd image. Recalling that this ratio increases as

the average vessel increases (figure 2-11), this is suggestive of relatively larger

microvessels in the tumor than in the contralateral grey matter.
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Figure 4-13: AR2* versus AR2 for all four animals. The closed squares represent the tumor
and the open squares represent the contralateral grey matter.
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Figure 4-14: Distribution of vessels in tumor (a) and contralateral grey matter (b). The
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Post-Gd GE CBV R2* / R2
Figure 4-15: Map of AR2*/AR2 for one animal (08-07-96). The post Gd T 1 SE image
on the left highlights the location of the tumor in the right hemisphere. The region of high
intensity in the corresponding location in the AR2*/AR2 map indicates that the tumor has a

greater density of larger microvessels than the contralateral hemisphere.



Chapter V

DISCUSSION

Although tumor angiogenesis is essential to the growth of all solid tumors, there

exists no direct or non-invasive method of assessing its role. Many studies have found via

invasive histological or three-dimensional casting techniques that tumor blood vessels are

associated with a wide range of both morphologic and physiologic characteristics not found

in normal capillaries (see e.g. (25-27, 65, 66)). Of particular interest to this study is the

fact that tumor capillary diameters can be two times greater than normal microvessels (65).

Magnetic susceptibility contrast mechanisms predict that larger microvessels will have a

greater ratio of AR2* to AR2 than normal smaller microvessels. For all animals in the

study, this ratio was indeed greater in the tumor than in the contralateral deep grey matter,

suggesting a higher relative density of larger vessels. On average, the measured tumor

ratio of AR2*/AR2 was a factor of 1.9 greater than the grey matter ratio, a value which was

in good agreement with that predicted by our own direct histologic assessment of vessel

size and previous susceptibility contrast modeling. From figure lb, the average vessel size

within the tumor and grey matter ROIs can be determined from the MRI and histologically

predicted values of AR2*/AR2. Although the absolute MRI values of AR2*/AR2 were

significantly larger than the predicted values resulting in larger estimates of vessel sizes, the

relative relationship between tumor and grey matter measurements are similar. This

difference in the absolute AR2*/AR2 values may be accounted for by a systematic bias in

our assessment of the true vascular distribution (potentially secondary to the paraffin

blocking process), or by differences between cylindrical and true vascular geometry in our

Monte Carlo simulations.

From the direct histology measurements, the relative size of the average tumor

vessel compared to the average grey matter vessel diameter was also 1.9 + 0.6. The good

agreement between the histologically determined ratio of vessel size between tumor and



grey matter and the AR2*/AR2 ratio between tumor and grey matter indicates that this

technique can be used to obtain a relative index of vessel size in areas of

pathophysiologically altered vascular proliferation.

Although the AR2 and AR2* measurements in this study were made at various echo

times, our results showed little TE dependence at the doses used. Boxerman et. al. (32)

showed that AR2 at AX = 3 x 10-8 decreased as a function of TE and the peak

susceptibility change also shifted towards smaller radii. This trend was not reproduced in

this study, perhaps due to the higher concentrations (hence AX's) studied. It is possible

that trends as a function of TE may have been masked by the interanimal variation,

especially in the exact values of AX with each injection. This variability could be more

properly addressed by obtaining quantitative AX measures on blood samples following

each injection. Should such differences as a function of TE ultimately be observed, these

may allow not only the mean vessel diameter within a voxel to be determined, but may also

provide enough information to calculate the distribution of vessels.

While previous MR studies have shown a correlation between increased blood

volume in tumors and tumor grade (23, 24, 67), none have addressed the question of

vessel size. A recent study by van Dijke et. al. (67) which measured the plasma volume in

a mammary carcinoma model using contrast-enhanced MR imaging techniques, showed a

positive correlation between histologically determined capillary number density and MR

measurements of plasma volume. Their relationship was not linear however. With

increasing tumor aggressiveness, an exponential rise in plasma volume was detected. They

suggested therefore that a simultaneous increase in size of vessels must accompany the

increase in vessel number. This is in agreement with our direct measurements of increased

vessel size at a late phase of tumor growth. It is of interest to note that the relative CBV of

the C6 gliomas calculated here was elevated by only about 15% compared to contralateral

grey matter compared, to a 90% increase in average vessel size. This suggests that an



increase in relative vessel size may provide unique, independent information on tumor

vessel physiology which complements relative CBV maps.

