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Abstract

Bone metastases occur in -80Vo of patients with advanced cance¡ and cause

significant morbidity. There are currently no established means by which to identify the

early growth of micrometastatic cells or their effects on bone at a time when curative

therapy may be initiated. 
'We 

postulated that high-resolution MRI could detect and quantify

the growth and destructive effects of bone micrometastases. Firstly, an 8-year retrospective

study was conducted with the assistance of Cancer Care Manitoba which examined the

following: all tumor node metastasis (TNM) staged breast cancer diagnoses between

1995 and 1997 and secondary metastases that developed up to five years after initial

diagnosis. Subsequently, we conducted two bone metastasis studies in animal models. The

ability of MRI to quantify cortical bone destruction, and the percentage of the medullary

cavity occupied by trabecular bone, m¿rrrow, and tumor as compared to histology was

performed. In the first study, bone metastases from early TNM staged breast cancers did

not present until >5 years after initial diagnosis (p < 0.01). In the subsequent studies,

quantitative evaluation using ex vívo and in viuo MRI was an effective means to visualize

the normal variation in bone microanatomy of C57Bn6 mice femurs as compared to a

histological "gold standard" (p < 0.001). An optimal correlation with histology was

obtained using a longitudinal section versus a cross sectional slice profile, a short echo

time gradient-echo versus a long echo time spin-echo sequence, and a higher field

strength, ll.7T vs. 9.4T (p

demonstrated that metastatic melanoma replaced the marrow space, yet preserved the

cortical bone integrity (p < 0.001). Balb c ru,lnu mice in regions with MDA-MB-231 bone

metastases had a four-fold decrease in the normal trabecular bone architecture (p < 0.01)



with gradient-echo data (p < 0.01) correlating best with histology rather rhan spin-echo data.

Early metastatic melanoma to bone, and the smallest MDA-MB-231 breast cancer bone

metastasis identified measured 0.341mm2 and 0.06952mm2, respectively. These

approaches delineated the limits of MRI in its ability to quantify osteolysis and tumor

burden. Given the increasing use of MRI as a clinical diagnostic method, the present

findings could have widespread applicability in detecting bone metastases in the clinical

setting at an early and potentially treatable stage.
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Chapter 1: Review of Literature

1.1 Mechanisms of Tumor Metastasis to Bonel

Bone metastases occur in -807o of patients with advanced cancer. They are

characterised by cancer cell growth and bone destruction which cause pain, fractures,

anemia, and hypercalcemia. At diagnosis, bone metastases are usually incurable due to

their advanced development. However, the early stages in their formation are

asymptomatic and begin as single micrometastatic cells from the blood stream. These

cells can be detected by molecular analysis of bone marrow in -30Vo of patients at the

time of cancer diagnosis, but not all single micrometastatic cells develop into clinically

significant bone metastases- A synergistic relationship exists between the micometastasis

and the bone environment creating favourable conditions for the development and growth

of disseminated tumor cells. Such bone metastases induce osteolysis and/or new bone

formation, releasing growth factors and cytokines, which in turn amplify this pathological

mechanism. The underling hypothesis, first proposed by Paget in 1889, is rhar the seeding

or predisposition of disseminated tumor cell development in bone is dependent on the

fertility of the soil or bone itself. This chapter will explore the most cu1aent opinions in

this area of study and present a comprehensive summary of the major factors involved.

1 .1 .1 lntroduction

Breast cancer is a leading cause of death in women, occurring in one out of eight

during their lifetime. A comparable cancer in men, prostate cancer, claims the lives of over

30,000 men in the United States each year with a prevalence of one in six (Greenlee et al.,



2000). These tumors, along with carcinomas of the lung, thyroid, and kidney have a high

propensity to metastasize to bone, which constitutes one of their most serious complications,

creates a great challenge for treatment, and often carries a poor prognosis. Metastases are the

most frequent bone tumors and cause signihcant morbidity due to pain, osteolysis,

pathological fractures, hypercalcemia and anemia (Rubens, 1998). Established bone

metastases are resistant to treatment and cuffent therapeutic approaches such as endocrine

therapy, radiation therapy, and chemotherapy are often ineffective (Ratanatharathorn et al.,

1999). This review has been written on the premise that a better understanding of the

pathophysiology of bone metastasis may provide insight into the design of therapies that

would help prevent their formation, alleviating the necessity to treat them at a late stage.

1 .1 .2 Hematogenous Seeding of Bone

Bones constitute a physically defined microcompartment to which access is gained

primarily by the blood stream. In some circumstances, bone may be the site of metastatic

tumor growth because it is the first organ encountered by malignant cells le4ving a primary

tumor and circulating in the blood stream (Batson, l94Z,Buckwalter et al., 1996a,Harada et

a1., t992). The special microenvironment of tiny endothelium-lined venous cavities or

sinusoids is where malignant cells circulating from the primary tumor may become

physically trapped (Buckwalter et al., 1996b,Yoshino et al., 1996). The vascular sinusoids

are lined by endothelial cells that have 60 Ångstrom fenestrae and lack a basement

membrane (De Bruyn, 1981). There is evidence that some cancer cells can selectively

adhere to the bone microvascular endothelium and/or the subendothelial matrix (Clerc and

Paule, I999,Haq et al., I992,Paúi et al., 1990). Endothelial cells may express peptides,

I This chapter has been published previously (Weber et al., 2000).



which act as a homing device for tumor cells (Cecchini et al., 1997). New animal models

have demonstrated the preferential homing mechanisms of cancer cells, from primary

tumors in the animal to bone (Lelekakis et al., 1999), and from intra-arterial injection of

human prostate cancer cells to implanted human bone (Nemeth et al., 1999).

While such observations provide experimental evidence for selective seeding of

bone by tumor cells, recent clinical studies suggest that the process of seeding is not

specific. Micrometastatic tumor cells can be detected in the bone marrow of 25-757o of

patients with common malignancies, including those, which do not usually cause significant

bone metastases (Pantel and von Knebel, 2000). For example, the micrometastatic cells

derived from primary carcinomas of the gastrointestinal tract develop into clinically relevant

bone metastases in fewer than I}Vo of patients. Alternatively, metastatic cells from primary

breast, prostate, lung, kidney, and thyroid tumors preferentially develop in bone (Galasko,

1986,Rubens, 1991) despite their potential to randomly circulate and arrest in any organ

site. These observations reflect the tumor-specific nature of bone metastasis formation.

There is evidence that detection of metastatic cells in the blood, m¿uïow, and lymph

nodes may have an overall prognostic value for the early assessment of tumor staging and

effectiveness of adjuvant therapy at the pre-clinical stage (minimal residual disease) (Braun

et al.,2000,Diel and Cote, 2000). To our knowledge there have been no rigorous clinical

analyses relating the presence of early marrow micrometastases to the subsequent

development of clinically significant bone metastases.

1.1.3 Seed Upon the Soil

The interdependency of metastatic cells and bone, or "dependence of the seed upon

the soil", was first proposed by Steven Paget in 1889, and represents the foundation of the



curent pathophysiologic understanding and rationale for therapeutic strategies against bone

metastasis. There is strong evidence that the formation of bone metastases is the result of a

synergistic relationship between cancer cells and the unique environment within the osseous

microcompartment. Certain qualities of primary tumors have been shown to contribute to

the predisposition of bone to develop metastases and have been listed in Table I. Bone is a

unique microcompaftment, which includes dynamic cell populations. Within the marrow,

tumor cells may be kept dormant by endogenous CD8+ immune T-cells (Muller et al.,

1998). Alternatively, marrow is also a source of mitogenic peptides that can stimulate the

gowth of neuroblastoma or breast cancer cells (Hahn et al., 1998). Successful colonisation

of bone by cancer cells appears to involve the synthesis and release of proteolytic enzymes,

autocrine growth and angiogenic factors, and adhesion'molecules. These events result in

degradation of bone matrix, which releases growth factors and chemotactic agents that act

on the tumor cells and amplify this process.



Table I: Qualities of Primary Tumors Related to the Formation of Bone Metastases

Histologic growth pattern (Koyama et al., 1999)

Expression of c-erb-B2 (Engebraaten and Fodstad,

1999)

p53 gene mutation (Paradiso et a1., 1999)

Parathyroid hormone-related protein I-139 isoform (Bouizar et al., 1999)

mRNA

Bone sialoprotein expression (Bellahcene et al., 1998,Kim

and Sodek, l999,Waltregny

et al., 1998)

Loss of heterozygosity (Hampl et al., 1999)

Activation, mutation, or inhibition of "metastasis" and (Hildebrandt et al., 1999)

"antimetastasis" genes



1 .1 .4 Cancer Cell Adhesion

The development of skeletal metastases requires important modification of the

adhesive properties of cells. First, the adherent cells in the primary tumor must be released

from the tumor cell mass and become migratory. Thereafter, in order for the tumor cells to

adhere to specific ligands on endothelial cells, marow stroma, and the extracellular matrix,

cells must change back from a migratory state to an adhesive state. Finally, to facilitate the

growth of tumor cells in bone, reorganisation of the endothelial cells and their adhesive

properties are required for angiogenesis to occur (Howe et al., 1998,Sanders et al., 1998).

