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Abstract
Brain metastasis due to breast cancer is a devastating complication that 

effects many people every year and its prognosis is dismal, fewer than 20% of 

patients reach the one year survival period after initial diagnosis. Herein we 

report the temporal and spatial monitoring of the development of experimental 

brain metastasis in mice. The metastatic potential of two highly brain metastatic 

breast cancer cell lines was investigated in vivo at multiple time points. This 

involved comparing distribution patterns, growth rates and tumor volumes 

between the two cell lines. We also labeled cells with MPIO contrast agents and 

tracked the distribution of cells on day 1 in the brain using MRI, the finding was 

correlated to the corresponding distribution of metastases at the endpoint. This 

model gives new insight into the nature of breast cancer metastasis to the brain 

and is a piece to the puzzle for solving this complex disease.

Keywords: Magnetic Resonance Imaging (MRI); brain metastasis; breast 

cancer; mouse model; MPIO.
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Chapter 1: Introduction

1.1 Metastasis

1.1.1 Breast Cancer

Breast cancer remains a serious, life-threatening disease that can affect 

anyone. An estimated 23,200 Canadian women will be diagnosed with breast 

cancer and 5,300 will die from it in 2010 (1).

1.1.2 Metastasis

The majority of breast cancer deaths are due to the occurrence of 

systemic metastases (1). Metastasis is the spread of malignant cells from the 

original tumor. The spreading of cancer cells causes 90% of deaths related to 

solid tumors (2). The process of metastasis is best described by a series of 

events known as the “metastatic cascade” (3). The sequence of events includes: 

detachment, intravasation, transport, extravasation, colonization, and 

angiogenesis (4). Once a normal cell has acquired the genetic changes that 

transform it into a tumor cell, the detachment process begins. Cellular Adhesion 

Molecules (CAMs) are cell surface proteins that allow binding of cells to each 

other, or to the extracellular matrix (ECM) (5). Metastatic tumor cells have the 

ability to turn off and on various CAMs and gain the ability to detach from the 

tumor mass and invade underlying stroma (6). Tumor cells destined to form 

metastases move toward the circulation, this is the process known as
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intravasation (7). The cells breach and degrade the basement membrane and 

ECM by releasing various proteolytic enzymes that target a number of different 

proteins including collagens, laminin and fibronectin (7). Once in the circulation 

cancer cells are most vulnerable to the elements of the immune system and must 

withstand the assault from natural killer cells, macrophages, as well as endure 

the shear forces attributed to increased blood velocity (8). Cancer cells 

overcome these transport obstacles by associating themselves with platelets and 

leukocytes, which can act as escorts (9). Selectins, a subset of CAMs, allow 

tumor cells to attach to platelets and leukocytes and thus facilitate their transport 

(9). The circulating tumor cells eventually arrest in a vascular bed and this 

process of arrest is related to the size of the cell relative to the capillary bed (IQ- 

12). Capillaries are small (approximately 3-8pm in diameter) and are designed to 

allow the passage of red blood cells -  which average 7 pm in diameter and are 

highly deformable -  whereas many cancer cells are quite large (20 pm or more in 

diameter). Cancer cells that arrest due to size restriction in any organ will be 

determined by physical factors, such as the relative sizes of cells and the 

capillaries, the blood pressure in the organ and the deformability of the cell (41). 

Like intravasation, extravasation involves cancer cells releasing various 

proteolytic enzymes that breakdown the ECM and surrounding endothelial cell 

layer to gain access to the tissue parenchyma (13). Colonization is considered 

the rate-limiting step of the metastatic cascade; if the cancer cells are unable to 

grow and form a mass they usually die (14).

In 1889, Dr. Stephen Paget proposed the “seed” and “soil” theory to 

describe the nature of metastasis; where the seed is the cancer cell and its
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survival or ability to germinate into a tumor mass is dependant on the “soil” or 

tissue microenvironment (15). Since then the propensity for metastatic tumors to 

develop in specific organs has been demonstrated (16-18). An opposing theory 

for metastasis which was proposed by American pathologist James Ewing in 

1928 stated that cancer cells are not predisposed to develop in certain tissues 

and the site of metastasis is only dependent on mechanical factors, such as the 

location of the primary tumor and circulatory patterns (41). Studies have 

appeared that support both of these theories (19-21); however it is accepted that 

metastasis is likely a mixture of both of these theories and that one is not 

exclusive from the other (22).

It is widely accepted that metastasis is an inefficient process particularly at 

the point of colonization (22). One study involving a metastatic mouse model and 

melanoma cells found that 80% of cells survived up to the point of extravasation, 

however less than 3% formed micrometastases and only 1% continued to form 

clinically apparent metastases (23).

Angiogenesis is the final step of the metastatic cascade; a tumor cannot 

grow beyond 1 to 2 mm3 unless it acquires its own blood supply (24, 25). 

Vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF) 

are known to induce new blood vessel formation (26, 27). A long list of cytokines, 

growth factors, immunologic mediators, and molecular pathways play a role. Not 

all of the mechanisms and factors that drive this process have been identified, 

and it continues to be an area of ongoing research.
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1.1.3 Dormancy

Instead of dying or proliferating into a mass during the colonization 

process, metastatic cells may have a third possible fate, they may go into a state 

of dormancy (14). At some later time factors in the microenvironment may trigger 

their proliferation switch and the cancerous cells may undergo unrestrained 

growth. However, in all likelihood, the so-called “dormant cells” are actively 

proliferating but held in check by increased apoptosis and inhibition of 

angiogenesis. It may remain in this state until the aforementioned equilibrium is 

disrupted and one or more cells gain the ability of unrestrained growth (26). The 

exact mechanisms/processes are unknown and this is a very active area of 

research, important findings in this area will likely lead to a paradigm shift in the 

treatment of metastatic cancer.

1.1.4 Breast Cancer Metastasis in the Brain

A major concern when dealing with metastatic breast cancer is brain 

métastasés. Of the 22,700 women diagnosed with breast cancer in 2009 (1), 10

16% of these patients developed brain métastasés (28-30). The prognosis of the 

disease is dismal; the one year patient survival is less than 20% upon initial 

diagnosis (31, 32). The nature of brain metastasis is complex and poorly 

understood. Brain métastasés are generally diagnosed at a late stage of the 

disease progression (4) and treatment options are limited with varying success. 

Whole brain irradiation continues to be the standard clinical practice for treating 

brain métastasés but it remains inefficient. It has also been associated with 

neurocognitive decline and studies have shown that cancer cells in
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heterogeneous populations exhibit radio-resistance thus making radiotherapy 

less effective over time (33, 34).

The pharmaceutical industry has faired no better with treating brain 

metastases and, in the case of trastuzumab, resulted in an increased incidence 

of brain metastases (35, 36). Trastuzumab is a monoclonal antibody that has 

had success with treating systemic metastases below the neck that 

overexpressed the human epidermal growth factor receptor-2 (HER2) gene (37, 

38). Although found in normal cells, its overexpression in metastatic cancer cells 

has been associated with rapid cell proliferation and an unusually high metastasis 

to the brain. Prolonged treatment was associated with improvements in patient 

survival however, it failed to penetrate the blood brain barrier (BBB) (36). The 

BBB is part of the brain’s unique microenvironment and it is composed of non

fenestrated, tightly packed endothelial cells. It excludes the passage of most 

water-soluble chemotherapeutic agents when given in standard doses, thus 

allowing the brain to serve as a sanctuary site for micrometastases too small to 

disrupt the barrier. When a metastatic brain tumor forms it is almost always 

associated with peritumoral vasogenic edema. The edema is the result of the 

leakage of protein and other substances across the disrupted BBB within the 

tumor (4). The substances are not recognized by the normal brain and diffuse 

from the tumor into the surrounding brain and thus increase the brain water. In 

addition, when VEGF is produced by the tumor, it may diffuse in the normal brain 

and increase permeability of normal vessels. Furthermore when metastases are 

present in the brain, the immune system has difficulty differentiating it from 

normal tissue. In fact microglial cells, which are the brain’s macrophages,
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become activated and form a clear boundary between the tumor mass and brain 

tissue (39). It is quite possible that microglia create an altered brain 

microenvironment that is more permissive to tumor growth/invasion.

As mentioned earlier, primary tumors are composed of a heterogenous 

group of cells. When a subset of cells arrives at a distant secondary site, the 

biological behavior of the developing metastasis may differ significantly from that 

of the primary tumor. The metastasis itself may contain a heterogenous 

population of cells and two metastases within the brain may differ from one 

another (40-42). The heterogeneity of metastases may explain why metastases 

respond to treatment differently from the primary tumor (42) and it serves as an 

additional impediment to designing effective cancer therapeutics. It is not 

uncommon for patients with presumably cured cancer to develop solitary 

metastases in the brain years later; this is most common amongst breast cancer 

and melanoma (4).

1.1.5 Modeling Breast Cancer Metastasis to the Brain

The development of model systems is a promising strategy for studying 

the biology and pathology of brain metastasis and for evaluating potential 

therapeutic leads. Xenograft model systems of brain metastasis in mice have 

been developed. Models of breast cancer metastasis to the brain have been 

described, with preferential metastasis to the brain via hematogenous spread 

(43-46). Two of the model systems, developed in parallel, used in vivo passage 

in the mouse to select highly brain metastatic derivative lines of human MDA-MB- 

231 breast cancer cells. The Price and Yoneda labs performed successive
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rounds of culture of isolated experimental brain métastasés and re-injection into 

mice to produce cell lines with enhanced brain metastatic potential (43, 45). 

From the Yoneda lab, MDA-MB-231 parental breast carcinoma cells were 

injected into the left cardiac ventricle and isolated brain métastasés were 

resected, recultured and reinjected. After six rounds of selection the brain 

seeking MDA-MB-231 BR (231BR) cell line was established (43), and it 

metastasized to the brain with 100% frequency and was undetectable in other 

organs. The 231 BR cell line has since served as the foundation for many 

experimental brain metastasis studies (47-50). Fitzgerald et al. demonstrated 

that métastasés have a much higher propensity to develop in the cortex and 

hippocampus vs. the olfactory bulb and basal ganglia (47). In the same study 

they showed that the mouse brain responds to the presence of 231-BR cells with 

extensive gliosis, where reactive glia are recruited around and within brain 

métastasés, this was observed as early as 14 days post injection. They 

compared the mouse model findings to clinically resected brain métastasés and 

found similar results regarding microglia recruitment and cell proliferation and 

apoptosis. Using immunofluorescence they detected proliferative cells and little 

to no apoptotic cells amongst métastasés using the mouse model. There was a 

similar finding in the clinically resected brain métastasés with the exception of 

apoptotic cells being detected only in areas of necrosis. In another study 

Palmieri et al. developed the MDA-MB-231 BR/HER2 (231BR/HER2) subclone 

such that the FIER2 gene was transfected into 231 BR cells. Comparison 

between the two cell lines revealed no difference in the incidence of metastasis in 

nude mice but métastasés that expressed HER2 in cohort with epidermal growth
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factor receptor (EGFR) levels were 3-fold larger in size than métastasés of the 

231BR lineage (51).

In another study using nude mice, Kim et al. showed that elevated VEGF 

expression contributed to the ability of breast cancer cells to form brain 

métastasés. Furthermore they showed that targeting endothelial cells with a 

VEGF-receptor tyrosine kinase inhibitor reduced angiogenesis and restricted the 

growth of brain métastasés (45). In spite of these findings, there was no 

difference in the periods of survival between mice treated with the VEGF inhibitor 

and controls. Since the brain is highly vascularized, the necessity of neo

angiogenesis to maintain metastasis survival has been called into question.

Experimental brain metastasis studies using either breast cancer or 

melanoma have shown that métastasés formed along pre-existing blood vessels 

rather than inducing angiogenesis. Kusters et al. showed that brain metastasis 

from a melanoma lineage could grow up to 3mm (52) without inducing an 

angiogenic switch described by Folkman (53), but instead utilized preexisting 

blood vessels. A similar study even showed that vessel density was in fact lower 

in areas of metastatic growth in comparison to normal brain regions (54). Both 

Kim and Kusters show contrary findings regarding the role of angiogenesis in 

metastasis growth. Furthermore, Ebos et al. showed that while anti angiogenic 

therapies decreased primary tumor growth they actually increased local invasion 

and distant metastasis (55). These findings demonstrate a need for further 

preclinical studies into anti-angiogenic therapies in the context of brain

metastasis.
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1.1.6 Methods to Study Brain Metastasis

Traditionally, histology has been used to investigate the progression of 

metastatic cells in the brain when using animal models. This involves tissue 

fixation, embedding, sectioning, mounting and staining (56). Stains are used to 

increase the contrast between cells and the organelles within them. When dyes 

are tagged to antibodies, individual cells of interest can be identified (57). This is 

very beneficial for investigating metastases with heterogeneous cell populations 

and for identifying the corresponding changes in the brain microenvironment at 

the cellular level. Histology offers a detailed look at the events in the metastatic 

process but only provides a snap shot of one point in time. Since animals have 

to be sacrificed it is not possible to do in vivo studies that investigate tumor 

development at multiple timepoints in the same animal. Furthermore, histological 

studies generally sample partial sections of the mouse brain; thus the information 

obtained is an estimate of what is occurring throughout the whole brain.

MRI is the gold standard imaging modality to diagnose tumors clinically. It 

offers the opportunity for high resolution imaging, excellent soft tissue contrast, it 

is depth independent and can be used to image the whole body or brain. 

Furthermore MRI has been used to investigate metastatic disease and other 

pathologies in preclinical animal models (58-60). Downsides to MRI include the 

long scan times and high cost of operation, but the benefits of MR override its 

limitations. Cancer and metastasis are pathologies that continue to be an 

emotional, financial and scientific burden. However, there is tremendous growth 

in the research and development of MRI and, as result, smaller lesions can be
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detected in images, image acquisition is faster and overall treatments are 

improving.