Tumor angiogenesis is a complex process which can be triggered by various factors

including stress and hypoxia (19, 68, 69). As such, angiogenic activity can be

heterogeneous throughout the tumor (15, 70), making it important to sample as much of the

tumor as possible. Although histologic data obtained from biopsy is the gold standard for

examining vascular morphology, it is subject to sampling errors because only one or two

portions of a tumor are probed during routine biopsy. In our C6 rat glioma model, it was

possible to examine much of the tumor on a pixel by pixel basis as shown in figure 5 (map

of AR2*/AR2). With multi-slice techniques, the entire volume of the tumor can be assayed

as opposed to small regions obtained with histologic techniques. Equally important, this

MR technique is non-invasive and can therefore be repeated over time.

Our results in these 19 day old tumors show a relatively homogeneous ratio of

AR2*/AR2 throughout. Further longitudinal studies should reveal a more complex pattern,

allowing us to examine the dynamics of vessel size evolution during tumor growth. Deane

and Lantos (25) found that vessels in a rat glioma model varied as the tumor progressed:

during the early phase, small vessels were found throughout the tumor; at late phases,

small vessels were only found at the proliferating edge of the tumor and larger microvessels

were found between the edge and the necrotic core. The tumors in this study were

examined only at one specific time point. Since the size of vessels within a tumor are

known to vary with the aggressiveness of the tumor (66), it may further be possible to find

a correlation between tumor grade and vessel size for various human tumors. Future

studies using methods similar to the one described here could be used to longitudinally

assess the fate of tumor blood vessels as a function of time and tumor size. This technique

may therefore not only help diagnose the stage and grade of tumors, but it may ultimately

be useful in assessing the response of tumors to therapy directed at the angiogenic process

(18, 71).



The conclusions drawn from these data may be limited in various ways. Several

studies have shown that the perfusion efficiency of brain tumors is significantly lower than

normal cortex (72-74). For example, Yuan et. al. (73) found that red blood cell velocity in

pial vessels may be an order of magnitude faster than that in tumor vessels of the same

diameter. Low flow could affect the MR measurements of AR2* and AR2 which rely on

the homogeneous distribution of the contrast agent. However, by using a long lived

intravascular agent and a prolonged imaging protocol (= 13 minutes), all perfused vessels

within the tumor should be adequately filled with contrast agent during the experiment since

even with flow rates an order of magnitude lower than those found in normal tissue,

vascular transit times are still less than one minute. Furthermore, modeling studies show

only a weak dependence of susceptibility contrast itself as a function of perfusion (32). We

therefore think it unlikely that low tumor perfusion significantly perturbs our

measurements.

Results from the C6 rat glioma model may also not be directly applicable to human

brain tumors or other tumors in general. Low grade tumors which have been known not to

be associated with as dramatic an increase in blood volume as high grade (23) may not

exhibit the corresponding increase in vessel diameter. Correlations between MR imaging

and histologic characteristics will differ with tumor type and level of angiogenic activity.

Furthermore, equilibrium blood pool contrast agents have yet to be approved for human

use. If this technique were to be applicable to humans today, similar data could be obtained

from first pass dynamic contrast agents such as Gd-DTPA. Unfortunately, these agents are

small enough to leak out of some disrupted tumor vasculature in high grade human brain

tumors, and normal vasculature outside the brain. In a tumor whose endothelial

permeability is greatly increased, Gd-DTPA may thus not be able to provide adequate

susceptibility-induced signal loss for measurement of AR2 or AR2*. Techniques relying

on first pass dynamic measurements of AR2* and AR2 would also be subjected to regional

variations in tumor perfusion. The low perfusion efficiency reported in tumors (72-74)



may therefore prevent the assessment of average vessel size via methods described in this

study due to the lack of signal attenuation. However, the assessment of tumor perfusion

efficiency itself may provide interesting information concerning the regional hemodynamics

present in tumors.