Data summaized in Table II demonstrate that these interactions can regulate the formation

of bone metastases by promoting the selective attachment of cancer cells to adhesive

substrates in bone, e.g., u4 integrin counterreceptors (Okado and Hawley, 1995) and

laminin (Nakai et al., L992), by causing cancer cell localization (Matsuura et al., 7996),

spreading (Kostenuik et al., 1996), migration (Zheng et al., 1999), and proliferation (Sung et

al., 1998), and by inducing the local expression of cytokines; e.g., interleukin-6 (Uchiyama

et al., 1993), that can mediate osteoclastic bone resorption. Our laboratory has provided

evidence that the initial adhesion of metastatic cells to bone matrix-derived type I collagen

via the cr2pl integrin promotes their firm attachment (spreading) (Kostenuik et a1.,7996),

and that interaction with transforming growth factor-p induces further expression of cx2p1

integrin (Kostenuik et al., 1997). Additionally, constitutive activation of øvB3 in tumor

cells (Mammary adenocarcinoma MDA-MB-435 and SK-BR-3 and melanoma M21)

enables their adhesion and migration towards bone sialoprotein (Byzova et al., 2000).In PC-

3 human prostate adenocarcinoma cells, interactions of the crvp3 integnn with vitronectin

triggers increased phosphorylation offocal adhesion kinase and is associated with increased



migration of these cells (Zheng et al., L999). Expression of bone sialoprotein in primary

breast cancers is a prognostic marker for subsequent bone metastasis (Diel et al., 1999b).

Potentially, tumor-cell bone sialoprotein could interact with endothelial crvp3 (Lafrenie et

al., L994,Lafrenie et al., 1992) to promote tumor cell arrest on activated endothelial cells.



Table II: Bone Metastasis and the Functional Effects of Adhesive Molecules

SUBSTRATE/
MODELS

CULTURED BONE MAROW ENDOTIfrLIAL CELLS AND STROMAL CELLS

Bone Marrow - Rat Prostate Carcinoma
Stromal Cells Cells: Dunning Mat-LyLu

Bone Marrow Galectin-3 Human Prostate Carcinoma
Endothelial Cells LFA-I Cells

Bone Marrow CD44 Murine Myeloma Cells
Endothelial Cells cr4Integrin (VLA-4) (89/BM1)

Bone Marrow þl/þzlntegrin Human Myeloma Cells
Stromal Cells

EXPERIMENTAL MODELS OF METASTASIS IN VIVO

MOIÆCULES TUMOR CELLS

SCID mice cx4 Integrin Chinese Hamster0vary and

Erythroleukemia K562
Cells

Balbc nu nu mice Laminin Human Melanoma Cells
A375

FUNCTIONAL
RESPONSE

Preferential Adhesion of
Prostate Cancer Cells to
Cells from Marrow
Preferential Adhesion of
Prostate Cancer Cells to
Cells from Manow
Preferential Adhesion of
Cancer Cells to Cells from
Marrow
Adhesion of Cancer Cells to
Cells from Marrow and
Interleukin-6 Secretion

REF

(Haq et al.,1992)

(Lehr and Pienta,
1998)

(Okado and
Hawley, 1995)

(Uchiyama et al.,
1e93)

Transfection of cr4 Integrin
Confers Ability to Cause
Bone Metastasis
Laminin Promotes Bone
Metastasis; Inhibited by a

Laminin-derÌved S ynthetic
Peptide (YIGSR)

(Matsuura et al.,
1996)

(Nakai et al.,
tee2)



DEFINED CONSTITUENTS OF BONE MATRIX

Type I Collagen Syndecan

Type I Collagen and a2B1 Integrin
Osteoblast-like
Matrix
Type I Collagen

Bone Extract and
Fibronectin
Vitronectin

Bone Sialoprotein

Bone Sialoprotein

o2B1 Integrin

øv$3Integrin

uvp3Integrin

avB3 krtegrin

cxvp5Integrin

Human Myeloma Cells

Human Prostate Carcinoma
Cells PC-3

Primary Prostate Epithelial
Cells from Benign and
Malignant Tissue
Human Prostate Carcinoma
Cells (LNCaP and DU145)
Human Prostate Carcinoma
Cells PC-3
Human Breast Carcinoma
Cells MDA-MB-231
Human Breast Carcinoma
Cells MDA-MB-231

Cell Adhesion

Cell Adhesion

Cell Adhesion

Cell Adhesion

Cell Migration

Cell Migration

Cell Adhesion and
Proliferation

(Ridley et al.,
re93)
(Kostenuik et al.,
ree6)

(LANG er al.,
ree7)

(Hullingel et al.,
19e8)
(Zheng et al.,
1999)
(Sung et al.,
1ee8)
(Sung et al.,
19e8)



1.1.5 Cell Motility & Chemotaxis

Most cancer cells have ameboid properties and move by pseudopodial extensions.

Cancer cell migration and chemotaxis contribute to metastasis by promoting tumor invasion

and extravasation (Orr, 1994). In bone, cells that exhibit low motility (induced by

overexpressing heat shock protein 27) are less able to cause osteolytic metastases than

corresponding control cells that are highly motile (Lemieux et al., i999). Initial experiments

on possible roles for these mechanisms in bone metastasis showed that the conditioned

medium from cultured resorbing bones stimulates the directed migration (chemotaxis) of

Walker 256 rat carcinosarcoma cells, a line with the ability to form spontaneous bone

metastases in rats (Kostenuik et al., L992a). The magnitude of the bone-derived

chemotactic activity is directly proportional to the extent to which the bones have resorbed

in culture. Moreover, these observations suggest the existence of a feedback mechanism

since the Walker 256 cells generate soluble mediators of bone resorption which upregulate

the release of chemoattractants from the cultured bones (Orr et al., 1980,Orr et al., lgTg).

Subsequent experiments have shown that defined products of bone resorption or bone cell

metabolism can stimulate chemotactic responses, adhesion, and matrix invasion in several

osteotropic cell lines. These products include type I collagen (comprising 907o of the bone

matrix) and type I collagen fragments (Wass et al., 1981), o2 HS glycoprotein, osteocalcin,

peptides containing amino acids found frequently in the collagen helix (Mundy et al.,

1981,Mundy and Poser, 1983), osteonectin (Jacob et al., 7999), and transforming growth

factor-Bl (Festuccia et al., 1999a,Orr et al., 1990).

10



1 .1 .6 Angiogenesis

The formation of new capillary blood vessels is essential for tumor growth, invasion

and metastasis (reviewed in (Pluijm et al., 2000,Pluijm et al., 2000). The mechanisms

responsible for regulating angiogenesis involve balances between angiogenesis inducers and

inhibitors. Many angiogenic factors have been described, including vascular endothelial

growth factor, basic fibroblast growth factor, and thymidine phosphorylase (reviewed in

(Bicknell and Harris, 1996,Mousa, 1998)). Similarly, a number of naturally occurring

inhibitors of angiogenesis have been identified, including interferons-s or -9,

thrombospondin, angiostatin, and endostatin (Bicknell and Harris, 1996,Bergers et al.,

1999,Mousa, 1998). ln the absence of angiogenesis, tumors will remain small and dormant,

characterized by a state in which the rate of cellular proliferation is balanced by apoptosis

(Holmgren et al., 1995,Pluda, 1997). Consequently, the development of modalities to

inhibit angiogenesis has become an important area for the development of antitumor

treatment (Gastl et al., 1997). In several animal models, including animals with human

tumor xenografts, treatment with angiogenesis inhibitors has been shown to have significant

antitumor effects. Approaches to inhibit angiogenesis have included strategies to inhibit the

release of angiogenic factors from tumor cells, neutralization of angiogenic molecules that

have already been released, inhibition of vascular endothelial cell proliferation and

migration, and inhibition of the synthesis and turnover of vessel basement membrane (Gastl

etal,1997).

Vascular endothelial growth factor is a homodimeric cytokine, which plays a role in

angiogenesis, increasing endothelial cell proliferation and vascular permeability (Ferrara

and Davis-Smyth, 1997,Fenara, 1999).In addition, vascular endothelial growth factor can

t1



substitute for macrophage colony stimulating factor, promoting osteoclastic bone resorption

(Niida et al., 1999). Serum vascular endothelial growth factor has been shown to be an

effective means of evaluating patients with a variety of cancers, most recently prostate

cancer, and has positively correlated with the presence of bone metastases (Duque et al.,

l999,5alven et al., l999,Yarnamoto et al., 1996). However, a recent study has disclaimed

the ability of vascular endothelial growth factor (or basic fibroblast growth factor) to

distinguish between benign and malignant prostatic cancer (Walsh et al., 1999).