MRI is based on the relaxation of nuclei in an external magnetic field after 

being perturbed by a radio frequency (RF) pulse. Different tissues and pathologic 

lesions have different rates of relaxation; tissue contrast with MRI is achieved by 

exploiting these differences.
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1.2 MRI

1.2.1 The Larmor Frequency

All nuclei with an odd number of protons and/or neutrons possess a non-zero 

angular momentum, or nuclear spin, s, which results in spin angular momentum 

S and produces a small magnetic moment p. The orientation of the magnetic 

moment is along the spin axis and its magnitude is given by:

p=yS

Equation 1.1: Magnetic Moment

where y is the gyromagnetic ratio and is specific for every atom. The most 

abundant atom in the body is hydrogen, which contains one proton and has its 

own magnetic moment, MR imaging usually consists of imaging protons. Protons 

in a sample are randomly oriented and this orientation results in a net magnetic 

moment or magnetization, M0 of zero since the individual moments cancel each 

other out (61). If the sample were to be placed in an external magnetic field B0, 

then the magnetic moments align with the field, either in the same direction as 

the magnetic field (parallel) or in the opposite direction (antiparallel). By 

convention the direction of B0 is defined to be in the z-direction. A slight excess of 

protons preferentially orient themselves in the parallel state since it is of lower 

energy. The resulting net magnetic moment M0, which is the sum of all of the 

magnetic moments in the sample, is in the same direction as B0. The actual
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orientation of the protons is slightly tipped away from the Bo axis (62). The 

protons experience a torque once the external magnetic field is applied and 

precess at a frequency known as the Larmor frequency co0, where,

«o=Y Bo-
Equation 1.2: Larmour Frequency

Figure 1.1: Proton Spin experiencing an external magnetic field

When a radiofrequency (RF) pulse is applied to the sample with an 

external field, at a frequency that matches the Larmor frequency (62) of the 

protons within the sample, its energy is absorbed by the protons and they are 

elevated to a higher energy state and develop a spin that is anti parallel to that of 

the main magnetic field, this causes M0 to rotate away from the direction of the 

main field or z-axis (63). This is known as nuclear magnetic resonance (NMR). 

Once the RF pulse is removed three things occur. First, the magnetization vector 

continues to precess about the z-axis at the Larmor frequency. The rotating 

magnetization induces an electromotive force (EMF) in a radiofrequency coil.
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The signal measured is known as a free induction decay (FID) curve and is the 

basic NMR signal that is recorded (63). Second, the magnetization begins to 

return to its original position along Mz and third, the protons that were precessing 

in phase with each other begin to dephase. The last two characteristics are 

known as relaxation effects and are a source of contrast within MR images (64).

To spatially locate the NMR signal, magnetic field gradients are applied in 

the x, y and z direction which change the local magnetic fields. The way in which 

these gradients are applied is dependant on the pulse sequence that is being 

applied. The strength, duration and frequency in which the gradients are applied 

capture differences in the relaxation times in the sample and create the contrast 

and signal intensity seen in MR images.

1.2.2 Relaxation

Relaxation effects begin immediately after the RF pulse is turned off, two 

types of relaxation effects occur: a.) T1 and b.) T2 relaxation. Once the RF pulse 

is turned off, the absorbed energy is released into the surroundings, or the lattice. 

T1 relaxation characterizes the return of the net magnetization to its equilibrium 

state parallel to the z-axis. T2 relaxation is characterized by a loss of phase 

coherence of the spins in the xy plane. As the net magnetization precesses in 

the transverse plane each individual spin begins to precess at a different Larmour 

frequency. As the spins diphase in the transverse plane their signals begin to 

cancel each other out leading to a loss of net signal. This is caused by two main 

sources. The first is the energy exchange between molecules through vibrations 

and/or rotations. This is known as true spin-spin relaxation (T2). The second is
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due to magnetic field inhomogeneities (T2’) (65). Magnetic field inhomogeneities 

are caused by variations in the static magnetic field B0; in the sample the different 

magnetic susceptibilities change the local magnetic field at tissue boundaries. 

The total transverse relaxation (T2*) is given by (66):

1/T2* = 1/T2 + 1/T2’

Equation 1.3: Components of T2 Relaxation

T1 and T2 relaxation rates vary amongst different tissues in the body. These 

differences are exploited to generate contrast amongst tissues. The choice of 

generating primarily T1 or T2 contrast amongst tissues is user dependent and the 

choice is usually based on the type of tissues to be imaged, the scan time and 

signal to noise ratio (SNR). This will be further discussed in later sections.

1.2.3 Spatial Encoding

A time varying magnetic field generates a time varying electric field, the 

resultant electric field results in current in the coil. The coil integrates the signal 

over the entire volume, at this point there is no way to interpret the received 

signal and from which tissues in the sample it originated. If we were to interpret 

the sample as a collection of voxels, where each voxel contributed a finite 

amount of the total signal received in the coil, we can think of spatial encoding as 

distinguishing each voxel. The field gradients make the magnetic field vary with 

position (67), this is done through three different gradients: a.) slice select
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gradient, b.) phase encode gradient and c.) frequency encode gradient. As a 

result of these gradients the signal from each voxel will be encoded with a unique 

frequency and phase value. The slice of interest is selected by applying an RF 

pulse in conjunction with a slice select gradient. The frequency of the RF pulse 

corresponds to the Larmour frequency of the location of interest, which as 

mentioned before changes linearly in the sample because of the applied gradient. 

When the RF pulse is applied, only those protons with the Larmour frequency 

that matches the frequencies of the RF pulse will be tipped into the transverse 

plane. All frequencies outside the RF bandwidth will not be excited. By defining 

the bandwidth of the RF pulse to be a certain range of frequencies, the thickness 

of the slice can also be defined. Decreasing the bandwidth of the RF pulse or 

increasing the strength of the slice select gradient can produce thinner slices.

1.2.3.1 Phase Encoding

Phase encoding is done after the slice has been selected. The phase 

encode process can be considered long and tedious since one MR excitation is 

required for each line of phase encoding data. When the gradient is turned on, 

the precession of the nuclei appears to speed up or slow down according to their 

position along the phase encode gradient. When the gradient is removed, the 

nuclei revert back to their original frequencies but precess at a different phase. 

The phase of the signal is said to vary in the direction of the gradient (67).
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Figure 1.2: Out of Phase spins during phase encoding

1.2.3.2 Frequency Encoding

As the name suggests the application of the frequency encoding gradient 

causes protons in the sample to spin at different frequencies. The frequency of 

the signal then varies in the direction of the frequency encode gradient (67).

Unlike Spatial encoding, frequency encoding is rapid; all spatial frequency 

information from one MR signal following one RF excitation can be acquired. It is 

during this step that the data readout occurs.

1.2.3.3 Fourier Transform

After implementation of the three spatial encoding gradients the resulting 

signal from each location or voxel has a unique frequency and phase. The time 

dependant signal can then be processed using a mathematical technique known 

as the Fourier transformation. The Fourier transform takes a signal in the time 

domain and decomposes it into its frequency components (67). The MR image 

can then be reconstructed in the time domain by using an inverse Fourier

transform.
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1.2.4 MRI Pulse Sequences

1.2.4.1 Spin Echo

MRI pulse sequences manipulate the relaxation effects of nuclei to 

generate the contrast needed. The spin echo (SE) pulse sequence is one of the 

most widely used sequences, it consists of one 90° pulse and at least one 180° 

pulse (67, 63). The 90° pulse tips the magnetization into the transverse plane 

and then the gradients perform the necessary spatial encoding. However prior to 

reading out the signal, a 180° pulse is applied and this refocuses the 

magnetization in the transverse plane to form an echo. The 180° pulse is applied 

at a time TE/2, where TE is the echo time (63, 67). The contrast produced by SE 

sequences is dependent on the timing parameters, generally for T1-weighted 

contrast a short TE and short TR (repetition time between 90° pulses) is required 

and T2-weighted images require a relatively long TE and TR. A timing diagram 

of the most simple SE sequences are shown below.
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1.2.4.2 Gradient Echo

The gradient echo (GE) pulse sequence is the other main branch of pulse 

sequences most widely used. In GE, speed is enhanced by using a small flip 

angle (less than 90°) which allows for shorter TRs and essentially shorter scan 

times than SE pulse sequences. This is possible because a full T1 recovery is 

not necessary before the next RF excitation. Gradient echo sequences do not 

correct dephasing of spins due to magnet inhomogeneities and local 

susceptibility changes are not compensated and thus the time decay of the MR 

signal is dependant on T2* not T2. This results in smaller signal from GE 

sequences compared to those from a SE sequence of an identical sample at the 

same TE. The dephasing and rephasing of the MR signal by the imaging 

gradients allow for the echo to be formed (63, 67). A slice refocusing gradient is 

applied after the RF pulse along with the phase and frequency encode gradients.
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The frequency encoding gradient is used to completely dephase the 

magnetization such that the maximum coherence is achieved when the second 

frequency encoding (readout) gradient is applied. At time TE an echo is formed 

and the signal is measured. A timing diagram of the most simple GE sequences 

are shown below.

<<590° us90°

TE

Figure 1.4: Gradient Echo Pulse Sequence

1.2.4.3 Balanced Steady State Free Precession (b-SSFP)

Steady-state free precession (SSFP) is a type of gradient echo sequence 

that describes the behavior of the net magnetization when the same RF pulse is 

repeatedly applied to the sample at regular time intervals. An initial RF pulse tips 

the magnetization an angle a/2; a series of alternating ±a pulses is then applied 

where the magnetization is tipped an angle of a/2 from the z-axis, steady state is
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then reached. Reaching steady state is dependant on the size of the a  tip and 

the the tissue being excited. Since there are both longitudinal and transverse 

components present during the signal acquisition the signal itself is dependant on 

the T2/T1 ratio (68). Balanced-SSFP sequences also offer the highest signal-to

noise (SNR) ratio per unit time of any pulse sequence.

Three conditions must be met before the steady-state condition can occur. 

One is that TR<<T2<<T1. This limits the amount of T1 recovery and dephasing 

effects due to intrinsic T2. The second is that all dephasing effects must be the 

same between each RF pulse and lastly a and TR must remain constant (69). 

The timing diagram shows a b-SSFP sequence.

<*<90° <*s90°

IhLdl I||V—M  ^ ------- w
TE -  TR/2

Figure 1.5: b-SSFP Pulse Sequence

In the timing diagram it can be seen that a RF pulse is applied with a tip 

angle a after which the spatial encoding gradients are applied. After several TR 

periods (~5T2/TR) the magnetization will be in steady state and data acquisition 

will begin (69). The b-SSFP sequence is considered balanced because all three
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gradients are refocused. SSFP sequences do not refocus the dephasing effects 

due to the frequency encoding gradient and the net magnetization before the next 

RF pulse is zero. The net magnetization for b-SSFP at the beginning of the 

sequence until the next RF pulse is nearly identical with the exception of small T1 

and T2 effects occurring during TR (68).

1.2.5 Cancer and MRI

Cancerous tissues have different relaxation rates in comparison to normal 

tissue, this discovery revealed a property whereby the two tissues could be 

differentiated with magnetic resonance (70). This property has been exploited 

with MRI for the diagnosis of glioma tumors in the brain. Using Dynamic Contrast 

Enhanced (DCE) MRI, Graif et al. showed that when glioma tumors were present 

the T1 and T2 values were shortened in gray and white matter (71). After the 

administration of gadolinium-DTPA the T1 values of the glioma decreased 

between 16%-33% of the original measurements and the MR images displayed 

high contrast between the tumor and brain parenchyma. Furthermore DCE MRI 

has the ability to measure fractional blood volume (fbv) and microvascular 

permeability (k) in brain tumors (72-74). Roberts et al. showed that fbv and k 

values measured in patients with glioma tumors could be correlated with tumor 

grade (72).

More recent studies have used DCE T1-w and dynamic susceptibility weighted 

(DSW) T2-w MRI to estimate cerebral perfusion, cerebral blood volume and 

blood brain barrier permeability (75-77) when tumors were present in the brain;
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perfusion maps could then be created to display these parameters which in turn 

aid in the diagnosis of brain tumors.

MRI is also the imaging modality of choice in the clinical setting for the 

diagnosis of brain métastasés; it has the ability to detect multiple lesions 

throughout the whole brain and serves as a preoperative tool to surgery or 

radiosurgery. Tsutsumi and colleagues were able to identify multiple 

parenchymal lesions using MRI (78). Following brain metastasis diagnosis the 

patient received gamma knife radiosurgery to control the lesions; the treatment 

planning was based on the MRI findings. MRI is also useful for characterizing 

tumor reoccurrence and tumors with necrotic regions during postoperative follow

up. Hoefnagels et al. used DSW MRI of patients with single or multiple 

métastasés in the brain and the acquired data was used to construct relative 

cerebral blood volume (rCBV) maps to identify necrosis or predict tumor 

reoccurrence (74). The findings from the rCBV maps were validated with 

histology of the resected métastasés.

MRI is still far from perfect with regards to detecting brain métastasés; Yoo 

and colleagues were unable to locate brain micrometastases with MRI prior to 

performing lung surgery, however, post-operative scans had revealed the 

presence of lung métastasés in the brain (79). In spite of this, it should be noted 

that MRI technology is developing at a rapid rate. Studies have shown that 

imaging techniques such as arterial spin labeling (ASL) is a good alternative to 

susceptibility contrast MRI for the diagnosis of brain tumors and métastasés, 

especially when intravenous injection is not possible. Lehmann et al.
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demonstrated that all lesions in the brain could be detected using ASL and from 

the data, informative cerebral blood flow maps could be created (80).