Despite these limitations, the technique described in this study shows that tumor

vessel sizes can be compared between normal and diseased tissue by injecting an

equilibrium blood pool contrast agent. With the advent of human approved intravascular

agents, magnetic susceptibility contrast mechanisms, which have already been useful in

determining relative cerebral blood volumes, may serve to provide further information

about human tumor vasculature and their response to therapy. This technique may be of

particular interest in studying, non-invasively, the effects of novel anti-angiogenic drugs on

the existing tumor vasculature.



REFERENCES

1. A. B. T. Association, A Primer of Brain Tumors: A patient's reference manual.
2. B. Alberts, D. Bray, J. Lewis, M. Raff, K. Roberts and J. D. Watson, Molecular
biology of the cell.
3. A. T. Hertig, Angiogenesis in the early human chorion and in the primary placenta of
the Macaque monkey. Contrib. Embyol. 25, 37-81 (1935).
4. J. Folkman and M. Klagsbrun, Angiogenic factors. Science 235, 442-447 (1987).
5. D. C. West and S. Kumar, Endothelial cell proliferation and diabetic retinopathy.
Lancet 1, 715 (1988).
6. H. Alpern-Elran, N. Morog, F. Robert, G. Hoover, M. Kalant and S. Brem,
Angiogenic activity of the atherosclerotic artery plaque. J. Neurosurg 70, 942-945
(1989).
7. R. Brown and e. al., Angiogenic factor from synovial fluid resembling that from
tumours. Lancet 682-685 (1980).
8. J. Folkman, What is the evidence that tumors are angiogenesis-dependent. J Natl
Cancer Inst 82, 4-6 (1990).
9. A. G. Ide, R. A. Harvery and S. L. Warren, Role played by trauma in the
dissemination of tumour fragments by the circulation: Tumour studied: Brown-Pearce
rabbit epithelioma. Arch. Pathol. 28, 851-860 (1939).
10. G. H. Algire and e. al., Vascular reactions of normal and malignant tumors in vivio.
I. Vascular reactions of mic to wounds and to normal and neoplastic trasnplants. J. Natl.
Cancer Inst. 6, 73-85 (1945).
11. J. Folkman, P. Cole and S. Zimmerman, Tumors behavior in isolated perfused
organs: in vitro growth and metastasis of biopsy material in rabbit thyroid and canine
intestinal segment. Ann. Surg. (1966).
12. J. Folkman, Tumor angiogenesis: therapeutic implications. N. Engl. J. Med. 285,
1182-1186 (1971).
13. J. Folkman and R. S. Cotrans, Relation of vascular proliferation to tumor growth.
Int. Rev. Exp. Pathol. 16, 207-248 (1976).
14. D. R. Connolly, Vascular permeability factor: A unique regulator of blood vessel
function. J. Cell Biochem 47, 219-223 (1991).
15. J. Dvorak, R. Sioussat, L. F. Brown, B. Berse, J. A. Nagy, A. Sotrel, E. J.
Manseau, L. Van de Water and D. R. Senger, Distribtuion of vascular permeability factor
(vascular endothelial growth factor) in tumors: concentration in tumor blood vessels. J.
Exp. Med. 174, 1275-1278 (1991).
16. N. Ferrara, K. Houck, L. Jakeman and D. W. Leung, Molecular and biological
properties of the vascular endothelial growth factor family of proteins. Endocrinol. Rev.
13, 18-32 (1992).
17. V. W. Li, R. D. Folkerth, H. Watanabe, C. Yu, M. Rupnick, P. Barnes, R. M. Scott,
P. M. Black, S. E. Sallan and J. Folkman, Microvessel count and cerebrospinal fluid basic
fibroblast growth factor in children with brain tumours. Lancet 344, 82-86 (1994).
18. B. Millauer, L. K. Shawver, K. H. Plate, W. Risau and A. Ulrich, Glioblastoma
growth inhibited in vivo by a dominant-negative Flk-1 mutant. Nature 367, 576-579
(1994).
19. K. H. Plate, G. Breir, H. A. Weich and W. Risau, Vascular endothelial growth factor
is a potential tumour angiogenesis factor in human gliomas in vivo. Nature 359, 845-848
(1992).
20. D. C. Russell and L. J. Rubinstein, Pathology of Tumours of the Nervous System.
21. P. C. Burger, F. S. Vogel, S. B. Green and T. A. Strike, Glioblastoma multiforme
and anaplastic astrocytomas. Pathologic criteria and prognostic implications. Cancer 56,
1106-1111 (1985).