Since the detection of micrometastases in bone marrow and the extent of blood

vessel formation in primary tumors are both independent prognostic markers in patients with

breast cancer, Fox et al. have looked for a relationship between these markers. They have

reported that assessment of tumor angiogenesis and vascular invasion by breast cancer cells

gives a reliabte indication of the likelihood of the presence of micrometastases (Fox et al.,

1997).In addition, Maehara et al. have also noted that angiogenesis in gastric cancers is

closely related to the dissemination of.tumor cells in the bone marrow and their metastatic

potential (Maehara et al., 1998).

In an experimental study, Sasaki et al. observed the inhibitory effect of TNP-470 on

both angiogenesis and osteoclastic bone resorption in nude mice by the human breast cancer

cell line MBA-MD-231 (Sasaki et al., 1998). A supporting case study has reported that

administration of TNP-470 to a 44-year-old woman with bilateral infiltrating ductal breast

cancer resulted in a marked regression of osteolytic metastases in bone (Offodile et al.,

r99e).

12



1.1 .7 Cancer Cell Proliferation

There is a rich supply of putative mitogens and agonists for metastatic cells in the

bone microcompartment. The conditioned medium from resorbing bone cultures contain

growth-stimulatory activity for several cell lines with metastatic competence, and in vitro,

the extent of bone resorption parallels the mitogenic effects of the culture medium

(Manishen et al., 1986). Purified growth factors from bone matrix and hematopoietic growth

factors from bone marrow can stimulate the proliferation of cancer cells irz vitro (TableIJI).

Some of these factors, e.g., transforming growth factor-p, can have either growth inhibitory

or growth stimulatory effects, depending in part on the histogenesis, stage of progression, or

differentiation of the tumor cells (Kerbel, l99Z,Choki et a1., 1998,Go1d, 1999,Schwarz et al.,

re88).

Data from experiments in vivo also support the concept that factors in the bone

microenvironment can regulate cancer cell growth. For example, 816 melanoma cells form

a smaller metastatic burden in the bones of mice that are deficient in hematopoietic stem cell

growth factor than in normal controls (Arguello et al., 1992). In rats, spontaneously

metastatic V/alker 256 cancer cells adjacent to trabecular bone surfaces have a greater

growth rate than cells >50 ¡rm from these surfaces, consistent with a growth stimulatory

effect of bone (Kostenuik et al., 1992a). In the Walker 256 cancer cell model, experimental

stimulation of bone resorption causes a selective increase in the growth rate of metastatic

cells in bone but not in other organs, providing additional evidence that bone-derived $owth

factors can stimulate the proliferation of the tumor cells (Kostenuik et al., I992b).
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Table III: Mitogenic Factors for Metastatic Cancer Cells in the Bone Microenvironment

Undefined Components of Bone Matrix
Products of Resorbing Bone
Defined Bone-derived Growth Factors

Basic Fibroblast Growth Factor
Insulin-like Growth Factors
Interleukins-6 and -11
Platelet-derived Growth Factor

Hematopoietic Growth Factors
Granulocyte Macrophage Colony Stimulating Factor
Interleukin-3
Transferrin

Reviewed in references (On et al., 1995) and (Guise and Mundy, 1998).
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1 .1 .8 Osteolysis

The spread of cancer cells to bone is typically accompanied by extensive bone

destruction that causes pain and pathologic fractures. Cancer cells employ a variety of

mechanisms to induce bone resorption, and most evidence is in support of the recruitment

and activation of osteoclasts as the most important mechanism (Table IV).

Osteoclastogenesis is the process by which osteoclast precursors fuse and

differentiate into mature multinucleated bone-resorbing osteoclasts, a mechanism recently

shown to be exploited by cancer cells in bone. 1n vitro human breast carcinoma MDA-MB-

435 cells induce the activation of chicken osteoclasts and when injected into the femurs of

mice increase the number of osteoclasts at sites of tumor osteolysis (Clohisy et al., 1996).

The osteoclastogenic response to cancer cells appears to be commonly mediated by

osteoprotegerin ligand (OPGL) (Lacey et al., 1998). OPGL is a 316-amino acid member of

the tumor necrosis factor family, which is expressed in membrane-bound and soluble forms

by osteoblasts or stromal cells. OPGL is OPGL, also known as osteoclast differentiation

factor (ODF) (Yasuda et al., 1998), tumor necrosis factor-reiated activation-induced

cytokine (TRANCE) (Wong et a1.,1997), or receptor activator of NF-rcB ligand (RANKL)

(Anderson et al., 1997). Osteoclasts and their precursors express RANK, a member of the

tumor necrosis factor receptor family, which recognizes OPGUODF/TRANCE/RANKL in

soluble or membrane-bound forms and induces osteoclast differentiation, activation

(Anderson et a1.,1997), and survival (Lacey et al., 2000). Osteoprotegerin (OPG) (Simonet

et al., 199'7), also known as osteoclastogenesis inhibitory factor (OCIF) (Tsuda et a1.,1997)

or tumor necrosis factor receptorJike molecule I (TRl) (Tan et al., 1997), is a soluble

decoy receptor or inhibitory molecule for OPGUODFÆRANCE/RANKL (Suda er al.,
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L999) (Takahashi et al., 1999). Thus, OPG/OCIF/TRI negatively regulates

osteoclastogenesis by sequestering its ligand, OPGUODFÆRANCE/RANKL, which would

otherwise (in the presence of macrophage colony stimulating factor) positively regulate the

differenti ati on, activati on and survival of osteocl asts.

These factors have been recently shown to play a key role in osteolytic bone

metastases. In fact, many of the tumor-associated cytokines which are thought to stimulate

osteoclasts appear to do so indirectly through the activation of OPGL (Hofbauer et al.).

OPG, which antagonizes the interaction between OPGL and RANK, prevents the

osteoclastic and calcemic response of mice to diverse cytokines including PTlIrP, PTH, IL-

1, TNF, and vitamin D (Morony et al., 1999b). In mice, OPG prevents the osteolysis

induced by intfacardiac injectîon of human MDA-MB-231 breast cancer cells or murine

Colon-26 (C-26)cells, and causes signif,cant reductions in skeletal tumor burden (Morony

et al., I999a). OPG also prevents and reverses the hypercalcemia and osteoclastogenesis

induced by PTlITP-producing C-26 cells in mice (Capparelli et al., 2000). Recently, OPG

has been demonstrated to block the both the osteolysis and the pain-related behaviors of

mice after intraosseous injection of osteolytic sarcoma cells. These improvements were also

associated with reduced neurochemical alterations in the spinal cord which are normally

associated with cancer pain, including c-fos and dynorphin immunoreactivity, and subtance

P release (Honore et al.).

Breast cancer cell lines MDA-MB-23I,MCF-7, andT4'lD, as well as primary breast

cancers, typically express OPG and RANK, but not RANKL. When MCF-7 cells are

transfected with parathyroid hormone-related protein (PTIITP) and co-cultured with murine

osteoblasts, osteoblastic RANKL mRNA increases and osteoblastic OPG mRNA decreases.
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When these transfected MCF-7 cells are injected into the arterial circulation, there is a

significant increase in bone metastases, osteoclast formation and hypercalcemia, together

suggesting that interactions between breast cancer cells and osteoblasts support osteoclast

formation (Thomas et al., 1999). Furthermore, Akatsu et al. have shown that OPG/OCIF

treatment decreased serum calcium levels through an inhibitory effect on bone resorption in

hypercalcemic nude mice carrying tumors associated with humoral hypercalcemia of

malignancy (Akatsu et al., 1998).

Local PTFITP production in bone stimulates osteoclastic bone resorption (Guise,

1997) and like parathyroid hormone (which shares a similar N-terminal of 13 amino acids)

binds to a common parathyroid hormone/PIFITP receptor (Juppner et al., 1991). PTtkP is

produced in bone metaStases from breâst cancer (Powell et al., 1991). Patients with humoral

hypercalcemia of cancer can have increased levels of PTtkP in their blood (Strewler, 2000).

A synergistic relationship between bone and cancer cells is exemplified by the observation

that transforming growth factor-p is released in its active form as a result of bone resorption

(Pfeilschifter and Mundy, 1987). Yin et al. have recently demonstrated that blocking the

transforming growth factor-p signalling pathway inhibits PTIITP secretion by MDA-MB-

237 breast cancer cells in bone (Yin et al., 1999), indicating that transforming growth

factor-B can increase secretion of PTFITP in these cells. It has been recently shown that a

"low calcemic" vitamen D analog which is know to inhibit PTFITP production by tumors,

can diminish the production of osteolytic metastasis by MDA-MB-231 breast cancer cells

administered to nude mice (El-Abdaimi et al., 2000). The effects of PTIhP production by

tumor cells may very since one study reported that an increased PTIITP production by

neoplastic prostate epithelial cells does not increase the osteolytic capability of these cells
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(Blomme et al.,1999). In contrast, it has been shown that overproduction of PTFITP results

in an osteolytic response by the rat prostate cancer cell line Mt Ly Lu which otherwise

exhibits mixed osteoblastic/osteolytic metastases (Rabbani et al., L999).