Furthermore high field MRI scanners such as 7T systems are being 

employed for the detection of brain métastasés. Monninghoff and colleagues 

compared the detection capabilities of brain métastasés between a 7T system 

and 1.5T MR system. They found the 7T system could detect almost as many 

métastasés as the 1.5T and could produce higher spatially resolved images of 

the brain and was superior at detecting brain hemorrhaging (81).

1.2.6 MRI and Preclinical Studies of Cancer

MRI is widely used in preclinical studies to examine the anatomy of both 

primary tumors and metastatic lesions and examine their responses to various 

treatments. It has been used to visualize the growth and development of primary 

tumors of the breast, liver and brain that have been implanted into experimental 

mouse and rat models (82-86). Similarly MRI parameters have been optimized to 

detect single or multiple metastatic lesions in the brain, liver and other secondary 

organs. MRI has the potential to detect métastasés distributed throughout the 

whole body and to characterize them based on their volume, vasculature and 

permeability.

Song et al. used MRI to detect brain métastasés using a rat model of 

brain metastatic breast cancer. They found that many of the métastasés had 

formed in cortex regions of the brain as opposed to the olfactory bulb and 

cerebellum (82). These findings raised new questions as to whether a higher 

proportion of métastasés formed in the cortex because it is a more vascularized
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region, whether larger métastasés have a higher vascular density and whether or 

not necrosis occurred. The T2*-w MRI technique employed by this group cannot 

determine those answers, however, DCE MRI and DWI techniques may provide 

the answers to those questions since they have the capability to provide both 

functional and physiological information.

Barck et al. used DWI on mice that had transplanted tumors in the breast. 

From the data acquired they created apparent diffusion coefficient maps (ADC) 

and were able to characterize and differentiate regions of necrosis from regions 

in the tumor with viable cell populations (83). DCE-MRI studies of animal tumor 

models obtain data that focuses on the washout of Gd-DTPA agents in tumors. 

The washout kinetics data found in these studies can be correlated with tumor 

vasculature during post-mortem histological analysis. This is an area of ongoing 

research but has the potential to be a predictive factor for tumor vascularization.

Similar to the study conducted by Song, Simoes and colleagues were 

able to identify regions in the brain harboring multiple or single brain métastasés 

due to breast cancer using DWI weighted MRI (84). They created ADC maps to 

differentiate the tumor mass from edema and normal brain tissue and since 

imaging was done at multiple time points they created growth curves for the 

developing métastasés. The applications of DWI MRI are growing, scientists 

have used diffusion weighted sodium MRI to image tumor response to a 

chemotherapeutic agent in rats (87). Advances in this area may eventually be 

applied to image brain métastasés response to treatment.
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1.2.7 MRI Contrast Agents

MRI contrast agents shorten the relaxation properties of tissues. All 

contrast agents shorten both T1 and T2 times of the surrounding tissues, but 

most contrast agents affect one relaxation time more than the other. Two classes 

of MRI contrast agents exist: 1.) paramagnetic and 2.) superparamagnetic. Most 

paramagnetic contrast agents are gadolinium based and are known for mainly 

shortening the T1 properties of the sample when administered (88). Gadolinium 

(Gd) has seven unpaired electrons in its electronic structure and consequently 

has strong paramagnetic properties (89). It is toxic in its elemental state and 

hence is usually chelated to a ligand, which preserves its paramagnetic 

properties but can also be cleared by the body through normal renal functions 

(89). When Gadolinium based contrast agents are administered water protons 

are exchanged amongst those bound to the Gd agent and the bulk water in the 

system (88). This in turn speeds up the rate at which nuclei return to a lower 

energy state after being excited by an RF pulse or the rate of Mz recovery (90). 

The T1 shortening appears as bright signal on T1 weighted images (89).

Superparamagnetic contrast agents are considered T2-shortening agents. 

T2-shortening agents are iron oxide based and are usually known by the 

acronym SPIO (SuperParamagnetic Iron Oxide). When they are placed within a 

sample the large magnetic moment caused by the external magnetic field 

induces local magnetic field gradients causing protons in the vicinity of the 

contrast agent to experience a different frequency than the protons further away 

from the contrast agent, the contrast agent essentially creates a large 

inhomogeneity. Like all inhomogeneities it increases the rate of dephasing by
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protons and reduces the T2* as well as T1. Pulse sequences that are T2* 

weighted are used to exploit this phenomenon and the area of the surrounding 

contrast agent appears as a region of hypointensity or signal loss (91). The part 

of the SPIO particle that is responsible for producing contrast is the crystallites of 

iron-oxide that are located in the particle’s core. The crystallite consists of 

magnetite (Fe23+0 3Fe2+0) and it has its own magnetic domain (91). These 

magnetic domains are randomly oriented when an external magnetic field is not 

present but align parallel to the field when it is present.

SPIO particles are classified according to their hydrodynamic diameter, 

which is the total diameter of the particle (iron-oxide core and the coat). The 

hydrodynamic diameters of ultra-small SPIO (USPIO, example generic name 

Combidex'), SPIO (example generic name Feridex*), and micron-sized SPIO 

(MPIO) are roughly 10-40nm, 80-150nm, and 0.9-8.5pm respectively (92, 93).
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1.3 Cellular MRI

1.3.1 Cell Labeling

Contrast agents are the foundation of cellular MRI and are required to 

allow cells to be detected against the background tissue in MR images. SPIO 

agents are the most commonly used contrast agents for cellular MRI studies. 

Their use is attractive to cellular MRI studies for multiple reasons: i.) they are 

commercially available in a wide range of sizes and surface coatings (93), ii.) 

they can be biodegradable (93) and iii.) they have greater relaxivity effects in 

comparison to gadolinium (94, 95).

SPIO agents have been used for both active in vivo cell labeling and for 

labeling cells in vitro in cell culture. Active labeling employs an intravenous 

injection of contrast agent that is meant to be taken up by phagocytic cells in the 

blood, labeling them in-vivo. This type of labeling is especially effective for 

studying diseases and organs, which involve inflammation and phagocytic 

immune cells. The immune cells become labeled in-vivo and can migrate to the 

site of disease, and their hypointense appearance on MR images provides 

information about their presence and location. This technique has been 

employed to study animal models of autoimmune encephalomyelitis (EAE), 

where macrophages in brain lesions were identified (96).

A similar approach has been used to detect metastasis in the lymph nodes 

and liver. After injection of intravenous USPIO, nodes that normally appeared 

hyperintense on account of metastasis had developed heterogenous contrast
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within the nodes. The dark areas on the MR images were the result of iron 

uptake by normal node tissue, which contained phagocytic immune cells (97). 

Kupffer cells are macrophages in the liver and they phagocytose SPIO particles 

after IV administration. Since tumor tissues lack Kupffer cells, they appear 

hyperintense in comparison to the hypointense Kupffer cells. Active labeling with 

SPIO particles has also been used to study macrophage infiltration in stroke (98), 

arthritis (99) and spinal cord injury (100).

Many cellular MRI studies utilize prelabeling of cells with SPIO for the 

purposes of cell tracking, cell quantification and injection validation, to name a 

few. This technique has been applied to visualizing the arrest of metastatic 

breast cancer cells in the brain (101), tracking the fate of transplanted stem cells 

(102-105) and pancreatic islets (106-110) and monitoring adoptively transferred 

dendritic cells in cancer immunotherapy (111-114).

The amount of contrast agent taken up by the cells is dependant on the 

cell type, contrast agent and the concentration of the contrast agent. Simple 

incubation can be used for phagocytic cells but is insufficient for labeling non- 

phagocytotic cells, for example mesenchymal stem cells and HeLa cells do not 

take up SPIO particles efficiently after 24-48 hours of incubation (115), but rather 

methods such as electroporation have been utilized to label these cells (116). 

Other methods of labeling nonphagocytic cells have applied the use of 

transfection agents such as protamine sulphate and poly-L-lysine which have 

been shown to increase iron uptake. Iron particles coated with the transfection 

agent can chaperon the particle into the cell. The transfection agent is incubated 

with the iron particles and the two undergo an electrostatic interaction; the result
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is a negatively charged iron particle that can enter the cell. Iron uptake in 

mesenchymal stem cells, mouse lymphocytes, rat oligodendrocytes and HeLa 

cells increased 2-70 times when SPIO particles were coated with PLL compared 

to an incubation of bare SPIO particles (117). The amount of iron taken up by the 

cell is one of the most important factors determining the MRI detectability.

1.3.2 MRI Requirements for Cellular Imaging

There are several MRI requirements that are important for detecting iron 

labeled cells. Most studies use T2-weighted SE or T2*-weighted GE imaging. 

Dodd et al were the first to show that single iron labeled cells could be imaged 

(118). This was done in vitro, with T cells labeled with SPIO and suspended in 

gel, and imaged with GE at 7 Tesla. Dodd and colleagues showed that longer 

echo times and higher spatial resolution were important factors for detecting cells 

in gradient echo images. The signal loss created by iron labeled cells is often 

referred to as the blooming artifact and this artifact is much more pronounced in 

GE images compared to SE images.

In this thesis the bSSFP imaging sequence is used for iron-labeled cell 

detection. Heyn et al. demonstrated a linear relationship between the intracellular 

iron content and the contrast generated by iron labeled cells in bSSFP images at 

1.5T. They also showed that bSSFP images have approximately 7x the SNR 

efficiency of spoiled GE images and that this impacts the ability to detect iron- 

labeled cells (119,120). Ramadan et al. have shown that (49) an increase in the 

repetition time and the SNR produce a dramatic increase in the contrast 

generated by iron-labeled cells in bSSFP images acquired at 3T.
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The high resolution and high SNR required for cellular imaging are most 

often achieved using high field MRI scanners that are dedicated to imaging small 

animals. High field scanners allow for high SNR when acquiring highly spatially 

resolved images in a relatively short scan times in comparison to low field 

scanners. In spite of this high field scanners are associated with poor field 

homogeneity and longer T1 relaxation times. For this reason, some cellular MRI 

studies have been conducted on lower field scanners (1.5T and 3.0T) and 

sometimes with the addition of a custom built insert gradient coil which allows 

high resolution, fast imaging and effectively converts the clinical MRI system into 

a micro-imaging system without altering the magnetic field strength 

(49,101,119,120). High SNR can still be achieved in these systems through the 

use of custom made RF coils that are designed specifically for the type of animal 

or animal anatomy that is being imaged and by using highly SNR efficient pulse 

sequences such as the b-SSFP pulse sequence.

More recently, acquisition protocols have been modified to make cells 

labeled with USPIO appear hyperintense relative to a dark background, which 

facilitates detection and localization. Some of the strategies to produce this type 

of contrast include (1) off resonance pulses to refocus signal from water protons 

in close proximity of the USPIO (121) and (2) Inversion-recovery with On- 

resonance water suppression (IRON) (122). One of the disadvantages of these 

bright contrast techniques is that normal anatomic background of the image is 

lost and the bright contrast image has to be overlaid with a standard gradient 

echo or spin-echo anatomical image.
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1.3.3 Cellular MRI and Cancer Studies

The development of effective cancer therapies has been hampered in part 

by the inability to non-invasively track cancer cell progression from the initial 

cancerous lesion to the formation of a metastatic tumor. Iron oxide based MR 

contrast agents have enabled clinicians and scientists to identify tumors and 

métastasés with greater efficacy and investigate the spread of cancer cells 

through hemodynamic and lymphatic pathways.

USPIO have been utilized to identify lymph node metastasis amongst 

women with breast cancer. After intravenous administration nodes with 

métastasés have heterogeneous contrast within the nodes when imaged with 

MRI, the dark areas are the result of iron uptake by normal node tissue which 

contain phagocytic immune cells (97). This method has been applied with great 

accuracy for diagnosing lymph metastasis. Similarly, a study showed SPIO- 

enhanced MRI was superior at detecting liver métastasés in patients from 

colorectal cancer vs. CT and gadobenate dimeglumine-enhanced MRI. The 

SPIO technique detected lesions with 100% accuracy while the other modalities 

were significantly less (123).

More recently, USPIO particles have been used to image the 

microvasculature in glioma tumors. Christoforidis and colleagues administered 

USPIO particles intravenously in rats bearing tumors. The USPIO particles 

appeared as hypointense regions within the tumor using GE images (124). Post

mortem histological analyses confirmed the USPIO particles had arrived at the

tumor vasculature.
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Since SPIO particles are non-toxic to cancer cells, it is possible to label 

cells in culture prior to injection. MRI can then be used to visualize the metastatic 

progression of cells in vivo at an early stage to the formation of a mass. During 

progressive cell divisions the label becomes diluted and the MR hypointense 

signal becomes lost when imaging at later timepoints. This was shown in a study 

by Heyn et al. where brain metastatic breast cancer cells were labeled with MPIO 

particles and injected into the left ventricle of the heart in nude mice. MRI was 

used to image the brain at multiple time points and initially many signal voids 

were present (101). However at subsequent imaging time points the voids were 

present in fewer numbers and it is presumed the cells were dividing and the 

agent was diluted.

More recent studies have focused on using iron oxide contrast agents to 

visualize changes in the brain microvasculature when brain metastases are being 

treated with anti-angiogenic drugs. JuanYin and colleagues administered 

Cediranib, an anti-VEGF receptor drug to a treatment mouse group that had brain 

metastases; they injected mice with USPIO particles intravenously to monitor 

changes in the brain microenvironment (125). Initially, brain metastatic breast 

cancer cells were labeled with MPIO prior to injection and imaged with MRI on 

day 3 postinjection; this technique enabled them to verify the success of their 

injections. T2* imaging of mice injected with USPIO indicated a higher cerebral 

blood volume within metastases and their surrounding area. It also indicated the 

drug was effective at inhibiting angiogenesis since USPIO infiltration was lower 

amongst metastases in the treated group.
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1.3.4 Targeted Imaging of Cancer

Targeted MRI makes use of a special class of imaging probes that are 

conjugated to specific antibodies or proteins that are overexpressed on cell 

surfaces. Amino acids, such as glutamine, are required for cell proliferation, 

which makes it ideal for the engineering of a targeted contrast agent. Gadolinium 

chelates conjugated to glutamate residues have been developed as targeted MR 

contrast agent for cancer. After intravenous injection of the contrast agent, 

tumors from neuroblastoma cells in normal mice and in Her2/neu transgenic mice 

which developed mammary carcinomas, could be visualized (126). A similar 

approach has been applied to CD20 which is a protein expressed on mature B- 

cells, lymphoma cells and melanoma cells. USPIO conjugated to anti-CD20 

antibody was shown to target lymphoma cells injected into nude mice resulting in 

a decrease in signal within the tumor (127).