22. M. M. Ter-Pogossian and P. Herscovitch, Radioactive oxygen-15 in the study of
cerebral blood flow, blood volum and oxygen metabolism. Semin. Nucl. Med. 15, 377-
94 (1985).
23. H. J. Aronen, I. E. Gazit, D. N. Louis, B. R. Buchbinder, F. S. Pardo, R. M.
Weisskoff, G. R. Harsh, G. R. Cosgrove, E. F. Halpern, F. H. Hochberg and B. R.
Rosen, Cerebral blood volume maps of gliomas: Comparison with tumor grande and
histologic findings. Radiology 191, 41-51 (1994).
24. F. S. Pardo, H. J. Aronen, D. Kennedy, G. Moulton, K. Paiva, P. Okunieff, E. V.
Schmidt, F. H. Hochberg, G. R. Harsh and A. J. Fischman, Functional cerebral imaging
in the evaluartion and radiotherapeutic treatment planning of patients with maglignant
glioma. Int. J. Radiot. Oncol. Biol. Phys. 30, 663-669 (1994).
25. B. R. Deane and P. L. Lantos, The vasculature of experimental brain tumours. Part 1.
A sequential light and electron microscope study of angiogenesis. J. Neurol. Sci. 49, 55-
66 (1981).
26. A. Zama, M. Tamura and H. Inoue, Three-dimensional observations on microvascular
growth in rat glioma using a vascular casting method. J. Cancer Res. Clin. Oncol. 117,
396-402 (1991).
27. M. W. Dewhirst, C. Y. Tso, R. Oliver, C. S. Gustafson, T. W. Secomb and J. F.
Gross, Morphologic and hemodynamic comparison of tumor and healing normal tisue
microvasculature. Int. J. Radiat. Oncol. Biol. Phys. 17, 91-99 (1989).
28. C. R. Fisel, J. Ackerman, R. Buxton, L. Garrido, J. Belliveau, B. R. Rosen and T.
J. Brady, MR contrast due to microscopically heterogeneous magnetic susceptibility:
Numercial simulations and applications to cerebral physiology. Magn. Reson. Med. 17,
336-347 (1991).
29. S. Majumdar and J. Gore, Studies of diffusion in random fields produced by
variations in susceptibility. J. Magn. Reson. 78, 41-55 (1988).
30. T. A. Case, C. Durney, D. Ailion, A. Cutillo and A. Morris, A mathematical model of
diamagnetic line broadening in lung tissue and similar heterogeneous systems: Calculations
and measurements. J. Magn. Reson. 73, 304-314 (1987).
31. R. Weisskoff, C. Zuo, J. Boxerman and B. Rosen, Microscopic susceptibility
variation and transverse relaxation: Theory and experiment. Magn. Reson. Med. 31,
601-610 (1994).
32. J. L. Boxerman, L. M. Hamberg, B. R. Rosen and R. M. Weisskoff, MR contrast
due to intravascular magnetic susceptibility perturbations. Magn. Reson. Med. 34, 555-
566 (1995).
33. A. Villringer, B. R. Rosen, J. W. Belliveau, J. L. Ackerman, R. B. Lauffer, R. B.
Buxton, C. Yong-Sheng, V. J. Wedeen and T. J. Brady, Dynamic imaging with lanthanide
chelates in normal brain: contrast due to magnetic susceptibility effects. Magn. Reson.
Med. 6, 164-174 (1988).
34. T. Shen, R. W. Weissleder, M. Papisov, A. Bogdanov and T. J. Brady,
Monocrystalline iron oxide nanocompounds (MION): physicochemical properties. Magn.
Reson. Med. 29, 599-604 (1993).
35. F. Bloch, W. W. Hansen and M. E. Packard, Nuclear induction. Phys. Rev. 69,
127 (1946).
36. E. M. Purcell, H. C. Torrey and R. V. Pound, Resonance absorption by nuclear
magnetic moment in a solid. Phys. REv. 69, 37 (1946).
37. P. C. Lauterbur, Image formation by induced local interactions: examples employing
nuclear magnetic resonance. Nature 242, 190 (1973).
38. P. Mansfield and A. A. Maudsley, Planar and line-scan spin imaging by NMR.
39. C. L. Partain, R. R. Price, J. A. Patton, M. V. Kulkarni and A. E. James, Magnetic
Resonance Imaging.
40. R. Lauffer, Paramagnetic metal complexes as water proton relaxation agents for NMR
imaging: theory and design. Chem. Rev. 87, 901-927 (1987).