In addition to osteoclasts, tumor-associated rnacrophages (Athanasou et al.,

1989,Quinn and Athanasou, 1992) and metastatic cancer cells @ilon and Mundy,1978)

can also resorb bone. Evidence that cancer cells can directly degrade bone comes from

observations in human metastatic bone disease and in an experimental rabbit model where

direct tumor cell-mediated osteolysis in late stages of bone destruction has been

demonstrated (Galasko, 1976). Histomorphometric analyses of bone metastases derived

from 816F1 melanoma and MDA-MB-231 breast carcinoma demonstrated that cancer cells

can'directly degrade bone by showing direct contact between cancer cells and resorbing

bone surfaces with reduced numbers of osteoclasts and osteoblasts at these sites (Lee et al.,

2001,Sanchez-Sweatman et al., 1997). Moreover, in vitro, some cancer cells can degrade

bone matrices produced by osteoblast-like cells and induce pit formation on non-decalcified

cortical bone surfaces (Iæe et al., 200l,Sanchez-Sweatman et al., 1997). Nevertheless it

remains controversial whether humans in vivo osteolytic metastases are due exclusively to

tumor-induced osteoclastic osteolysis or also due to tumor-induced osteolysis.
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Table IV: Factors which Activate Osteoclasts in Bone Metastases

Parathyroid hormone-related protein

Transforming growth factor cr

Interleukins-1,-6, and -1 1

Tumor necrosis factors a and p

OPGUODF/TRANCE/RANKL

(Rabbani et al., 1999)

(Zhànget al., 1998)

(Zhang et al., 1998)

(Garrett, 1993)

(Lacey et al., 1998)
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1.1.8.1 Proteinases and Other Molecules lnvolved in Osteolysis

The osteoclast plays a key role in the degradation of bone (Blair, 1998). The

majority of the resorptive potential of the osteoclast is due to acidic secretions via a

highly expressed vacuolar electrogenic Ff-ATPase pump localized at the ruffled

membrane of the osteoclast (Blair et al., 1989). The osteoclast, utilising the avp3

receptor (among others) (Crippes et al., 1996), attaches to the bony matrix by forming a

tight seal which concentrates the acid in a confined environment and so facilitates the

degradation of bone mineral, mostly (-8070) basic hydroxyapatite. In addition, the

osteoclasts secrete enzymes which become active in this acidic environment and degrade

the organic..matrix. Potentially capable of degradation of extracellular matrix at acid pH

are the lysosomal cysteine proteinases. Of the cysteine proteases found in the bone, the

cathepsins B, K, L, and S, cathepsin K (also called cathepsin 02) is especially highly

expressed in osteoclasts (Drake et al., 1996) and possesses the highest degrading activity

towards type I collagen (Brömme et al., 1996,Garnero et al., 1998). In vitro cathepsin K

can also degrade osteonectin (Bossard et al., 1996). Also, osteoclasts have been reported

to secrete matrix metalloproteinases, inhibition of which can inhibit bone resorption (Sato

et al., 1998). It has been demonstrated in vitro that the process of degradation by

osteoclasts can be halted by specifically inhibiting the activity of either cathepsins or

matrix metalloproteinases (Everts et al., 1992). The cysteine proteases are likely to act in

the initial phase of the bone resorption when the pH is most acidic, whereas the neutral

matrix metalloproteinases are probably secreted at later stages when the pH in the

subcellular zone has risen.
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Serine proteases are also involved in bone resorption, although probably more

indirectly, since they do not possess collagenolytic activity. The conditioned medium

from differentiated osteoblasts can stimulate the secretion of urokinase-type plasminogen

activator and matrix metalloproteinase-9 and can promote invasion of Matrigel by human

prostate cancer cells (Festuccia et al., 1999b). Culturing estrogen-responsive MCF-7 cells

on bone matrix, derived from SaOS-2 osteoblast-like cells, induces an invasive phenotype in

the cancer cells, related to increased expression of urokinase-like plasminogen activator

(Martinez et al., 1999). Other factors indirectly involved in osteolysis are the expression

of growth factors and cytokines. Transforming growth factor-p which is abundantly

present in the bone (Bonewald and Mundy, 1990) downregulates the expression of

metalloproteinases (Huhtala et al., 1991,Edwards et ai^.,1996) and plasminogen activators

in normal cells (Arnoletti et al., 1995,Matrisian, Igg4), but can induce matrix

metalloproteinase-l and -9 protein expression in MDA-MB-Z3I breast carcinoma cells

(Duivenvoorden et al., 1999) and PC-3 prostate carcinoma cells (Festuccia et al., 2000)

contributing to osteolysis and tumor invasion.

Several interleukins that are important in bone resorption, such as interleukin-l

(Meghji et al., 1988,Tatakis, 1993), interleukin-6 (Ishimi et al., 1990), and interleukin-l1

(Girasole et al., 1994), are produced and secreted by various human cancers (Fontanini et

al., 7999,Gandour-Edwards et al., 1995,Miller et al., 2000) and tumor cell lines in vitro

(Watson et al., 1993,Lacroix et al., 1998,Meghji et al., 1988). Interleukin-l stimulates

osteoclast differentiation through the stimulation of the production of various cytokines

by the osteoblasts, including IL-6 and IL-11 (Elias et al., 1995). The interleukin signaling

appears to occur through the RANIIRANKL pathway, and in RANK^mice treatment
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with interleukin-l does indeed not cause bone resorption (Li et al., 2000). However

interleukin-l has been shown to activate the NF-KB pathway in murine osteoclasts

directly, without the mediation of osteoblasts (Jimi et al., 1999). Interleukin-6 has been

extensively studied in multiple myeloma, where interleukin-6 overproduction has been

associated with poor prognosis (Zhang et al., 1989). Binding of multiple myeloma cells to

bone marrow stromal cells induces interleukin-6 secretion in the stromal cells (Uchiyama

et al., 1993). Interleukin-6 can then act on the osteoclast progenitor cells and cause them

to differentiate and become active (Ishimi et al., 1990). In addition, interleukin-l, by

acting, at least in part, through the AP-l promoter site, is known to transcriptionally

upregulate most MMPs, with the exception of matrix metalloproteinase-2 (Benbow and

Brinikerhoff, 1991). In a mouse calvarial model both interleukin-l and interleukin-6

have been shown to stimulate the expression of matrix rnetalloproteinases-2, -3 -9 and -

13 (Kusano et al., 1998).

1 .1 .8.2 Matrix Metalloproteinases

Matrix metalloproteinases are likely to be involved in metastatic osteolysis. In

addition to cysteine proteinases, these enzymes are mediators of homeostatic bone growth

and remodeling (Reponen et al., 1994,Rice et al., 1997). Of the matrix metalloproteinase

family members, interstitial collagenases are able to degrade native type I collagen, the

protein most abundantly present in the organic matrix of the bone. They are the fibroblast

collagenase (matrix metalloproteinase-1), neutrophil collagenase (matrix

metalloproteinase-8) and collagenase-3 (matrix metalloproteinase-i3). However, in vitro

the matrix metalloproteinase-2, in the TIMP-free form, also possesses activity towards

type I collagen, (Aimes and Quigley, 1995), as does membrane-type 1 matrix
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metalloproteinase (MTl-MMP), albeit with a five-fold lower efficiency compared to

matrix metalloproteinase-1 (Ohuchi et al., 1997). The latter in vitro study also shows that

both matrix metalloproteinase-1 and MTI-MMP have a higher collagenolytic activity

when co-incubated with matrix metalloproteinase-2. The gelatinases, matrix

metalloproteinase-2 (12 kÐa type IV collagenase) and matrix metalloproteinase-9 (92

kDa type IV collagenase), further degrade the cleaved type I collagen (Woessner, L994).

Since matrix rnetalloproteinases are secreted as latent enzymes, they have to be

activated extracellularly. Stromelysin-1 (matrix metalloproteinase-3) is involved in the

activation of both matrix metalloproteinase-1 and matrix metalloproteinase-9 (Suzuki et

al., l990,Ogata et al., L992), whereas the membrane-type matrix metalloproteinases, in

cómbination with tissue inhibitor of metalloproteinase-Z (TINIP-?), play a role in the

activation process of matrix metalloproteinase-2 (Kinoshita et a1., 1998). MTI-MMP and

matrix metalloproteinase-2 in turn cooperate in the activation of collagenase-3 (Knäuper

et al., L996). Matrix metalloproteinase-1, matrix metalloproteinase-2, and matrix

metalloproteinase-9 have been identified in cultured human osteoblasts (MeikJe et al., 1995).