In order for targeting agents to be effective at targeting various cells, the 

target cell must overexpress the molecule or receptor of interest and the receptor 

must also be internalized and recycled quickly in order to maximize uptake of the 

agent.

1.3.5 Limitations of Cellular MRI for Preclinical Studies of Cancer

The major advantage of the application of cellular MRI to cancer is the 

ability to visualize cells on high resolution MR images with excellent soft tissue 

contrast. In spite of this, cellular MRI is still a developing field and there are 

several caveats. Sufficient contrast can only be achieved by the availability of
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high affinity contrast agents at the target area and this requires overcoming 

biological delivery barriers such as cell membranes, and the blood brain barrier in 

the case of visualizing brain metastatic cancer cells.

Prelabeling cancer cells with iron, for preclinical investigations, is a way 

around this obstacle but the agent becomes diluted during subsequent cell 

divisions and cell contrast is generally limited to early time points. In spite of this, 

studies have indicated that single cells could still be visualized in vivo as late as 7 

weeks after injection when labeled with iron (128).

Another potential limitation of the use of iron for labeling cells is that dead 

labeled cells or iron particles released by dead/dying cells could be taken up by 

bystander cells (such as macrophages) and the signal loss could be 

misinterpreted as the original labeled cell. Pawelczyk and colleagues (129) used 

a Boyden Chamber model of inflammation to examine the frequency of transfer of 

iron from labeled bone mesenchymal stem cells or cancer cells to activated 

macrophages. Fluorescence activated cell sorting and fluorescence microscopy 

revealed that only 5-15% of the iron label was taken up by the macrophages. 

Their results advise caution when tracking iron-labeled cells for long periods of 

time but also suggest that the amount of transfer from dead cells to bystander 

cells is below the MRI detection level for transplants of 2 million iron-labeled cells 

or less.

These claims are valid and highlight the need for histological or 

immunohistochemical validation after the final MRI experiment when tracking a 

metastatic cell population. Many metastatic cell populations are transfected with 

plasmids that overexpress green fluorescent protein+ (GFP+). This allows for
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correlations between metastatic cell populations as perceived on MR images with 

metastatic cell population as determined by histology.

Although iron based contrast agents are generally perceived to be non 

toxic, when used in high concentrations for in vivo studies it has been known to 

interact with a number of metabolic pathways that may induce oxidative stress 

(130, 131).
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1.4 Project Overview

Brain metastases are among the most feared and debilitating 

complication of systemic cancer. Historically they affect approximately 10-16% of 

patients diagnosed with metastatic breast cancer and the one-year patient 

survival is less than 20% upon initial diagnosis (28-30). The development of 

brain metastasis models offers the hope of further understanding the nature of 

brain metastatic breast cancer cells and their interaction with the brain 

microenvironment. Histology is the main tool used to investigate brain metastasis 

in animal models and many of the findings have been promising. A drawback of 

histology is its inability to examine metastasis throughout the whole brain; also, 

the time point of the study is limited to the endpoint. Previous studies have 

shown that MRI can detect metastatic breast cancer cells in vivo in the brain of 

mice when labeled with MPIO particles. The whole brain can be visualized and 

the development of metastases can be studied non-invasively at multiple time 

points.

In 1889, British physician Stephen Paget proposed the “seed and soil” 

hypothesis to explain the formation of metastasis. He postulated, “the distribution 

of the secondary growth is not a matter of chance...when a plant goes to seed, 

its seeds are carried in all directions; but they can only live and grow if they fall on 

congenial soil (15).” That is to say, the tumor cell (seed) can only flourish if it 

encounters a hospitable organ (soil). Other studies have contended that the 

metastatic disease is the product of hemodynamic factors (41).
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Based on histological findings by Palmieri et al (46). and Fitzgerald et al 

(47). we hypothesized that metastasis to the brain will conform to a pattern, 

where, some brain regions would be more predisposed to its formation than 

others. Also, it was our goal to develop a technique to determine tumor growth 

rates when using a brain metastatic mouse model of breast cancer. MRI was 

used to compare the metastatic potential of two highly brain metastatic human 

breast cancer cell lines in mice: (1) MDA-MB-231BR and (2) MDA-MB- 

231BR/HER2; this involved investigating the incidence of metastases formation in 

different regions of the brain and comparing the tumor volumes at different time 

points, the latter allowed us to examine and compare the growth rates of the 

metastases in mice between the two cell lines. Furthermore, we examined the 

effect of varying the concentration of breast cancer cells delivered intravenously 

had on tumor size. Also, we performed an MRI scan on day 1 post injection to 

examine the distribution of voids in different regions of the brain and correlated 

the finding with the subsequent distribution of metastases at the endpoint of the 

study. This study is described in Chapter 2 and is to be submitted as a 

manuscript for publication. In Chapter 3 the findings of this study are reviewed 

and related it to the work of others in the field of investigating brain metastasis.
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Chapter 2: Spatial and Temporal Differences in 

the Development of Brain Metastases due to 

Breast Cancer Detected by In Vivo MRI

Disclosure: Cell Culture and labeling was done by Catherine McFadden and 

Emeline Ribot. Also Flow Cytometry was done by Karen Morely and Catherine 

McFadden. All left ventricle injections and histology were performed by Carmen 

Simedrea. MRI scanning and analysis was done by Mevan Perera

2.1 INTRODUCTION

Ten to twenty percent of metastatic breast cancer patients will develop 

brain metastases (1-3). Untreated, the median survival time is 2-3 months and 

with aggressive treatment is usually extended only marginally, to 4-12 months 

(4). The incidence of brain metastases in breast cancer patients is increasing (5). 

This is especially true for women with human epidermal growth factor receptor 2 

(HER2/neu) - positive breast cancer (6). This is because patients are surviving 

primary cancers for longer periods of time as a result of the development of 

therapeutic agents that successfully treat systemic, but not brain metastases (7). 

For example, trastuzumab (Flerceptin®), a monoclonal antibody which interferes 

with the HER2/neu receptor, has been shown to be effective at treating systemic 

metastases in patients with FIER2 positive tumors, however, prolonged treatment 

has shown a high incidence of brain metastases (24-48%) (8). This is likely due 

to the drug’s poor penetration of the blood brain barrier due to its large size, 

essentially making the brain a sanctuary site for metastases (9).
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To study the mechanisms of breast cancer metastasis to the brain, and to 

investigate promising new therapies for the treatment of brain metastases, mouse 

models have been developed using human breast cancer cell lines (10-13). 

Metastases in these mouse models have been characterized by histology, 

immunohistochemistry, fluorescence imaging and microscopy (14-16). These 

techniques allow for measurements of the numbers of metastases, the cross

sectional area of metastases and for an analysis of cellular markers of apoptosis 

and proliferation and other phenotypic characteristics of the tumor.

A limitation of these methods is the need to sacrifice the animal and 

therefore only an endpoint analysis is permitted. In vivo microimaging 

technologies, including high-resolution magnetic resonance imaging (MRI), 

micro-computed tomography (CT) and small-animal positron emission 

tomography (PET), have shown great utility for characterizing small-animal 

models of disease (17-19). Anatomical MRI is particularly well suited for studies 

of brain metastasis because it is noninvasive, three-dimensional, has excellent 

soft tissue contrast and has no limitation in depth of penetration.

Cellular MRI is a relatively new field of imaging which uses labeling of cells 

with iron particles, along with the acquisition of high resolution images, to track 

the fate of cells after their injection or transplantation. This imaging approach is 

has been used to detect and track a variety of cell types in a number of different 

animal models of disease (20-25). Areas containing iron-labeled cells appear as 

regions of low signal intensity (or signal voids) on MRI images, creating negative 

contrast (26-31). Previous work by the Foster lab, and others, has shown that
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even single iron-loaded cells can be detected in vivo by MRI, as signal voids in 

vivo in the mouse brain (27-29). Heyn et al. monitored the fate of individual 

cancer cells in the mouse brain and showed that single iron-labeled cells are 

initially detected as discrete signal voids, and that with time the signal void 

caused by the iron label is replaced by signal hyperintensity, as cells proliferate 

diluting the label and developing into metastases (27).

A wealth of information can be derived about the development of 

metastases from in vivo 3D cellular MRI, when compared to traditional 

histological analyses. In this study we assess the metastatic potential of two 

highly brain metastatic human breast cancer cell lines, using multiple MR scans 

of each mouse over the course of metastasis formation. This approach allowed 

us to quantify both growing metastases as well as persistent, dormant tumor 

cells, in the full brain volume of each mouse and at multiple time points. To the 

best of our knowledge this is the first report of the in vivo spatial and temporal 

monitoring of the development of experimental brain metastasis by MRI in mice.

2.2 MATERIALS AND METHODS

2.2.1 Cell Culture and MPIO labeling

Two human breast cancer cell lines were used (i) MDA-MB-231BR 

(231BR), which are a highly brain metastatic derivative of the human MDA-MB- 

231 breast cancer cell line (16), and (ii) a version of 231 BR which were 

transfected with the human epidermal growth factor receptor-2 (HER2) gene
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MDA-MB-231BR/HER2 (231BR/HER2) (17). Both cell lines were previously 

transfected with enhanced green fluorescent protein (EGFP) using a retroviral 

vector.

Both cell lines were maintained in media containing 10% FBS at 37°C and 

5% CO2 . When labeling with MPIO, 1.5 x 105 cells/mL were plated in 2mL of 

DMEM medium containing 10% FBS per well of a six well plate and allowed to 

adhere for 24 hours. 24uL of Flash Red Bangs Beads (Bangs Laboratories, 

Fishers, IN, USA) in 2mL of media were added to each well giving 5.8 x 108 

MPIO/well and then incubated for 24 hrs. The cells were then washed thoroughly 

with 2mL of Hanks buffered salt solution (HBSS) to remove unincorporated 

MPIO.

To detect intracellular uptake of MPIO particles, MPIO-labeled cells were 

collected following overnight culture, washed 3X with buffer, and deposited onto 

glass microscope slides using a cytospin centrifuge. Cells were stained for iron 

with Perl’s Prussian blue (PPB) and counter stained with eosin. The EGFP- 

positive cancer cells and the flash red fluorophore of MPIO-labeled cells were 

also visualized with fluorescence microscopy on a Zeiss Axioplan 2 microscope. 

MPIO labeling was further verified with inductively coupled plasma mass 

spectroscopy (ICP-MS).

For transmission electron microscopy (TEM) cells were fixed overnight in 

2.5% glutaraldehyde in 0.1 sodium cacodylate buffer at 4 degrees C, washed in 

0.1 M sodium cacodylate buffer, postfixed in 1% osmium tetroxide in 0.1 M
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cacodylate buffer for one hour, washed in the buffer and enrobed in noble agar. 

After washes in distilled water they were stained in 2% uranyl acetate for two 

hours, dehydrated in a graded series of ethanols, cleared in propylene oxide and 

embedded in Epon 812 resin. Thin sections were mounted on 300 mesh 

formvar-carbon coated copper grids, stained with 2% uranyl acetate followed by 

lead citrate, and viewed on the Philips 410 transmission electron microscope at 

magnifications as high as 52000x.

The trypan blue exclusion assay was performed to determine the viability 

of MPIO-labeled and unlabeled control cells. The amount of apoptotic and 

necrotic cell death was determined by staining cells with 7-Amino-Actinomycin (7- 

AAD; Becton Dickinson, NJ, USA) and Annexin V (Becton Dickinson, NJ, USA) 

and analysis was carried out using flow cytometry.

2.2.2 Animal Preparation

Four groups of nude mice (female, nu/nu, 6-8 weeks old, 18-22g, Charles 

River Laboratories, Wilmington, MA, USA) were studied. Mice were 

anaesthetized with isofluorane (2% in oxygen) and a 0.1 ml HBSS solution 

containing MPIO-labeled cancer cells was injected into the left ventricle of the 

beating heart using a 27 Gauge needle inserted between the third and fourth ribs 

perpendicular to the sternum, as previously described (26). Mice in Group 1 

(n=15) were injected with 175,000 231BR/HER2 cells, mice in Group 2 (n=6) 

were injected with 175,000 231BR cells, mice in Group 3 (n=6) were injected with 

50,000 231BR/HER2 cells. A fourth group of mice (n=8) were also injected with
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175,000 231BR/HER2 cells but scanned at different timepoints. The mice were 

cared for in accordance with the Canadian Council on Animal Care, and under a 

protocol approved by the University of Western Ontario Animal Care and 

Veterinary Services. Table 2.1 summarizes the animal groups.

Table 2.1: Summary of groups: # of mice, cell type, number of cells injected

Group # #of mice Cell type # of cells 

injected

1 5 MDA-MB-231BR/HER2 175000

2 5 MDA-MB-231BR 175000

3 5 MDA-MB-231 BR/HER2 50000

4 5 MDA-MB-231 BR/HER2 175000

2.2.3 Magnetic Resonance Imaging

Imaging was performed on a 1.5T GE CV/I whole-body clinical MR 

scanner using a custom-built gradient coil (inner diameter = 12 cm, maximum 

gradient strength = 600 mT/m, and a peak slew rate = 2000 T/m/s). Prior to 

being scanned, mice were anaesthetized with isofluorane (2% in oxygen) and 

were then placed within a custom-built solenoidal mouse head radiofrequency 

(RF) coil (inner diameter = 1.5 cm). In vivo images were acquired using the 3D 

balanced steady state free precession (bSSFP) gradient echo pulse sequence.