41. R. W. Weisskoff and S. Kiihne, MRI susceptometry: Image based measurement of
absolute susceptibility of MR contrast agents and human blood. Magn. Reson. Med. 24,
375-383 (1992).
42. C. Bean and J. Livingston, Superparamagnetism. J. Appl. Phys. 30, 1205-1295
(1959).
43. R. Weissleder, A. Bogdanov and M. Papisov, Target-specific superparamagnetic
contrast agents. Magn. Reson. Q. 8, 55 (1992).
44. E. Hahn, Spin echoes. Phys. Rev. 94, 630-638 (1950).
45. J. Carr and E. Purcell, Effects of diffusion on free precession in nuclear magnetic
resonance experiments. Phys. Rev. 94, 630-638 (1954).
46. K. Packer, The effects of diffusion through locally inhomogeneous magnetic fields on
transverse nuclear spin relaxation in heterogeneous systems. Proton transverse relaxation
in striated muscle tissue. J. Magn. Reson. 9, 438-443 (1973).
47. B. Robertson, Spin-echo decay of spins diffusing in a bounded region. Phys. Rev.
151, 273-277 (1966).
48. R. Wayne and R. Cotts, Nuclear magnetic resonance study of self-diffusion in a
bounded medium. Phys. Rev. 151, 264-277 (1966).
49. J. Glasel and K. Lee, On the interpretation of water nuclear magnetic resonance
relaxation times in heterogeneous systems. J. Amer. Chem. Soc. 96, 970-978 (1974).
50. K. Brindle, F. Brown, I. Campbell, C. Grathwohl and P. Kuchel, Application of
spin-echo nuclear magnetic resonance to whole-cell systems. J. Biochem. 180, 37-44
(1979).
51. F. Brown, F. Jaroszkiewicz and M. Jaroszkiewicz, An NMR method for studying the
intracellular distribution and transport properties of small molecules in cell suspensions:
the chicken erythrocyte system. J. Magn. Reson. 54, 400-418 (1983).
52. F. Brown, The effect of compartmental location on the proton T2* of small molecules
in cell suspensions: A cellular field gradient model. J. Magn. Reson 54, 385-399 (1983).
53. K. Thulborn, J. Waterton, P. Matthews and G. Radda, Oxygenation dependence of
the transverse relaxation time of water protons in whole blood at high field. Biochem.
Biophys. Acta. 714, 265-270 (1982).
54. M. Fabry and R. San George, Effect of magnetic susceptibility on nuclear magnetic
resonance signals arising from red cells: A warning. Biochemistry 22, 4119-4125
(1983).
55. C. Hazelwood, D. Chang, B. Nichols and D. Woessner, Nuclear magnetic resonance
transverse relaxation times of water protons in skeletal muscle. Biophys. J. 14, 584-596
(1974).
56. P. Gillis and S. Koenig, Transverse relaxation of solvent protons induced by
magnetized spheres: Aplication to ferritin, erythrocytes, and magnetite. Magn. Reson.
Med. 5, 323-345 (1987).
57. R. Brown, Distribution of fields from randomly placed dipoles: Free precession
signal decay as a result of magnetic grains. Phys. Rev. 121, 1379-1383 (1961).
58. R. Brown, Some contrast agents in oilwell logging and in medical MRI. Magn.
Reson. Med. 29, 551-552 (1993).
59. C. R. Fisel, J. R. Moore, L. Garrido, J. L. Ackerman, B. R. Rosen and T. J. Brady,
A general model for susceptibility-based MR contrast.
60. R. Kennan, J. Zhong and J. Gore, Intravascular susceptibility contrast mechanisms in
tissues. Mag. REson. Med. 31, 9-21 (1994).
61. S. Ogawa, R. Menon, D. Tank, S. Kin, J. Merkle, J. Ellerman and K. Ugurbil,
Functional brain mapping by blood oxygenation level-dependent contrast magnetic
resonance imaging: A comparison of signal characteristics with a biophysical modlel.
Biophys. J. 64, 803-812 (1993).
62. S. Takano, S. Gately, H. Engelhard, A. M. C. Tsanaclis and S. Brem, Suramin
inhibits glioma cell proliferation in vitro and in the brain. J. Neuro-Oncol. 21, 189-201
(1994).