In human bone tissue samples matrix metalloproteinase-l has been localized to

osteoblasts, and more rarely to osteoclasts when associated with eroded bone surfaces

(Bord et al., 1996). This lends support to the hypothesis that osteoblast-derived matrix

metalloproteinases play a role in the removal of surface collagenous osteoid before the

attachment of osteoclasts. Early studies also show that the collagenase secreted by

osteoblasts can digest osteoid and that the subsequent mineral exposure is stimulatory to

osteoclasts (Chambers et al., 1985). Localization by in sitz hybridization demonstrates

that matrix metalloproteinase-9 mRNA is present in higher amounts in osteoclasts than in
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osteoblasts (Okada et al., 1995). MTl-MMP has been identified in rabbit osteoclasts in

bone tissue and in culture (Sato et a1.,7997).

The degradation of bone type I collagen by human prostate cancer cells is

associated with local secretion of matrix metalloproteinase-2 and matrix metalloproteinase-9

and can occur in devitalized bone which is devoid of osteoclasts (Stearns and Wang, 1996).

Matrix metalloproteinases can also contribute to the invasion and destruction of bone in

multiple rnyeloma (Barille et al., 1997) and giant cell tumors (Ueda et al., L996). In

experimental models of bone metastasis, there is evidence that osteolysis and colonization

of the bone marrow by tumor cells can be reduced by strategies that inhibit the release or

production of proteases or by overexpressing tissue inhibitors of matrix

metalloproteinases in metastatic or host cells (Stearns and Wang, l996,Yoneda et al.,

IggT).For example, batimastat (BB-94), a synthetic inhibitor of matrix metalloproteinases,

blocks the activity of matrix metalloproteinases expressed by MDA-MB-231 human breast

carcinoma cells as measured in vitro by enzymography, and inhibits the ability of these

cells to degrade bone matrices produced by osteoblast-like cells or to form resorption pits in

cortical bone. In vivo, treatment of tumor-bearing animals with batimastat inhibits

osteolysis, tumor growth, and the replacement of marrow by tumor (Lee et al., 2001). In

addition to metalloproteinases, Ishiduka et al. have identified another cell-derived factor,

neurochondrin, that is capable of resorbing hydroxyapatite, independent of macrophages and

osteoclasts. Neurochondrin production has been detected in BW 5147 TJymphoma cells,

chondrocytes, osteoblasts, and osteocytes (Ishiduka et al, 7999).
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1 .1 .9 Osteobastastic Reactions

Bone sites with prostate cancer metastâses often display distinctive osteoblastic

reactions, characfenzed by high bone turnover rates with increased osteoid surface, osteoid

volume, and mineralization rates (Clarke et al., 1993). Prostate câncer cells can produce

peptides with mitogenic activity for osteoblasts and it has been suggested that these

cytokines can stimulate the proliferation of osteoblasts irz vivo (Koutsilieris, L993). One of

the mitogens has an identical amino-terminal sequence with the urokinase-type plasminogen

activator (Rabbani et al., 1992) and may cause an osteosclerotic reaction by acting as a

direct mitogen for osteoblasts, by converting plasminogen to plasmin [thereby causing

activation of latent bone-derived transforming growth factor-pl, or by releasing insulinJike

growth factors from their binding proteins [making them available to stimulate the

proliferation of the prostate cancer cellsl (Koutsilieris et al., 1993). Bone morphogenetic

proteins induce ectopic bone formation in vivo and one of these proteins, bone

morphogenetic protein-6, is expressed in a high proportion of prostate cancer bone

metastases (Autzen et al., 1998).

The amino terminal fragment (ATF) of urokinase (uPA) has been shown to be a

mitogen for cells of the osteoblast phenotype. Intracardiac inoculation of Mat Ly Lu cells

overexpressing uPA results in the development of hind limb paralysis and tumor metastases

to several skeletal sites. Microscopic evaluation of these skeletal metastases exhibits a

marked osteblastic response due to the mitogenic effects of ATF secreted by Mat Ly Lu

cells at these bony sites. In other studies ATF was shown to induce the expression of early

responsegenes myc,junandfos. ATFcausesmaximuminduction of c-fos oncogene,which

plays an important role in bone cell biology as demonstrated by transgenic mice
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overexpressing the c-los oncogene (Rabbani et al., l.99Z,Achbarou et al., 1994,Rabbani et

aL.,1997).

Endothelin-l is a potent vasoconstrictor initially identified in endothelial cells

(Yanagisawa et al., 1988). It has also been identified in a wide variety of other cells,

including prostatic cancer cell lines. Endothelin-l overrides the inhibitory growth signals

from transforming growth factor-B and enhances the proliferation of prostate cells in the

bone (Koeneman et a1.,1999). Endothelin-1 can also initiate new bone formation by acting

through the endothelin-A receptor of the osteoblast (Nelson et al., 1999).

Fibroblast growth factor has also been reported as an important factor in the

osteoblastic response (Izbicka et aL., 1996). However, while fìbroblast growth factor is found

in human prostate cancer cells (Nakamoto et al., 1992), the exact role of fibroblast growth

factor in metastasis is not clear since recent evidence has claimed that overexpression of

fibroblast growth factor does not cause prostate cancer progression (Russell et al., 1999).

Finally, prostate specific antigen (human kallikrein 3) is a clinical marker for prostate

cancer, which is converted to its active form by human kallikrein 2 (I-ovgren et al., L991).

Prostate specific antigen cleaves PTFkP, inhibiting the normal stimulatory effects of PTIITP

on cAMP synthesis in osteoblasts (that is linked to osteoclast differentiation) (Cramer et al.,

ree6).

1 .1 .10 Current lssues

Bone metastâses cause significant clinical morbidity yet despite the magnitude of

this problem, there have been few ground breaking clinical advances in the diagnosis and

treatment of this disease. A major reason for this difficulty relates to current detection

methods, which are able to identify these lesions only at a late stage in their evolution, a
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time when curative treatment is difficult or impossible. An ideal method of detection would

make diagnosis and treatment possible at a very early stage of the disease. The methods

used most commonly to detect micrometastatic cancer cells include immunocytochemistry

(tr{C) and reverse transcriptase PCR (RT-PCR). However, these techniques require biopsy

which can be destructive as well as painful. Currently, plain film radiography and bone

scintigraphy are the most common non-invasive imaging modalities, but they expose the

patient to ionising radiation and can, for the most part, only detect late stage metastases.

Magnetic resonance imaging (MRI) is a relatively new non-invasive diagnostic tool, which

does not expose the patient to radiation and has the potential to offer better characterisation

of the lesion and possibly detection of earlier stage micrometastases. However, the limits of

detection of this methodology will require additional definition.

Astonishingly, there have been no rigorous investigations to examine the

development and factors responsible for the growth of early marrow micrometastases to

subsequent clinically significant bone metastases. The identification of micrometastatic cells

in the blood or bone marrow is not synonymous with clinical bone metastasis and does not

in itself predict the eventual formation of bone metastases. Micrometastatic cells have been

reported with similar frequency in patients with primary neoplasms that frequently cause

clinically significant bone metastases, e.g., prostate or breast cancer, and at the same time in

patients with tumors that rarely or never form bone metastases, e.g., colon cancer, basal cell

carcinoma. These observations lend support to the concept that formation of bone

metastases is a selective process in that a limited number of primary neoplasms account for

more than 80Vo of the tumors that subsequently develop into clinically significant lesions.

An investigation into the phenotype and/or metastatic potential of individual disseminated
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tumor cells may help determine why some cells remain dormant and others progress. To

facilitate accurate communication, a revaluation of the terminology is needed when referring

to (or differentiating between) a single tumor cell, disseminated cell, or micrometastatic cell

(Hermanek, L999).

Angiogenesis is an essential component of primary tumor growth, dissemination of

cancer cells and subsequent growth of these cells into metastatic tumors. New experimental

models of angiogenesis may lead to a better understanding of the importance of this process

in metastatic tumor gowth in bone, and successful drug treatments of the disease. One such

model, the orthotopic transplant mouse model with green fluorescent protein-expressing

cancer cells, has been used to better visualize bone metastases and angiogenesis in real time

ín situ in the live animal using simple laparotomy and fluorescent techniques (Hoffman,

1998). There is some evidence that angiogenesis inhibitors may inhibit formation of bone

metastases from micro metastatic cells (Sasaki et al., 1998). We are not aware of studies in

which antiangiogenesis inhibitors have been used to treat human bone metastases.