A relatively short scan was performed on all mice on the same day as the 

cell injection in order to assess the success of the left ventricle injections and to
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select mice to include in the longitudinal imaging study. The bSSFP parameters 

for these scanning sessions were: 200pm isotropic resolution, TR/TE of 

3.2/1.6ms, 35° flip angle (FA), 8 signal averages (NEX) and a receiver bandwidth 

(rBW) of ±21kFlz. The scan time was approximately 8 minutes. Only mice that 

had numerous regions of signal void visible in the brain on day 0, confirming 

delivery of cells to the brain, were included in the study.

Group 1 mice were scanned on days 16, 19, 23, 26 and 29 post-injection. 

Group 2 mice were scanned on days 19, 23, 26 and 29 post-injection, since 

tumors were not evident until day 19 in Group 1. Group 3 mice were only 

scanned on day 29. The bSSFP parameters for these imaging sessions were: 

100pm isotropic resolution, TR/TE of 5.4/2.7ms, 35° FA, 4 NEX, ±31 kHz rBW, 

and 4 RF phase cycles. Scan times for Groups 1-3 were 62 minutes each. Group 

4 mice were scanned on days 1 and 35 post-injection. For the day 1 scanning 

session the TR/TE was changed to 25/12.5ms to maximize the ability to detect 

signal voids due to iron and the NEX and resolution were reduced to keep the 

scan time under an hour; NEX=2, resolution =150x150x200pm. Scan time was 

48 minutes for mice in Group 4.

2.2.4 MRI Data Analysis

All of the brain métastasés were counted manually in each image for all 

mice. There were between 152 to 168 MR image slices for each mouse brain. 

The tumor volumes (all) and the signal void volume (Group 4, day 1 scans) were 

measured from MR images. All measurements were performed using the image
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analysis program VG Studio (Volume Graphics, Heidelberg, Germany). The 

program allowed the acquired MR data to be visualized in the axial, coronal, 

sagittal and 3D views.

Individual tumor volumes were measured by a semi-automatic 

segmentation technique. The operator selects a threshold gray level value, 

within the tumor, and the tumor region of interest is automatically generated, and 

the volume calculated in mm3. The void volume measurement is similar. The 

threshold for identifying voids is set by averaging the mean pixel intensity of the 

voids with the mean pixel intensity of the background brain tissue. The resulting 

pixel intensity is set as the maximum void pixel intensity and the program 

automatically finds and sums all voids. The total void volume for the brain and 

brain regions is given in mm3.

Each of these measurements were obtained for the full volume of the 

whole mouse brain and for specific brain regions. The brain was divided into four 

regions: the olfactory, cortex, central brain and posterior brain regions. The 

olfactory region contained the olfactory bulb and the anterior olfactory nucleus. 

The cortex region contained the frontal cortex and the cerebral cortex. The 

central brain region included the hypothalamus, thalamus, midbrain, caudate 

putamen, ventral striatum, and the basal forebrain. The posterior brain consisted 

of the cerebellum, pons and medulla. The volume of each of these brain regions 

was determined.

The number of tumors per region was calculated as a percentage of the

total number of tumors in the whole brain. This was determined for all brain
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regions at each time point for mice in each group. The volumes of tumors were 

plotted versus time to assess the tumor growth rates. This was performed for 

Groups 1 and 2, for all metastases that were first present on day 19.

2.2.5 Statistical Analysis and Growth Plots

Statistical analyses were performed using GraphPad Prism software. 

Histogram plots were constructed that showed the mean tumor volume and the 

standard error of the mean (SEM), comparing the BR and HER2 groups at each 

time point. This was done for the whole brain, cortex, central brain, posterior and 

olfactory regions. Mann-Whitney tests were conducted to determine if the HER2 

and BR groups were significantly different, a separate test was done at each time 

point to compare the groups. Both sets of data had a non-parametric distribution, 

this was determined by a Kolmogorov-Smirnov test for normality. Kruskall-Wallis 

(non-parametric One Way ANOVA) tests were performed to determine if the 

change in tumor volume between timepoints (19-23), (23-26) and (26-29) was 

significantly different. This was done for both group 1 and group 2.

2.2.6 Tumor Growth Rate Analysis

Tumor growth rates were determined for mice in Groups 1 and 2 for all 

metastases that were first apparent in images acquired on day 19. The tumor 

growth was characterized as either: exponential, logarithmic or linear. To 

determine this xy plots of volume (mm3) vs. time (days) of individual tumors was 

constructed, where the tumor’s volume at days: 19, 23, 26 and 29 was plotted.
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The type of growth was determined by analyzing the R2 value of the line of best fit 

for the three growth types. The growth type with the highest R2 value was 

determined to be the best representation of the tumor growth.

2.2.7 Histological Analysis

Following the last in vivo MRI scanning session, mice were euthanized 

and perfused with cold saline followed by 3.75% formalin. The mouse brains 

were then removed and cryoprotected in concentrations of sucrose gradient 

(10%, 20%, then 30% for 24 hrs), then immersed in OCT compound, oriented in 

a sectioning plane parallel to that of the MR images, and frozen using liquid 

nitrogen. Continuous 10- îm frozen sections were collected and every second 

slide was stained for hematoxylin and eosin (H&E). Metastases were then 

imaged at high and low magnification using a Nikon digital camera and a 

DXM1200 microscope. The histology images were uploaded into ImageJ (NIH, 

USA) and the cross sectional area of tumors was measured with the tracing tool 

from the image processing toolkit.
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2.3 RESULTS

2.3.1 Cell Labeling

MPIO was taken up by 231BR and 231BR/HER2 cells and did not 

affect cell viability. Transmission electron microscopy images show that MPIO 

particles were taken up into endosomes within cells. Figure 2.1A&B shows a 

representative EM microscopy image of MPIO-labeled 231BR/HER2 cells. 

Fluorescence microscopy images show the presence of red fluorescent MPIO 

particles within 231 BR cells, which appear green due to GFP expression (Figure

2.1 C). PPB staining also showed that the iron particles were located within the 

cells (Figure 2.1 D).

Labeling cells with MPIO did not affect cell viability, as the trypan blue 

exclusion assay showed that 98% of labeled and 2% of unlabeled cells were 

viable after harvesting. There was no significant difference between MPIO- 

labeled or unlabeled cell populations when Annexin V or 7 AAD, markers for 

apoptosis and necrosis, were assessed by flow cytometry; representative plots 

for unlabeled and labeled 231 BR cells are shown in Figure 2.2.
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Figure 2.1: MPIO labeling of breast cancer cells Representative transmission electron 
microscopy images of MPIO-labeled 231BR/HER2 cells are shown at magnifications of x5500 (A), 
and X520000 (B). The MPIO particles are compartmentalized in endosomes in the cell cytoplasm 
and appear as dark punctate regions. Fluorescence microscopy images (C) show the fluorescent 
tag of MPIO (red) within the GFP positive cells (green); the images are shown at a 100x 
magnification. (D) Iron appears blue in Perl’s Prussian blue stained cytospins (40x).
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Figure 2.2: Representative flow cytometry dot plots of labelled and unlabeled breast 
cancer cells. 7AAD/Annexin staining of either unlabeled or MPIO-labeled 231BR cells. 
There was no significant difference in the percentages of Annexin V positive (apoptotic) cells 
for unlabeled (1.74%) or MPIO labeled (2.13%). The 7-AAD positive population contains 
nonviable cells. There was no significant difference in the percentages of 7-AAD positive 
cells for unlabeled (5.93%) or MPIO labeled (5.48%) MSC. There was also no difference in 
the percentages of cells that were 7AAD+/Annexin+ which indicates later stage apoptosis.
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2.3.2 Imaging -  Whole Brain Analysis

MPIO cell labeling allowed for an evaluation of the success of the 

cardiac injection at day 1 post injection. After the injection of iron-labeled 

cells MRI images of the mouse brain showed discrete signal voids throughout the 

brain (Figure 2.3). A relatively quick ‘scout’ scan was taken the day of the 

injection to determine if the cardiac injections were successful and to remove 

mice without good injections from the longitudinal imaging study.

Figure 2.3: Assessing Injections with Cellular MRI
Representative mouse brain images acquired on day 1 post cell injection.
MRI was used to assess the success of intracardiac left ventricle cell injections. Cells 
labeled with MPIO appear as small signal voids (black). An example of a brain image 
that indicates that the injection failed (A) shows relatively few voids in comparison to a 
successful injection with many voids distributed throughout the brain (B).

In Figure 2.3 representative scout Images are shown for an example of a 

failed injection (2.3A), where only a few voids can be detected, and for a mouse 

with a proper injection (2.3B) where many more voids can be seen in the brain. In 

Group 1, 8/12 mice had successful intracardiac injections. In Groups 2 and 3 all
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injections were successful. In Group 4, 7/8 injections were successful. For each 

group, 5 of the mice with good injections were selected to follow longitudinal MRI 

imaging.

There was no difference in the mean number of metastases that 

developed in mice injected with either 231BR or 231BR/HER2 cells. In

bSSFP images, metastases appear with higher signal intensity compared to 

normal background brain tissue. 3D MRI allowed for images to be examined in all 

three orientations for the presence of metastases (Figure 2.4).
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Figure 2.4: Multiplane view of mouse brain. MRI data was acquired in 3D; shown is: axial A, 
saggittal B and coronal C views of mouse brain. The image set was constructed with OsiriX 
image visualization software.
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MRI detected brain metastases as early as 19 days post-injection for all 

mice. New metastases appeared at each imaging timepoint, up to and including 

endpoint scans. Brain metastases appeared the same for mice injected with 

either 231BR or 231BR/HER2 cells. The average CNR between normal brain 

and metastases was 35. The number of brain metastases was counted for each 

mouse brain at each imaging timepoint. Representative images of brain 

metastases at each imaging timepoint are shown in Figure 2.5 for a 231BR/HER2 

mouse and in Figure 2.6 for a 231 BR mouse.
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Figure 2.5: Monitoring Tumor Growth MDA-MB-231BR/HER2 Representative mouse brain 
images showing the development of brain metastases of a mouse injected with 231BR/HER2 
cells. Metastases appear as regions with high signal compared to normal brain (arrows). 
Metastases were first apparent in images at Day 19. Metastases development is shown for 
tumors forming in the olfactory region (outlined yellow), the cortex (outlined green), central brain 
(outlined blue) and the posterior region (outlined red).
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Figure 2.6: Monitoring Tumor Growth MDA-MB-231BR Representative mouse brain images 
showing the development of brain metastases of a mouse injected with 231BR cells. Metastases 
appear as regions with high signal compared to normal brain (arrows). Metastases were first 
apparent in images at Day 19. Metastases development is shown for tumors forming in the 
olfactory region (outlined yellow), the cortex (outlined green), central brain (outlined blue) and the 
posterior region (outlined red).



69

The number of metastases present at each timepoint varied substantially 

between mice for both groups. The total number of tumors at the first imaging 

timepoint varied between 4 and 64 for mice injected with 231BR cells (Table 2.2) 

and between 17 and 101 for mice injected with 231BR/HER2 cells (Table 2.3). 

There was no statistically significant difference in the mean number of 

metastases for mice injected with 231 BR cells compared to mice injected with 

231BR/HER2 cells for any timepoint, where P<0.05. At endpoint the mean 

number of tumors for mice injected with 231 BR cells was 119±57.4 and the mean 

number of tumors for mice injected with 231BR/HER2 cells was 84±75. The 

dash in the table denotes that the mouse was sacrificed before imaging could 

commence.

Table 2.2: Summary of the number of metastases, 231BR/HER2, in MR images of the 
whole mouse brain for mice injected with 175 000 231BR/HER2 cells (Group 1). A dash 
indicates that the mouse was sacrificed before imaging could take place at the given time 
point.

Group 1

Day 19 Day 23 Day 26 Day 29

M1 20 32 42 43

M2 74 121 "

M3 101 161 190

M4 91 148 169 171

M5 17 26 32 38

Total 303 488 433 252

Mean ± 
standard 
deviation

61 ±40 98±64 108±83 84±75
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Table 2.3: Summary of the number of metastases, 231BR, in MR images of the whole 
mouse brain for mice injected with 175 000 231 BR cells (Group 2). A dash indicates that 
the mouse was sacrificed before imaging could take place at the given time point.

Group 2

Day 19 Day 23 Day 26 Day 29

M1 25 61 105 127

M2 38 56 139

M3 4 12 20 45

M4 24 75 88 120

M5 64 119 104 185

Total 155 323 456 477

Mean ± 
standard

deviation

31 ±22 65±38 91 ±44 119±57.4

Brain metastases were larger in mice injected with 231BR/HER2 cells 

relative to mice injected with 231 BR cells. During the analysis of tumor 

volumes the volume of each tumor counted at each imaging timepoint was 

determined; in total 2888 tumor volumes were determined. The mean tumor 

volume was larger for mice in Group 1, that received 175,000 231BR/HER2 cells, 

compared to mice in Group 2, that received 175,000 231 BR cells (Figure 2.7A). 