63. B. R. Rosen, J. W. Belliveau, H. J. Aronen, D. Kennedy, B. R. Buchbinder, A.
Fischman, M. Gruber, J. Glas, R. M. Weisskoff, M. S. Cohen, F. H. Hochberg and T. J.
Brady, Susceptibility Contrast Imaging of Cerebral Blood Volume: Human Experience.
Magn. Res. Med. 22, 293-299 (1991).
64. B. R. Rosen, J. W. Belliveau, J. M. Vevea and T. J. Brady, Perfusion Imaging with
NMR Contrast Agents. Magn. Res. Med. 14, 249-265 (1990).
65. C. L. Farrell, P. A. Stewart, C. R. Farrell, R. F. Del Maestro and B. L. Coomber,
The effect of cellular microenvironment on vessels in the brain. Part II. Vessel function
and structure in a rat glioma model.
66. J. M. Papadimitriou and A. E. Woods, Structural and functional characteristics of the
microcirculation in neoplasms. J. Pathol. 116, 65-72 (1975).
67. C. F. van Dijke, R. C. Brasch, T. P. L. Roberts, N. Weidner, A. Mathur, D. M.
Shames, J. S. Mann, F. Demsar, P. Lang and H. C. Schwickert, Mammary carcinoma
model: Correlation of macromelecular contrast-enhaced MR imaging characterizations of
tumor microvasculature and histologic capillary density. Radiology 198, 813-818 (1996).
68. D. Shweiki, A. Itin, D. Soffer and E. Keshet, Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359, 843-845
(1992).
69. D. Shweiki, M. Neeman, A. Itin and E. Keshet, Induction of vascular endothelial
growth factor expression by hypoxia and by flucose deficiency in multicell spheroids:
implications for tumor angiogenesis. Proc. Natl. Acad. Sci. 92, 768-772 (1995).
70. J. Folkman, Angiogenesis and breast cancer. J. Clin. Oncol. 12, 441-443 (1994).
71. T. Taki, T. Ohnishi, N. Arita, S. Hiraga, Y. Saitoh, S. Izumoto, K. Mori and T.
Hayakawa, Anti-proligerative effects of TNP-470 on human malignant glioma in vivo:
potent inhibition of tumor angiogenesis. J. Neuro-Oncol. 19, 251-258 (1994).
72. E. M. Hiesiger and R. M. Voorhies, Opening the blood-brain and blood-tumor
barriers in experimental rat brain tumors: the effect of intracarotid hyperosmolar mannitol
on capillary permeability and blood flow. Ann. Neurol. 19, 50-59 (1986).
73. F. Yuan, Vascular permeability and microcirculation of gliomas and mammary
carcinomas transplanted in rat and mouse cranial windows. Cancer Res. 54, 4564-4568
(1994).
74. R. K. Jain, Determinants of tumor blood flow: a review. Cancer 48, 2641-2658
(1991).