Most current therapies for bone metastasis have relied on drugs that inhibit

osteolysis, as chemotherapy regimens have been unsuccessful in abating the development or

progression of bone metastasis. These drugs, especially the bisphosphonates, have had

variable success in ameliorating osteolysis, pathologic fracture, pain, and hypercalcemia.

However, antiosteolytic therapy has not been shown to inhibit the clinical spread of cancer

cells to bone. Other therapies have attempted to specifically inhibit the growth of skeletal

metastases by incorporating toxic agents into bone matrix, including osteotropic

radioisotopes such as 
seStrontium.
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The recent discovery of osteoprotegerin and its ligand (as discussed in previous

sections) has led to a much better understanding of the mechanisms involved in both the

differentiation and activation of osteoclasts and will have an immense impact on the field of

bone biology. With that will come new opportunities for treatment of bone resorption-

associated diseases.

In the last decade several synthetic matrix metalloproteinase inhibitors have been

developed and have been demonstrated to effectively reduce or prevent the formation of

metastases in a number of animal studies. These are now under investigation for cancer

treatment in humans. The matrix metalloproteinase inhibitors have not been developed with

bone metastasis as a target in mind, but inhibitors that are effective towards interstitial

collagenases and other matrix metalloproteinases involved in bone degrâdation could 
'

potentially be used as therapies in bone metastasis to prevent associated osteolysis. The

matrix metalloproteinase inhibitors would have the additional benefit of reducing invasion.

and inhibit angiogenesis. Altematively, inhibitors of cathepsins involved in type I collagen

degradation could potentially be brought into the clinic as well.

1.1.11 Summary

Both clinical studies and experimental investigations (in vivo and in vitro) have

been instrumental in defining the mechanisms responsible and factors required for the

"seeding" of tumor cells to bone and their development into clinically significant

metastases. The synergistic relationship between metastatic cells and bone represents the

foundation for the current therapeutic strategies against clinically significant bone

metastasis. The balance between osteolysis and new bone formation can be exploited by

the invading micrometastases. Local growth factors that are generated and/or released as
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part of the bone remodelling process can promote the expression of the metastatic

phenotype in osteotropic cancer cells (Figure I and II).

For other current comprehensive reviews on the pathophysiology of bone

metastases the reader may wish to consult articles by (Guise, 2000), Yoneda et al.

(Yoneda, 2000), Boyce et al. (Boyce et al., 1999), Goltzman et al. (Goltzman et al.,

2000), and Clerc and Paule (Clerc and Paule, 1999).
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Figure I: A diagrammatic representation of bone metastasis induced osteolysis.

Osteolysis is a dominant feature of most established metastases and is widely recognised

to be the consequence of osteoclastic bone resorption. Many cancer cells secrete

parathyroid hormone-related protein (PTFhP) which will promote the osteoblasts (Ob) to

initiate osteoclastogenesis utilizing the receptor activator of NF-rB (RANK) and its

ligand (RANKL). The multinucleated osteoclasts (Oc), derivatives of their precursors

(OcP), resorb bone, releasing growth factors and cytokines, including transforming

growth factor-p (TGFP), which in turn can stimulate proliferation of metastatic cells,

reinforcing this pathological cycle. There is evidence that some metastatic cells can

induce bone resorption directly by secreting matrix metalloproteinases (MMP).
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Figure II: A diagrammatic representation of bone metastasis induced osteosclerosis.

Other cells, e.g. those from prostate cancer, can induce osteosclerosis. Mediators of

osteoblastic reactions include endothlin-1 (EN-1), transforming growth factor-B (TGFP),

fibroblast growth factor (FGF) and endothelial growth factor (EGF) which can stimulate

osteoblasts (Ob) to initiate bone formation. A second pathway involves secretion of

proteinases, prostate specific antigen (PSA) and urokinase plasminogen activator (U-PA),

which can activate latent transforming growth factor-p (TGFP) and inactivate parathyroid

hormone-related protein (PTIIrP).
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1.2 Clinical Modalities for the Diagnosis,

Characterization and Detection of Bone Metastases'

The aim of this review is to present the recent advances in the field and critically

cornpare the different modalities used to identifli and characterize disseminated tumor

cells in bone. Primary neoplasms of the skeleton are rare, but metastatic cancer frequently

involves the skeleton. The study of bone metastases is clinically important because of

their associated symptoms, their complications such as pathological fracture, and their

significance for staging, prognosis and treatment. Late-stage lesions are generally not

amenable to curative therapy. For this reason the development of techniques to detect

metastatic lesions at an early stage is of crucial importance. Both immunocytochemical

and molecular analysis have been utilized for the diagnosis and charccterization of

malignant tumors. Circulating biochemical markers have been proposed to study bone

tumover, as a pathophysiologic consequence of bone metastases. Bone scintigraphy has

been the traditional modality for screening; it is sensitive, but also nonspecific.

Radiography often supplements an inconclusive bone scan. Increased sensitivity and

specificity is offered by computer tomography through increasing contrast resolution and

eliminating problems such as overlying tissue. Magnetic resonance imaging (MRI) is

arguably an excellent modality for monitoring the extension of a tumor into soft tissue

but has been used less extensively to evaluate metastatic tumors in bone. Three factors

are used in MRI to diagnose bone metastases: fat-water distribution, artifacts induced by

bone trabeculae, and uptake of contrast medium. Novel sequences investigating fat and

2 This chapter has been published previously (Weber et a1.,2004).
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water, bone trabeculae, and the injection of contrast medium provide new information on

bone metastasis characterization.

1.2.1 lntroduction

1.2.1.1 Clinical Significance

Breast cancer is a leading cause of death in women, occurring in one of eight

during their lifetime. A comparable cancer in men, prostate cancer, claims the lives of

just under 30,000 men in the United States each year with a prevalence of one in six

(Jemal et al., 2003). These tumors, along with carcinomas of the lung, thyroid, and

kidney have a high propensity to metastasize to bone, which constitutes one of their most

serious complications, creates a great challenge for treatment, and often carries a poor

prognosis. Metastases are the most frequent bone tumors and cause significant morbidity

due to pain, osteolysis, pathological fractures, hypercalcemia, and anemia (Rubens,

1998). Established bone metastaseis are resistant to treatment and current therapeutic

approaches such as endocrine therapy, radiation therapy, and chemotherapy are often

ineffective (Ratanatharathorn et a1., 1999). This chapter has been written on the premise

that a better understanding of the pathophysiology of bone metastasis may provide insight

into the design of diagnostic techniques that would help to identify bone metastases

formation at its earliest stages. This may provide an opportunity for early treatment and

alleviate the necessity to treat them at a late stage.

1 .2,1.2 Pathophysiology

The majority of bone metastases arise from a hematogenous route. The

venous system, as opposed to the arterial system is especially important in Batson's

36



paravertebral plexus. The axial skeleton and proximal long bones are two sites with high

propensity for metastatic involvement because of Batson's plexus communications and

the greater vascularity of red as opposed to yellow m¿urow found in these anatomic

locations (Vider et al., 1977) (Mathew et al., 2000).

There is strong evidence that the formation of bone metastases is the result of a

synergistic relationship between cancer cells and the unique environment within the

osseous microcompartment (Figure I and II). Osteolysis is a dominant feature of most

established metastases and is widely recognised to be the consequence of osteoclastic

bone resorption. Many cancer cells secrete parathyroid hormone-related protein which

will promote the osteoblasts to initiate osteoclastogenesis utilizing the receptor activator

of NF-rB (RANK) and its ligand (RANKL) (Thomas et al., 1999) (Kong et al., lggg).

The multinucleated osteoclasts, derivatives of their monocytic precursors, resorb bone,

releasing growth factors and cytokines, including transforming growth factor-p, which in

turn can stimulate proliferation of metastatic cells via Smad and MAP kinase pathways,

reinforcing this pathological cycle (Kakonen et a1.,2002). There is evidence that some

metastatic cells can induce bone resorption directly by secreting matrix

metalloproteinases (Weber et al., 2002a).

Cells from prostate cancer can induce osteosclerosis. Mediators of osteoblastic

reactions include endothelin-l, transforming growth factor-B (TGFB), fibroblast growth

factor and endothelial growth factor (EGF) which can stimulate osteoblasts to initiate

bone formation (reviewed by Guise et al., 2003 (Guise et al., 2003). A second pathway

involves secretion of proteinases, prostate specific antigen and urokinase plasminogen
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activator, which can activate latent transforming growth factor-B (TGFP) and inactivate

parathyroid hormone-related protein (Achbarou et al., l994,Hut et a1.,2002).