Figure 2.7B shows an illustration of the surface rendering performed for 

measuring tumor volumes.
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Figure 2.7: Tumor Volumes, HER2 vs. BR (A) Mean tumor volumes in the whole brain. The 
black bars represent the tumor volumes for mice in Group 1, injected with 175,000 231BR/HER2 
cells, and show that at each time point the mean tumor volume was greater for these mice than 
for mice in Group 2, injected with 175,000 231 BR cells (checked bars). The asterisk denotes 
statistical significance where p<0.05, where the HER2 group had a larger mean tumor volume. 
The number of tumors whose volume was measured is summarized in table 2.2 and 2.3 in the 
row “total’’. (B) 3D rendering of the brain métastasés from MR images of a mouse at day 29 post 
injection; yellow denotes métastasés those that formed in the olfactory region, green in the cortex, 
blue in the central brain and red denotes métastasés that formed in the posterior region.
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Brain métastasés were larger in mice that developed fewer tumors at 

endpoint. When comparing the volumes of tumors from mice that developed 

fewer than or greater than 50 metastasis by endpoint we observed that mice with 

fewer métastasés had larger métastasés on average. This was independent of 

the cell line. The mean tumor volume for all mice in Groups 1 or 2, that 

developed fewer than 50 métastasés was 0.16 mm3, compared to a mean tumor 

volume of 0.08 mm3 for all mice that developed greater than 100 métastasés.

A similar observation was noted when comparing the volumes of 

métastasés at endpoint for mice in Group 3, that received 50,000 231BR/HER2 

cells and had fewer than 50 métastasés by the endpoint, with mice in Group 1, 

that had over 100 métastasés by the endpoint. Mice injected with fewer cells 

developed far fewer métastasés. The mean number of métastasés (mean ± 

standard deviation) for mice in Group 3, which received 50,000 cells was 19.0 ± 

6.70, compared to 160.0 ± 35.6 for mice in Group 1, which received 175,000 

cells. However, the mice that received fewer cells, and developed fewer 

métastasés, had a significantly larger mean tumor volume (mean ± standared 

error) (0.172 ± 0.025 mm3) compared with mice that received more cells and 

developed more métastasés (0.108 ± .016 mm3), where P<0.0001. All mice in 

Group 3, that received 50,000 231BR/HER2 cells, survived to the endpoint of the

study.
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2.3.3 Imaging -  The Distribution of Métastasés

The majority of the brain métastasés were located in the cortex and central 

brain regions. This is illustrated in Figure 2.8. A similar trend in the spatial 

distribution of brain métastasés was observed in all mice examined, regardless of 

cell line or cell number. At the endpoint more than 90% of all brain métastasés 

were located in the cortex and central brain regions. In Group 2 mice, 50-60% of 

métastasés were in the cortex, 25-32% were in the central brain, 6-10% were in 

the posterior brain and 3-6% of métastasés were located in the olfactory region. 

Similarly, for mice in Group 1 60-69% of métastasés were in the cortex, 26-31% 

were in the central brain, 1-5% were in the posterior brain and 2-3.5% of 

métastasés were located in the olfactory region. Mice in Group 3 were only 

examined at endpoint. In this group 59% of the métastasés were in the cortex, 

32% were in the central brain, 7% were in the posterior brain and 2% of 

métastasés were located in the olfactory region
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Figure 2.8: The relative distribution of métastasés in the mouse brain is shown for Group 1 
n=5 mice(A) and Group 2 n=5 mice (B). The percent distribution of tumors in each brain region 
is shown for all time points. In both groups more than 50% of the métastasés were located in 
the cortex, at all timepoints. Between 25-30% of métastasés formed in the central brain for both 
Group 1 and 2 at each time point. Fewer métastasés were located in the posterior and olfactory 
regions. For Group 1 there were 6-10% in the posterior region and 3-6% in the olfactory 
region. For Group 2, 1-5% of métastasés were in the posterior brain and 2-3.5% were in the 
olfactory region. The distribution was determined for the compiled number of métastasés of the 
n=5 mice from each group. Percentage was used because some mice were sacrificed before 
the day 29 endpoint.
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The volumes of brain métastasés were different between brain 

regions. Figure 2.9 shows the mean tumor volumes for each of the different 

brain regions. In the cortex and central brain regions (2.9A., 2.9.B) the mean 

tumor volume was larger for mice in Group 1 compared to mice in Group 2, at 

each timepoint. This is the same observation as for the tumor volumes in the 

whole brain (Fig. 2.7). In the olfactory region (2.1 OA) the mean volume at 

endpoint is larger for mice in Group 1, although this difference did not reach 

statistical significance, where p<0.05. The trend in the posterior brain region 

(2.10.A) is similar to the cortex and central brain regions although the differences 

between the two cell types are not significant at two of the timepoints.
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Figure 2.9: Mean tumor volumes in brain regions, HER2 vs. BR. Shown are the mean 
tumor volumes of HER2 and BR progeny found in the Cortex (A) and Central Brain (B) at time 
points: 19, 23, 26 and 29. Asterisks denote statistical significance, where p<0.05. Group 1 
(HER2) metastases were significantly larger than Group 2 (BR) metastases in the cortex and 
central brain at days 23, 26 and 29 post injection. The highest number of metastases were 
found in these two regions and similar to the whole brain the mean tumor volume of the HER2 
tumors was significantly larger than the BR group.
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Figure 2.10: Mean tumor volumes in brain regions, HER2 vs. BR. Shown are the mean 
tumor volumes of HER2 and BR progeny found in the Olfactory (A) and Posterior (B) at time 
points: 19, 23, 26 and 29 Asterisks denote statistical significance, where p<0.05. The volumes 
of metastases in the olfactory region were not different between the two groups. Mice from 
Group 1 had significantly larger metastases in the posterior region than Group 2 at days 19 
and 29 post injection. The fewest number of metastases were found in these regions. Of note 
is the appearance that the mean tumor volume for the BR in the posterior (B) at day 26 is 
lower than day 23 and this may be attributed to a number of factors such as (1) small image 
artifact that may appear to be tumors and was measured, (2) new small metastases that would 
have reduced the overall group mean and (3) unstable conditions that may have reduced the 
size and number of tumors.
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The number of developing brain métastasés does not reflect the size 

of the brain region. Next we asked whether the reason there were more 

métastasés located in the cortex and central brain regions was simply because 

these brain regions were larger than the others. We determined the mean brain 

volume and the mean volumes of each brain region. The individual brain region 

volumes were (mean ± standard deviation) : cortex = 141.51 ± 9.09 mm3, central 

brain = 143.06 ± 6.81 mm3, posterior brain = 104.8 ± 4.05 mm3 and olfactory 

region = 22.4 ± 3.39 mm3. The average volume of the whole brain was 411.5 ± 

19.9 mm3; therefore the cortex occupied approximately 34% of the whole brain, 

the central brain 35%, the posterior brain 26% and the olfactory region 5%. 

Comparing the percentage of the whole brain occupied by a certain brain region, 

with the percentages of each brain region occupied by tumors, indicates that the 

size of the brain region is not likely a major determinant of the incidence of 

métastasés. For example the volumes of the cortex and the central brain are 

nearly equal despite large differences in the numbers of métastasés. The volume 

of the posterior brain region is 26% of the brain and only 1-10% of métastasés 

were located in this region.

The majority of the arresting cells were located in the cortex and 

central brain regions. We assessed the distribution of the signal voids that 

were visible on day 1 after cell injection, due to the arrest of MPIO-labeled cells, 

for mice in Group 4, which were injected with 175,000 231BR/HER2 cells, and 

compared it to the distribution of brain métastasés at endpoint. A trend for the 

distribution of signal voids was found which mimicked the trend for the distribution
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of brain métastasés (Figure 2.11). On day 1, 51% of the void volume was located 

in the cortex, 27% in the central brain, 16% in the posterior brain and 6% in the 

olfactory region. At endpoint 54% of métastasés were found in the cortex, 34% 

were located in the central brain, 10% in the posterior brain and 2% were located 

in the olfactory region. The distribution of brain métastasés for this group of mice 

was very close to what we had previously observed in all other mice. This 

suggests that the distribution of brain métastasés is related to the initial 

distribution of arresting cells.
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Figure 2.11: Comparing distribution of cancer cells after injection (day 1) A with the 
distribution of metastases at endpoint (day 35) B for mice in Group 4. The distribution of 
voids in the brain was similar to the distribution of metastases by the endpoint, where the majority 
of both formed in the cortex, central brain, posterior and olfactory in descending order. 
Histogram A: 50% of the voids detected in the mouse brain were located in the cortex region. 
27% of the voids were located in the central brain. Smaller percentages of the voids were located 
in the posterior (16%) and olfactory (6%) regions. Histogram B: shows the distribution of 
metastases at day 35 post injection was similar to the distribution of voids for the cortex (53%) 
and the central (34%) brain regions. Only 10% of the metastases were located in the posterior 
brain and only 2% of the metastases were located in the olfactory region. Beside histogram A is 
an MRI image of a slice in the brain on day 1, which contained voids (hypointense). Beside 
histogram B is an MRI image of a slice in the brain on day 35, which contained tumors 
(hyerintense).
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It is interesting also to note that the ratio of number of tumors at endpoint: 

void volume on day 1 is approximately 1 for the cortex and central brain regions 

and approximately 0.5 for the posterior and olfactory brain regions. This 

suggests that a much smaller proportion of the cells which arrest in the brain for 

the posterior and olfactory regions go on to form métastasés compared to the 

cells which arrest in the cortex and central brain regions and that both the initial 

arrest and the survival of cells in particular brain regions is important.

2.3.4 Growth Rates Analysis

Figures 2.12, 2.13, 2.14 and 2.15 show examples of tumors that displayed 

exponential, logarithmic and linear growth. The majority of métastasés displayed 

exponential growth, this was true for both Group 1 and Group 2. Exponential 

growth was observed in 89 ± 7.9% of brain métastasés from Group 1.71 ± 

5.29% of brain métastasés showed exponential growth in Group 2. 6.83 ± 1.91% 

of métastasés in group 1 showed linear grown and 16.6 ± 8.1% of métastasés in 

group 2 showed linear growth. 4.2 ± 5.9% of métastasés showed logarithmic 

growth for group 1 and 12 ± 5.29% of métastasés showed logarithmic growth for 

group 2. Growth rates were measured for a total of 122 and 79 tumors for group 

1 and group 2, respectively. The majority of the growth rates measurements 

were for métastasés that were located in the cortex and the central brain. Fewer 

growth rates measurements were made for métastasés in the olfactory and 

posterior regions because fewer métastasés were present in these regions at day 

19. Appendix 1 shows additional growth curves for a representative mouse from 

each of Group 1 and 2.
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Figure 2.12: Example of tumors that showed exponential A and linear B growth. Tumor
volume at days: 19, 23, 26 and 29, was plotted on a volume vs. time Cartesian coordinate 
system. Shown are sample growth curves for tumors from Group 1, 89% of mice in this group 
showed exponential growth and 6.83% of tumors showed linear growth.
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Figure 2.13: Example of a tumor that showed logarithmic growth. Tumor volume at days: 19, 
23, 26 and 29, was plotted on a volume vs. time Cartesian coordinate system. Shown is a 
sample growth curve for a tumor in Group 1 that had logarithmic growth. 4.2% of tumors showed 
logarithmic growth in group 1.
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Figure 2.14: Example of tumors that showed exponential A and linear B growth. Tumor 
volume at days: 19, 23, 26 and 29, was plotted on a volume vs. time Cartesian coordinate 
system. Shown are sample growth curves for tumors from Group 2, 71% of mice in this group 
showed exponential growth and 16.6% of tumors showed linear growth.
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Figure 2.15: Example of a tumor that showed logarithmic growth. Tumor volume at days: 19, 
23, 26 and 29, was plotted on a volume vs. time Cartesian coordinate system. Shown is a 
sample growth curve for a tumor in Group 2 that had logarithmic growth. 12% of tumors showed 
logarithmic growth in group 2.

Metastatic growth was most rapid at later time points. This was true for 

both Group 1 and Group 2 mice. The change in tumor volume was calculated 

between time points 19-23, 23-26 and 26-29. The mean change in tumor volume 

was significantly higher at the later time points (P<.0001), for both Group 1 

(Figure 2.16A) and Group 2 (Figure 2.16B).
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Time Interval (days) for change in tumor volume

Time Interval (days) for change in tumor volume

Figure 2.16: Mean change in tumor volume for group 1 (A) and group 2 (B) 
métastasés. Kruskal-Wallis test confirmed that the change in tumor volume was 
statistically significant where *= P<0.0001 for both groups.
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The mean change in tumor volume for the individual regions is 

summarized in Figure 2.17 for group 1 (A) and group 2 (B). The data was 

compiled of metastases that were first identified on day 19 and were found in the 

olfactory, cortex, central brain and posterior regions for all mice in the study. Only 

the cortex in both groups and the central brain in group 1 showed a trend similar 

to Fig. 2.16, where the change in tumor volume was most rapid at later time 

points. A higher number of metastases were accounted for in these regions and 

the number of metastases may have affected the trend.
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Figure 2.17: Plots of average change in tumor volume for group 1(A) and group 2 (B) for tumors 
that were first identified on day 19 in the olfactory, cortex, central brain and posterior regions. The 
tumor data was compiled between all mice in the study for both groups. Only the cortex in both 
groups and the central brain in group 1 showed a trend similar to Fig. 2.16, where the change in 
tumor volume was most rapid at later time points.
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2.3.5 Histological Analysis

Figure 2.18 shows representative H&E stained sections from a mouse 

brain and illustrates the varied appearance of the métastasés. Métastasés 

appeared in both the parenchyma and the meninges and in all areas of the brain. 

Most metatases appeared as groupings of smaller clusters of cells (A,B) and 

were surrounded by spaces that were likely fluid filled. Smaller métastasés were 

also detected as individual cells or small cell clusters (C,D).

Figure 2.18: Representative H&E stained sections of the mouse brain showing different tumor 
morphologies present. A and B ‘large’ metastasis. C and D micro-metastasis. The red arrows 
point to macro-metastases and the green arrows indicate micro-metastases.



90

Figure 2.19 displays metastases in a 10 micron thick H&E stained brain 

section and the complementary 200 micron thick MR image slice. These slices 

are at in the cortex brain region. Three metastases are outlined. The metastasis 

outlined in pink had an area of 0.715mm2 measured from the 2D histological 

section and a volume of ,121mm3 measured from the 3D image slice. The 

metastasis outlined in blue had an area of 1.178mm2 measured from the 

histology section and a volume of ,337mm3 measured from the image data.