1.2.1.3 Detection

Insightful interpretation of results from various detection techniques is dependent

on understanding the pathophysiology of bone metastasis development. Metastatic bone

disease ranges from colonization of the marrow by micrometastatic cells to clinically

significant bone metastases and resulting changes to bone microanatomy. Single

micrometastatic epithelial cells in a mesenchymal bone marrow cavity are distinguishable

using immunocytochemistry, flow cytometry and molecular techniques. Biochemical

markers may be used to directly detect and monitor changes in normal bone metabolism

due to the effects of metastases on the normal balance between bone forma.tion and

resorption. Diagnostic imaging techniques such as plain radiography, bone scintigraphy

and magnetic resonance imaging directly identify late stage clinically significant

metastases and the resulting change in the bone architecture.

The detection of bone metastases is intimately dependent on the pathophysiology

of the primary tumor. The three modalities investigated in this chapter for the detection,

quantification, and further understanding of the development of bone metastases and

response to therapy include the use of tumor specific molecular markers, identihcation of

serum levels of biochemical markers, and radiological identification.

1 .2.2 Molecular Markers

Bone marrow and blood are both relatively accessible and have been frequently

surveyed for the presence of disseminated tumor cells in patients with solid tumors.

Blood represents the vehicle for the hematogenous spread of disseminated tumor cells to



bone (Pantel et al., 1999). Bone marrow acts as a filter and is a preferential environment

for the eventual growth of disseminated tumor cells (Melchior et al., 1997). Small

aggregates of tumor cells have been observed using standard cytologic and histologic

methods (Burkhardt et al., 1980) and some workers have identified single disseminated

tumor cells (Schlimok et al., 1987). The cellular aggregates may have greater malignant

potential than single disseminated tumor cells (Brandt et al., 1998,Muller et al.,

1996,Molnar et a1.,2001) (Brandt et al., 1996). Despite the cross reactivity of membrane

antigens with hematopoietic cells, immunocytochemical tests using monoclonal

antibodies to epithelial-specific antigens have been created to identify disseminated

tumor cells in the bone and peripheral blood (Sidransky, 1997,Pantel and Ahr,

1998,Braun et a1.,2000). ih. non-"pithelial nature of blood and bone marrow make it

ideal for the differentiation of epithelial derived tumor cells using epithelial-specific

proteins (Z'graggen et al., 2001,Braun et al., 2000), RNA expression (Hardingham et al.,

2000,Yamaguchi et al., 2000,Aoki et al., 2002), and tumor-specific DNA abnormalities

(Austrup et al., 2000,Khan et al., 2000). For a review, see Zippelius and Pantel, 2000

(Zippelius and Pantel, 2000).

The goal of most detection techniques is good sensitivity and specificity. To

improve specificity the marker must not be present in the background haematopoietic

cells. However using both tumor specific antibodies (Ahr et al., 1999) and RT-PCR

(Vlems et al., 2002),(Dimmler et al., 2001) false positives have been reported. Quality

control is key to decreasing crossover contamination and amplification of non-specific

and pseudogenes. To improve sensitivity, a nurnber of markers may need to be screened

to avoid false negatives (Taback et al., 2001,Kufer et al.,2002,Vogel et al., 1999).
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The current convention is to use molecular markers to identiry disseminated

tumor cells (Solomayer et al., 2001) (Z'graggen et al., 2001)as well as to characterize

these cells for an improved knowledge of the pathophysiology of bone metastases (Cher

et al., 1999). These approaches have led to the identification of critical proteins andlor

genes involved in bone metastasis development. Disseminated tumor cells, collected from

cancer patients, have a metastatic phenotype (Putz et al., 1999), elevated proliferation

potential (Solakoglu et al., 2002) and can generate metastases in mice (Pretlow et al.,

2000). The ability of disseminated tumor cells to act as seeds for clinically signihcant

metastases is substantiated by both the long dormancy of residual cancer cells and by the

transmission of cancer after organ transplant (Riethmuller and Klein, 2001) (Kanison et

a1.,1999).

However, the presence of disseminated tumor cells in marrow does not always

predict the eventual formation of clinically significant bone metastases (Gebauer et al.,

2001). It has been demonstrated with follow-up sampling that there is a clearance of

disseminated tumor cells after surgery (Patel et a1., 2002). Moreover, it is likely that the

majority of disseminated single metastatic tumor cells in bone do not proliferate (Pantel

et al., 1993). Only a few large long-term follow-up studies have been carried out (Gerber

et a1., 2001,Gebauer et al., 2001). As a prognostic indicator, the presence of disseminated

tumor cells is at best comparable to established staging techniques (Funke and Schraut,

1993). In addition, the number of patients with disseminated tumor cells varies from

study to study (Vogel et al., 2002) (Weckermann et al., 2001). A standard detection

technique is critical for the actuate comparison of studies (Jung et al., 1997). For example

the prognostic significance of disseminated tumor cells in blood may (Soeth et al., 1997)
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or may not (Z'graggen et al., 2001) be comparable to that of bone marrow. This may in

part be due to the difference in definition of prognosis from the number of patients with

disseminated tumor cells who will develop clinically significant metastases to the five-

year survival rates. Sampling time with reference to when the surgical procedure is

conducted is crucial, affecting both the number and characteristics of the disseminated

tumor cells (Miyazono et al., 2001,Patel et al., 2002). To reduce sampling error more then

one sample is required to accurately test the presence and characteristics of scarce and

inhomogeneously localized disseminated tumor cells (Wharton et al., 1999).

1 .2.3 Biochemical Markers

Biochemical..markers expressed by neoplastic cells, such as carcinoembryonic

antigen (CEA), tissue polypeptide antigen (TPA), and the carbohydrate antigen (CA 125),

have been used to identify patients with a number of primary tumors that have a

propensity to metastasize to bone including breast, ovary, lung, and prostate cancer.

Some of these markers have been used to monitor the response of bone metastases to

therapy (Aydiner et ã1, l994,Chigira and Shinozaki, l99},Zanco et ã1., 1989).

Regretfully, the ability of CEA, TPA and CA 125 to diagnoses bone metastases has been

inconsistent when compared with markers for bone tumover (Francini et â1.,

1990,Suzuki, 1990). Prostate specific antigen (PSA) is a widely used biochemical

marker, not only for diagnosis and follow-up of prostate cancer, but for evidence of

prostatic bone metastases (Partin et al., 2002) (Partin and Oesterling, 1994). A level of

PSA more than 100 ¡rg/l indicates a high probability of bone metastases, however the

sensitivity of this cutoff is inconsistent, from 42.9% to 83.3o/o (Miller et al., 1992)

(O'Donoghue et a1., 1993) (Lorente et al., 1996). Recenly it has been shown that the
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number of circulating tumor cells in the blood may be an independent predictor of

progression-free survival and overall survival in patients with metastatic breast cancer

(Cristofanilli et al., 2004).

Biochemical markers can be used to detect and monitor changes in bone

metabolism due to the effects of metastases in the bone environment. Some markers

appear early in the development of the bone metastasis and may be effective adjuvant

monitoring techniques for either osteolytic (Table V) and or osteoblastic (Table VI) bone

metastases. Biochemical markers for bone metabolism such as alkaline phosphatase

(ALP), and, more recently specific markers for either bone forrnation or resorption, have

been instrumental in deciphering the pathophysiology of collagen and bone metabolism

and therefore the evaluation of bone metastases (reviewed in (Gundberg, 2000,Looker et

a1., 2000,Hart and Eastell, 1999)).

The seeding of bone by metastatic cells disrupts the normal homeostatic

balance between bone resorption and formation (Vinholes et al., 1996,Weber et al',

2002a).In late stage breast cancer metastases to bone, osteolytic markers are increased,

compared to patients responding to treatment and patients with indolent bone metastases

which have low osteolytic markers (Blomqvist et a1., 1996) and high osteoblastic markers

(Jagdev et al.,2001,Neri et al., 1992). Although, prostatic bone metastases are mainly

osteoblastic (osteosclerotic), both osteoblastic and osteoclastic activities can be present

(Garnero et al., 2000). Newer non-coliagenous serum proteins include periostin (Sasaki et

al., 2003), and interleukin-6(Salgado et al., 2003), and -l8(Gunel et al., 2002). The

sensitivity of biochemical markers still limits their popular use clinically for the early

diagnosis of bone metastases (Kiuchi et al., 2002). Bone metabolic markers are affected

42



by menopause (Garnero et a1., 1994) and therefore biochemical levels can be influenced

by age, chemotherapy and hormone therapy. Markers of bone resorption (Table V) and

formation (Table VI) have been used to monitor the effects of bisphosphonate treatment

and can be applied to individualizing the therapy regimen (Adami, 1997). A reduction in

bone pain with bisphosphonate treatment was found to be directly proportional to a

decrease in bone resorption markers (Adami, 1997). Lastly, studies demonstrating

biochemical markers as independent prognostic indicators of survival and longitudinal

studies on their application to monitoring therapy have yet to be conducted.
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Table V: Bone Resorption Markers