Figure 2.19: Comparison of a histology section containing metastases with its 
complimentary MRI image. Three different metastases are outlined in pink, green or blue on 
both histology and MRI. The tumor outlined in pink had a measured area of 0.715mm2 from the 
2D histology and measured volume of .121mm5 from the 3D image. The tumor outlined in blue 
had a measured area of 1.178mm2 and a measured volume of ,337mm3. The tumor outlined in 
green had a measured area of 441mm2 and a measured volume of ,085mm3.
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2.4 DISCUSSION

The main goal of this study was to perform an in vivo serial MRI 

investigation of the spatial and temporal aspects of breast cancer metastasis to 

the brain. Our murine experimental model utilizes two human breast cancer cell 

lines injected into nude mice. The parental cell line, known as MDA-MB-231, was 

originally isolated from a pleural effusion (35). Two modified versions of this cell 

line have been used in this thesis: (i) a derivative line, the MDA-MB-231-BR 

(231BR) cell line which was developed by in vivo passage to select highly brain 

metastatic cells (34) and (ii) a subclone, the MDA-MB-231-BR/Her2 (231BR- 

Her2) cell line, which are 231 BR cells transfected with Her2 (33).

Our collaborators in the Steeg lab, and most other investigators working 

with similar murine cancer models, rely primarily on careful end-point histological 

analyses to determine the occurrence, incidence and patterns of metastasis (13, 

16, 32-33). For example, in a study by Fitzgerald et al., which looked at the 

distribution of 231 BR metastases in the mouse brain, one hemisphere of the 

brain was interrogated by cutting 10 serial sagittal sections, each 5-10 pm thick, 

every 300 pm (32). The locations of clusters of metastatic growth were identified 

by bright-field observation using a 5x objective lens. This technique has several 

limitations: (1) It is invasive, therefore analysis can only be done at the endpoint 

of the study where the animal would have to be sacrificed, (2) Analysis cannot be 

done for the whole brain, the analysis is limited to small sections of the brain and 

(3) the tissue becomes distorted when the chemicals are added, this affects the 

anatomical appearance of the tissue and may lead to a false analysis of the data.
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Compared to histological analysis, MRI provides a more rapid and 

complete accounting of cell and tumor burden, and permits repeated sampling of 

individual mice over long periods of time. With MRI we were able to image entire 

brain volumes in vivo with scan times of approximately one hour per animal, in 

contrast to the many hours required for histological assessment of cell and tumor 

distribution of just a portion of a mouse brain, and only at a single time point. The 

reality is that histology provides only a snapshot, of a subset of tissue.

In this study the first step for analysis of the image data was to manually 

count the number of metastases in the whole brain, at each image timepoint, for 

all mice. Since the image data was acquired in 3D the whole brain could be 

interrogated. This involved counting a total of 2888 metastases (Table 2). There 

was no statistically significant difference in the mean number of metastases for 

mice in Groups 1 and 2, which received 175, 000 231-BR/Her2 and 231BR cells, 

respectively. At the endpoint the average tumor count for mice injected with 

231 BR cells was 123 and the average tumor count for mice injected with 

231BR/HER2 cells was 113. This agreed with the results of a similar study by 

Palmieri et al. (33) where a histological analysis of H&E stained brain sections 

also showed no difference in the numbers of metastases that formed at endpoint 

after cardiac injection of 231 BR or 231 BR/Her2 cells.

The next step in the image analysis was to measure the volumes of the 

individual metastases, at each timepoint, for all mice. The mean tumor volume 

was larger for mice in Group 1 that received 175,000 231BR/HER2 cells, 

compared to mice in Group 2 that received 175,000 231 BR cells. This was true 

at all four imaging timepoints. At the endpoint the mean volume of the
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métastasés in Group 1 mice was 0.165 ± 0.015 mm3, while the mean volume of 

the métastasés in Group 2 mice was 0.091 ± 0.012 mm3. Palmieri et al. also 

looked for differences in the size of the métastasés for the two cell lines. 

Métastasés were classified as either “small” (< 50 microns2) or “large” (> 50 

microns2) using a 16 mm2 ocular grid. A classification approach was taken 

because it is very difficult to measure the actual size of these métastasés from a 

histological section due to the fact that the majority of metastatic growth 

manifests as clusters of small numbers of cells (Figure 2.16), or 

micrometastases, and the precise boundaries of an individual metastasis are 

hard to determine. They found that the 231BR/Her2 cells formed 3 times as 

many “large” métastasés compared with the 231BR cells. This trend for larger 

métastasés with 231BR/Her2 cells, observed in both studies, is consistent with 

the high rate of clinical detection of brain métastasés in patients with Her-2- 

amplified tumors (5-8).

While the results of these two studies cannot be compared directly, 

because different numbers of cells were injected (175,000 versus 250,000), and 

because the analysis is obviously quite different, it is interesting that the same 

general conclusions were arrived at. The fact that the mean number métastasés 

was not statistically different between 231 BR and 231BR/Her2 cells, in either 

study, suggests that the two different cell lines arrested in the brain and formed 

métastasés with equal efficiency.

The major difference in the conclusions about the number and size of 

métastasés was related to differences in the ability to detect and measure small 

versus large métastasés. In the Palmieri paper the large majority of the
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metastases that they counted in H&E stained brain sections were considered to 

be “small” metastases (>90%) (33). This is because when looking at the brain 

tissue under the microscope discrete cell clusters can be identified and these are 

counted individually. In the MR images these separate cell clusters create one 

larger mass that appears as a hyperintense region in the image. The fluid filled 

spaces in tumors cause them to appear hyperintense in T2 weighted MRI 

images, whereas histology cannot determine whether or not the tumors are fluid 

filled, the different appearance of tumors between these two types of analysis is 

likely attributed to this property. The smallest measured metastasis had a 

volume of 0.005 mm3; the reproducibility of this measurement can be called into 

question since the volume measurement of tumors is largely dependant on the 

user. For example the border of the tumor in general had the lowest tumor signal 

intensity and defining its borders may vary from user to user. As a result the true 

tumor volume may be called into question but when comparing tumor volumes 

from different cell lines and regions it is important for the user to remain 

consistent.

One of the interesting findings to come from our analysis of tumor volumes 

in the whole brain was that in mice where fewer metastases developed the 

volume of the metastases was larger. We compared the endpoint metastases of 

mice injected with 175,000 231BR/HER2 cells (Group 1) and mice injected with 

50,000 231BR/HER2 cells (Group 3). The mice injected with 50,000 cells 

developed fewer metastases (mean of 18 versus 113) but they were on average 

significantly larger than the metastases that formed when 175,000 cells were 

injected. This was also observed when all metastases from Groups 1 and 2 were
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assessed. Mice in Groups 1 and 2 were classed as having fewer or greater than 

50 métastasés at endpoint. The tumor volume was significantly larger in mice 

with fewer than 50 métastasés, compared to those with greater than 50 

métastasés. This result suggests that metastatic growth may be influenced by the 

availability of resources in the brain microenvironment. This observation raises 

new questions in regards to the nature of metastatic growth, namely: (i) what role 

and to which degree does signaling between the tumor cell(s) and brain 

microenvironment play? (ii) does signaling between neighboring tumor cell(s) 

affect the rate of metabolism? (iii) is the consumption of resources amongst 

neighboring tumors competitive or symbiotic?

Histological analyses only provide data for one timepoint. The longitudinal 

nature of MRI allowed us to follow the progress of metastasis formation over time 

within a single animal. By monitoring metastasis development over time and 

measuring the volume of individual métastasés at each timepoint is the ability to 

generate tumor growth curves (Figures 2.10&2.11 and Appendix 1). Our growth 

rate analysis showed that most métastasés exhibit exponential growth with the 

greatest growth occurring between days 26 and 29.

The 3D high-resolution bSSFP images permitted the whole brain to be 

studied, and allowed for visualization of métastasés in all three orientations 

(Figure 2.4) something that would be practically impossible using conventional 

histological techniques. The 3D MR image data allowed us to assess the 

distribution of métastasés in the whole brain and within specific brain regions. 

Métastasés were found in all regions of the brain. However, the distribution of 

métastasés conformed to a pattern. The majority of métastasés formed in the
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cortex of the brain. Regardless of cell line, more than 50% of the métastasés 

were located in the cortex in all mice. The central brain region contained the next 

largest proportion of métastasés, followed by the posterior and olfactory brain 

regions. Many métastasés formed along grey-white matter junctions and in all 

regions of the brain métastasés appeared near ventricles.

Song et al. (23) have recently investigated tumor formation by MRI in a 

nude rat model of 231BR brain metastasis and showed that 100% of mice had 

MRI visible métastasés in the cerebral cortex, but only 55% of mice had 

métastasés detected in images of the olfactory bulb and cerebellum. Fitzgerald 

et al. assessed H&E sections of brain tissue from mice injected with 175,000 

231 BR cells and also reported a non-random distribution (32). They found that 

100% of mice had métastasés in the frontal region of the cortex, 95% of mice had 

métastasés in the parietal/temporal cortex and 90% of mice had métastasés in 

the hippocampus and medulla oblongata. Fewer métastasés were found in the 

ventral portions of the brain. It should be noted that in these two studies the 

proportion of mice that developed métastasés in certain brain regions was 

reported, whereas this study determined the numbers of métastasés and the 

relative distribution of métastasés amongst brain regions.

In this thesis we began to ask why these differences in spatial distribution 

of métastasés exist. We measured the volumes of the brain regions to determine 

if more métastasés were counted in the cortex because the cortex was the 

largest brain region. This indicated that the volume of the brain region is not likely 

the major determinant of the incidence of métastasés. The volumes of the cortex
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and the central brain regions, for example, are nearly equal despite large 

differences in the numbers of métastasés.

Next we asked whether differences in the spatial distribution of métastasés 

were related to the initial arrest of cancer cells in the brain. Cells were labeled 

with iron oxide nanoparticles to allow their detection by MRI. Iron labeling did not 

affect cell viability, as indicated by the trypan blue exclusion assay and flow 

cytometric analyses of apoptosis and necrosis. Iron labeled cells appeared as 

discrete regions of signal hypointensity in brain images acquired on day 1 after 

the cell injection. As cells proliferated and métastasés developed the iron label 

was diluted and most of the individual cells were no longer detectable.

The ability to detect iron labeled cancer cells with MRI allowed us to 

quantify initial numbers of cells that arrested in the mouse brain and visualize the 

distribution of these cells throughout the whole, intact organ, which is not possible 

with other in vivo imaging techniques. One group of mice (Group 4) was imaged 

on day 1 post injection and then on day 35 post injection and these two image 

sets were compared (Figure 2.8). The void volume in each brain region was 

determined and the spatial distribution of the signal voids on day 1 was compared 

with the spatial distribution of the brain métastasés observed at endpoint. The 

distribution of signal voids on day 1 was similar to the distribution of métastasés 

on day 35; the greatest percentages of both voids and tumors were observed in 

the cortex, followed by the central brain, and then the posterior and olfactory 

brain regions.
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On day 1, 51% of the voids were located in the cortex and on day 35, 54% 

of the métastasés were located in the cortex. This suggests that the number of 

métastasés that develop in a brain region depends on the numbers of arresting 

cells. The fact that the cortex has the highest percentage of voids on day 1 might 

be explained by the fact that the cortex has the highest number of gray/white 

matter junctions (36). Furthermore, the cardiac output is highest in this region, 

cells arrive in the brain via the C7 branch of the internal carotid artery, from there 

some of the cells travel through the bifurcations: posterior communicating artery, 

anterior choroidal artery and the anterior cerebral artery but the majority of cells 

will travel through the middle cerebral artery which does not bifurcate from the 

internal carotid. The output is highest in middle cerebral artery and it supplies 

oxygenated blood to the frontal lobe, parietal lobe and temporal lobe. These 

regions mostly correspond to the cortex in this study, and this likely indicates why 

the majority of cells arrest in this region (47).

The percentage of métastasés in the posterior and olfactory brain regions 

on day 35 was less than the percentage of voids on day 1. While 16% of the 

voids observed on day 1 were located in the posterior brain region, only 10% of 

the brain métastasés were located in the posterior brain on day 35. Similarly, 6% 

of the voids observed on day 1 were located in the olfactory region and only 2% 

of the métastasés observed on day 35 were located in the olfactory region. This 

suggests that for the posterior and olfactory brain regions a smaller proportion of 

the cells that were arrested there on day 1 went on to form métastasés. It could 

be that not as many cells that arrest in the posterior and olfactory regions survive,
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or that cells arresting in these regions are not exposed to the same growth stimuli 

as cells in the cortex and central brain regions.

For Groups 1-3 cancer cells were also iron labeled. In these mice this was 

done so that images could be acquired on day 0 or day 1 after injection to assess 

the success of the intracardiac injection. It is important to point out that this 

injection technique is challenging and that 100% success with these injections is 

not common. There is some variability in the size and position of the heart in the 

nude mice, which contributes to the ability to accurately target the left ventricle. 

The skill of the technician is also very important. In this study one trained 

technician performed all of the injections (CS). The cells must be deposited into 

the left ventricle of the beating heart for delivery of the cells to the brain and the 

rest of the body. If the cells are injected into the right ventricle by accident then 

they will first flow through the lungs and the majority will be trapped there in the 

capillaries. If the cells are injected into the heart tissue itself then tumors develop 

on the heart muscle. While the use of MRI may seem an expensive way to 

evaluate the success of an injection in the long run it saves time and money 

because only those mice, which have received “good” injections, are imaged 

serially for the month after the cell injection.

In vivo imaging modalities have helped with the current understanding of 

metastasis. Each modality has strengths for studying the steps in the metastatic 

process, but each is also limited by technical constraints. Although optical 

techniques, such as bioluminescence (BLI), are sensitive to small numbers of 

cells they are limited by the penetration of light through optically opaque tissues,
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and are also limited by spatial resolution, even in mice (37, 38). With surgical 

exposure, optical microscopic methodologies, such as intravital video microscopy 

(IWM), can achieve single-cell detection (39, 40); however, the small FOVs of 

this technique only allow examination of a small fraction of the overall target 

organ, and single animals can be followed only for short periods of time (e.g., 

hours) unless specialized window chambers are used (41, 42). CT can produce 

images of the entire mouse anatomy at high spatial resolution, however, it has 

poor soft-tissue contrast and there are currently no CT contrast agents that allow 

for the tracking of cells in vivo. High-frequency ultrasound can produce images of 

high spatial and temporal resolution, but the detection of tumors by US is limited 

by the penetration of high-frequency sound waves in tissue and by bone/air- 

tissue interfaces (43). PET and SPECT are high-sensitivity imaging techniques 

that are capable of detecting small numbers of cells (44-46) (hundreds of cells) 

throughout the entire organism. However, the spatial resolution of PET and 

SPECT is quite low, which makes it difficult to differentiate small groups of cells 

within target organs, and impossible to detect single cells. In this thesis we 

demonstrate how MRI can be used to study the process of cancer metastasis 

with high spatial resolution, good soft-tissue contrast, and single-cell sensitivity, 

with the ability to image an entire organ or animal longitudinally overtime.
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Chapter 3: Characterizing Breast Cancer 

Metastasis to the Brain.

DISCUSSION

In this thesis, we investigated breast cancer metastasis to the brain using 

Cellular MRI. The Steeg model of breast cancer metastasis to the brain has 

been used to evaluate the response of drugs developed to treat brain 

metastases, identify gliosis at the onset of metastasis, examine tumor distribution 

patterns and evaluate the metastatic potential of various cell lines (1-4). In all of 

these studies they have used histology but its limited sampling of the brain serves 

as an estimate for what is occurring throughout the whole brain. Furthermore its 

use can only be applied at the endpoints of studies. By using MRI we were able 

to corroborate several of their findings and also give new insight into the nature of 

metastasis since MRI is able to investigate the whole brain non-invasively.

3.1 Clinical Similarities

We showed that metastases formation was highest in the cortex of the 

brain at the time of first detection to the endpoint of the study using both the 

MDA-MB-231BR and MDA-MB-231BR/HER2 cell lines. Our findings were 

consistent with both Fitzgerald et al. (3) and Song et al. (5) and also several post

mortem clinical studies (6, 8). In 1988, Posner and Delattre investigated the
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distribution of métastasés of 288 patients that were reported to have had brain 

métastasés from various types of primary cancers (6). They analyzed CT scans 

of these patients that were done between January 1979 and October 1985. They 

found that single and multiple métastasés were most often located in hemispheric 

brain regions which could be identified as the cortex region in our mouse model.

This was true for various primary cancer sites, however, brain métastasés 

that had originated from a primary tumor that was pelvic or gastrointestinal had 

an overrepresentation in the posterior fossa 53% (posterior region in mouse 

model) compared to the rest of the brain. Fewer than 10% of métastasés formed 

in this region for primary tumors that weren’t pelvic or gastrointestinal, this was 

consistent with our data where fewer than 10% of métastasés formed in the 

posterior region of the brain. These findings are also consistent with Stephen 

Paget's “seed and soil” hypothesis (7), where certain sites are predisposed to 

certain types of secondary tumors. This finding indicates that the brain 

microenvironment in the posterior region or “posterior fossa” interacts differently 

with metastatic pelvic cancer cells than others.

Hwang and colleagues also found metastasis formation was highest in 

frontal and parietal regions (cortex of mouse brain) but métastasés formation was 

predisposed to these regions due to the large amount of gray and white matter 

junctions (8). They found that over 64% of métastasés formed in close proximity 

to gray-white matter junctions, 11.4% in gray matter, 15.7% in white matter and 

8.6% uncertain. According to Hwang tumor emboli are predisposed to form in 

these regions primarily due to mechanical factors. Experimental evidence has 

suggested that clusters of cells are necessary for the formation of tumor emboli
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(9) and they measure roughly between 100 and 200 |jm, whereas arterioles that 

supply that supply gray white matter junctions are roughly between 50 and 150 

pm; altogether size restriction leads to the arrest of metastatic cells in these 

regions.

In our study we did not evaluate the distribution of gray and white matter 

junctions in the mouse brain but we did correlate the distribution of cells in the 

brain regions at day 1 to the distribution of métastasés at the final endpoint. We 

found that 50% of the voids on day were found in the cortex on day 1 and 53% of 

métastasés were located in this region at the day 35 endpoint. Also, we showed 

that 27% of voids arrested in the central brain on day 1 and by day 35, 34% of 

métastasés were in this region. One of the setbacks of visualizing métastasés in 

the mouse brain using a b-SSFP pulse sequence is the reduced gray-white 

matter contrast and we did not evaluate the portion of gray-white matter junctions 

in these areas. However like Hwang and colleagues we showed that brain 

métastasés are predisposed to certain areas. A follow up study using an MRI 

pulse sequence that provides superior gray white matter contrast in brain regions 

may allow us to measure the proportion of gray-white matter junctions in the 

various brain regions of our mouse model described in this study.

The finding from our study does indeed support the notion that metastasis 

formation is largely dependant on hemodynamic processes but it is not mutually 

exclusive from the “seed and soil” hypothesis. Metastasis has been described as 

an inefficient process (10) and cells go on to “seed” or proliferate only when they 

reach the appropriate “soil” or microenvironment. This is true in this study 

considering over 175 000 cells were injected into each mice but only a very small
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fraction of those cells formed metastases and only in the brain. Also, 16% of 

voids were found in the posterior region on day 1 but only 10% of metastases 

were found here by day 35. This indicates that the “soil” or microenvironment in 

the posterior region is not as hospitable as the cortex.

3.2 Limitations of the study

In previous sections we emphasized the limitations of histology in 

comparison to MRI. While MRI does allow us to visualize the whole brain non- 

invasively and track metastatic cancer cell, it does not give us information about 

cell viability, heterogeneous cell populations in tumors or changes in the brain 

brain microenvironment. The relationship between histology and MRI is not 

competitive but rather should be considered collaborative. In this study MRI 

validated the findings of the Steeg lab: i.) no difference in the number of 

metastases formed between mice injected with 231BR and 231BR/HER2 cells 

and ii.) Metastases that were the progeny of 231BR/HER2 cells were larger. In a 

similar scenario, when performing cell tracking studies MRI requires the use of 

histology or to validate cell viability when we are detecting what is perceived to be 

viable metastatic cell populations. Future histological studies may closely 

examine the brain microenvironment in the cortex since metastases had a 

propensity to form there.

Furthermore, the resolution of MRI in this study was 100 microns in plane, 

although we detected over 100 metastases in some mice many metastases 

would be undetected on account of the limited resolution, whereas the 

histological analysis done by the Steeg lab had a 50 micron resolution and they
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detected over 200 métastasés despite the limited sampling. In spite of this the 

detection capabilities of MRI are constantly improving and has the potential to 

resolve smaller métastasés with adequate SNR within a reasonable scan time.

The clinical relevance of the mouse model of breast cancer metastasis to 

the brain used in this thesis may also be called into question. Well over 100 

métastasés were detected by the endpoint in most mice. Clinical reports 

generally indicate that brain métastasés are detected as single lesions and when 

multiple lesions are reported they are generally less than 10 métastasés. The 

high number of métastasés found at the endpoint in our model is due to the large 

number of cells that are injected into the mice. We detected as few as 22 

métastasés in one mouse injected with 50000 cells. It would be interesting to 

determine how few cells may need to be injected until an endpoint number of 

brain métastasés that is synonymous with clinical records are detected.

There was significant variability regarding the number of 

métastasés in the brain by the endpoint for both Group 1 and Group 2. Some 

mice had fewer than 50 métastasés present in the brain by the endpoint while 

others had over 100 tumors. In a similar scenario, there was variability with 

regards to the number of voids detected on day 1 amongst Group 4 mice. It is 

highly likely that the number of cells delivered to the brain strongly influences the 

number of métastasés that will develop there by the endpoint.

One possible explanation for this is that cardiac output to the brain affects 

the delivery of metastatic breast cancer cells to the brain, which in turn affects the 

number of métastasés that form. Those cells that reach the brain travel through 

the C7 section of the internal carotid artery. It is possible that at the time of
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injection the blood flow in this region is much lower than the other arterial 

branches of the internal carotid artery and those mice that received few cells may 

have had a lower cardiac output through this artery.

Another likely reason for the variability is that there are not just ‘good’ and 

‘bad’ injections but there are other things related to the injection technique that 

may result in the injection and delivery of fewer or greater numbers of cells. For 

example after cells are injected into the left ventricle of the heart, the blood flows 

to the aorta which then branches into multiple arteries that deliver oxygenated 

blood to various organs in the body. Rapid blood flow in neighboring aortic 

branch arteries relative to carotid artery may influence the delivery of high 

numbers of cells delivered to the rest of the body relative to the brain.

3.3 The vascularized brain microenvironment and metastases

The role of angiogenesis in the development of brain metastasis has 

been investigated and debated. A study by Kim and colleagues showed that 

elevated VEGF expression contributed to the ability of metastatic breast cancer 

cells to form metastases (11). Conversely, Kusters et al. showed brain 

metastases from a melanoma lineage did not depend on neo-angiogenesis but 

instead opted to grow around preexisting blood vessels (12), the brain is a highly 

vascularized organ. The nature of metastasis is complicated and it is quite 

possible that both events may have occurred for brain metastases detected in our 

model, regardless of the type of cells injected. The ability to visualize the 

vasculature within and around metastases throughout the whole brain would
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shed light on this debate and reveal if one event is more common than the other. 

We did not examine the vasculature in the mouse brain with MRI in this thesis.

However other imaging modalities such as micro-CT have the potential to 

resolve this issue. In CT visualization of the brain vasculature in mice is 

dependant on the contrast agent that is administered intracardially, it increases 

the attenuation coefficient of the blood vessels relative to the brain parenchyma. 

One group administered a radio opaque silicone contrast agent to a mouse and 

performed a micro-CT scan of the brain (13). They found that 71% of the Circle 

of Willis and its branch anatomy could be visualized. After MRI imaging at the 

endpoint of a study, mice could be perfused with a similar silicone based contrast 

agent and this CT technique could be applied to mice with brain metastases. The 

resulting CT images could then be registered to the MRI images to visualize the 

vasculature within and around the brain metastases throughout the whole brain. 

It should be noted that this technique is performed at the endpoint of the study 

and does not allow us to visualize the development of the vasculature within and 

around metastases at varying time points.

JuanYin and colleagues developed a technique to measure cerebral blood 

volume within and around metastases using cellular MRI (14); they injected mice 

intravenously with USPIO nanoparticles and T2* imaging allowed them to 

determine that cerebral blood volume was higher within and around metastases 

in the brain. This technique indicated that some metastases were vascularized 

but the blooming artifact from the USPIO masked the vasculature and the amount 

of degree of vascularization within and around the metastases could not be

determined.
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3.4 Evaluating Treatments

One of the major constraints for treating brain métastasés with drugs is 

getting passage across the blood brain barrier (BBB); such is the case with 

trastuzumab (18). Drugs such as paclitaxil, lapatinib and cedinirab have been 

developed which are capable of crossing the BBB and targeting brain métastasés 

(14-16). Tumor response to these drugs has most often been measured with 

histology in preclinical studies. As before the limited sampling and inability to non 

invasively image the brain limited the amount of information that could be 

obtained when treating brain métastasés. In Chapter 2 we constructed growth 

curves of brain métastasés using volume data measured from serial MRI. This 

technique for monitoring tumor growth could also be used to monitor tumor 

response to various treatments. Noninvasive imaging of brain métastasés would 

allow us to measure early response to treatment at various doses. Similarly it 

may be applied to measure tumor response to radiation treatment as well.

3.5 Final Word

Brain metastasis is a fatal secondary complication of breast cancer. The 

one year patient survival rate is less than 20% (19), for the patient and his/her 

family this is emotional and physical burden. Even when the patient appears to 

live a disease-free survival after combating the primary disease, recurrent brain 

métastasés may appear years later. Treatment for patients with brain 

métastasés is at best palliative.
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Progress has been made in understanding the complicated nature of brain 

metastasis through preclinical mouse models. They are the basis for assessing 

novel clinical treatments and for understanding changes in the brain 

microenvironment at the onset of metastasis. Cellular MRI allows us to visualize 

the development of brain métastasés from its early single cell stages to forming a 

proliferative mass. Furthermore it is more than just a snapshot of a section of the 

brain and tumor, we are visualizing the entire brain in 3D. We have shown that 

the distribution of brain métastasés is not random and that some brain regions 

are more predisposed to metastasis formation than others. Also, we have shown 

MRI is effective at measuring the metastatic potential of different cell lines.

In spite of the progress of brain metastasis research, the window of hope 

for patients diagnosed with brain métastasés is very small. Much more 

progressive research will be required if we are to ever beat the disease. 

Communication about new findings and ideas regarding brain metastasis 

between scientists of various scientific backgrounds will connect more pieces to 

the brain metastasis puzzle. Emphasis of the severity of brain metastasis will 

inspire new generations of scientists to dedicate themselves to the eradication of 

the disease. As long as there is a will, drive and determination amongst 

scientists investigating brain metastasis, hope will grow for women and men 

fighting the disease.
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Appendix A

MDA-MB-231BR/HER2 excel growth rate plots (mouse 5)
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MDA-MB-231BR excel growth rate plots (mouse 4)
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