Source

Type I collagen

degradates

Markers

Pyridinium cross-links

(urine pyridinoline (PYP), deoxy-

pyridinoline (DPD))

Pyridinium cross-linked collagen

peptide fragments (C-terminal

telopeptide (CTx), N-teminal

telopeptide (NTx)

Hydroxyproline

Non-collagenous

protein

Osteoclast enzyme

Ref

(Hou et al., 2003)

(Behrens et al., 2003)

Bone sialoprotein (BSP)

Tartrate-resistant acid phosphatase (Halleen et al., 2000)

(TRAP)

(Okamura et al,, 2003)

(Kiuchi et al., 2002)

(Coleman,2002)

(Diel et al.,l999a)
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Table VI: Bone Formation Markers

Source Markers

Type 1 procollagen C-Terminal propeptide fragment

propeptides (PICP)

N-terminal propeptide fragment

(PrNP)

Alkaline phosphatase Serum alkaline

(ALP)

Ref

(Costa et al., 2002)

Bone alkaline

(BLP)

phosphatase (Nakashima et al.,

2000) (Yorio et al.,

2000)

phasphatase (Costa et al., 2002)

(Costa et al., 2002)
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1 .2.4 Radiological lmaging

Prior to the 1970's, the diagnosis of bone metastases depended upon nonspecific

findings such as pain, increased serum alkaline phosphatase, and hypercalcemia, in

combination with radiography. Plain radiography is relatively insensitive, since a

minimum change in bone of approximately 307o is required for the detection of a lesion

(Boland et al., 1982).In addition, degenerative bone changes, osteopenia and inaccurate

examinations have lead to missed diagnosis of metastatic bone lesions.

The development of the gamma camera and eeTc'-phosphorus compounds in the

1970s revolutionized bone scintigraphy and the detection of bone metastases (Tofe et al.,

Lg75) (Subramanian and McAfee, LgT I). Since then, computerized tomography (CT) and

more recently Magnetic Resonance Imaging (MRI) have come forward to rival bone

scintigraphy for the detection of bone metastases.

1.2.4.1 X-ray

Despite its lirnitations, plain radiography is still used in clinical practice to

confirm other imaging studies and to investigate symptomatic sites. The most significant

limitation is that not all patients with bone metastases present with lesions on plain

radiographs. Commonly accepted reasons for these limitations are the variations in film

exposure between follow-up studies, overlying gas, the size of the patient, location of the

lesion (sacrum, pelvis, spine) and discrepancies in lesional size.

It is commonly accepted that a period of six to eight months is required between

examinations before changes in the appearance of bone metastases become evident with

plain radiography. Because of poor sensitivity, radiography is typically not used as a
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screening method. Plain radiography is adequate for true osteolytic lesions and therefore

useful to asses fracture risk, however the method is less useful to identify mixed lytic-

blastic metastases (Hayward et al., I971).

1 .2.4.2 Computed tomography (CT)

Unlike radiography, computed tomography (CT) is not limited by low contrast

resolution and by the obscuring effect of superimposed bone and soft tissue. CT offers a

higher sensitivity (Hermann and Herman, 1982) and earlier detection of lytic changes in

trabecular bone than radiography (Swanson and Bernardino, 1982). On CT, bone

metastases have an increased attenuation value compared to the fat containing marrow,

and because of this, CT is an effective modality for the differentiation between benign

and malignant lesions observed on bone scintigraphy (Helms et al., 1981). Although CT

has been reported to be an effective means of evaluating bone metastases in the skeleton

because of its sensitivity compared to plain film x-ray (Galasko, 1995,8ody, 1992), CT is

a very awkward method for screening of the entire skeleton.

1 .2.4.3 Bone Scintigraphy

Bone scintigraphy is twice as sensitive as radiography (Jacobsson and Goransson,

l99I) and enables the scanning of the entire skeleton in a short period of time. Bone

scintigraphy is used as a screening technique for the detection of bone metastases

primarily due to its high sensitivity and acceptable specificity (Suzuki, 1990). However,

eeTc*- phosphorus compounds do not specifically associate with tumor cells or offer

information on the osteolytic process. Instead these complexes are incorporated into

hydroxyapatite crystals as a result of new bone formation, a nonspecific response of
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normal bone to a pathological process. A metastatic lesion, a fracture, infection,

inflammation, or degenerative change, typically appear as areas of increased uptake

compared to the normal surrounding bone.

Rigorous evaluation of the disease process is limited and only progression can be

identified reliably with bone scintigraphy. However as with plain radiography, a lag time

of six to eight months is also required before sufficiently gross changes will become

evident scintigraphic findings (Hortobagyi, 1991,Coombes et al., 1983). The use of bone

scan for assessment of the response to therapy is unreliable, primarily due to the flare

phenomenon, which is a consequence of an initial increase in bone formation in patients

responding to systemic therapy (Coleman et al., 1988). Bone scintigraphy cannot

differdntiate between'tumor progression and the flare phenomenon (Vogel et al., 1995) or

provide information on the extent of individual lesions.

1 .2.4.4 Magnetic Resonance lmaging (MRl)

Magnetic Resonance Imaging (MRÐ provides a digitized image with contrast

based upon the hydrogen nuclei concentration (proton density) and proton interaction

with neighboring molecules (T1 and T2 relaxation)3. Hydrogen protons are most plentiful

in water and fat. Water and fat have opposing signal intensities and as such on T1-

weighted images, fat gives a high signal and water a low signal, while on T2-weighted

images, water offers a high signal and fat a low signal. Pathology, such as bone

metastases, changes the relative water and fat concentration, thereby producing contrast

(Rybak and Rosenthal, 2001) (Walker and Eustace, 2001).

3 Tl and T2 relaxation are defined as the time required for the excited protons to return to equilibrium and
diphase, respectively (Smith and Lange, 1998).
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MRI is the most sensitive and only imaging modality to allow direct visualization

of the marrow (Azouz,2002). MRI can discriminate between bone metastases and non-

neoplastic lesions, such as osteoporotic compression fractures, degenerative lesions (Gold

et al., 1990,Bloem and Algra, l993,Traill et al., 1995), and inflammatory responses. MRI

can detect bone metastases that are not apparent on radioisotope bone scans because it

can detect an intramedullary lesion before destruction of the cortex, and before an

osteoblastic reaction is detected on bone scan (Kattapuram et al., l99O,Daldrup-Link et

aI.,2001). In particular, MRI is superior to planar scintigraphy in its ability to detect

spinal metastases due to the difficulty of planar scintigraphy to recognize subtle

radionuclide abnormalities (Colletti et al., l991,Nishimura et al., 1999). More recently,

single photon erirission computed tomography (SPECT) has been shown to be more

beneficial in the detection of single vertebral metastases than planar bone scans (Savelli

et al., 2000), and argued by some authors to be comparable to MRI (Kosuda et al., 1996).

The sensitivity of MRI is high, so to improve specificity an appropriate choice of

an acquisition pulse sequence is required. Spin-echo offers good signal-to-noise ratio and

contrast of bone and metastatic lesions. The need for rapid and effective sequences to

survey the entire skeleton for signs of metastases has resulted in, fast spin-echo and

inversion recovery image sequences development (Jones et al., L994).

In the human adult the majority of the marrow is yellow or fat-containing. On T1-

weighted spin-echo MR images, fat has high signal intensity, and water and bone

metastases low signal intensity (except for some rare lipoblastic metastases). Bone

metastases can often be differentiated from low intensity focal areas of red hematopoeitic

marrow on T1-weighted MR images since red marrow has a lower signal intensity than
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fat but a higher signal intensity than normal muscles, is normally uniformly demarcated,

and can have centrally located fat (Schweitzer et al., 1993).

The difference in resonance frequency between water and fat protons can be

useful for the detection of metastases. Bone metastases appear using a fat-suppressed T1-

weighted image as mixed to high intensity (Uchida et al., 1993). Short tau inversion

recovery (STIR) and out-of-phase acquisitions improve the contrast between metastases

and normal bone marrow (Mirowitz et a1., 1994).

Bone metastases are significantly brighter than background manow with T2-

weighted spin-echo images due to the higher water content in these lesions. In addition,

bone metastases can have a diagnostic rim of bright T2 signal, forming the circumference

of the metastases (Schweitzer et al., 1993). Diffusion weighted spin-echo imaging is

reported to be no better than non-contrast enhanced Tl weighted imaging, but is

advantageous over T2 weighted imaging (Castillo et al., 2000).

Gradient-echo sequences show metastases as more homogeneous and higher in

signal intensity than normal marrow, and also enable direct visualization of the resultant

changes in bone. Because of a lack of mobile protons, trabecular bone offers no

detectable signal and generates local field heterogeneity. The heterogeneous magnetic

field has little effect on spin-echo sequences because of the correcting 180' pulse. The

gradient-echo sequence cannot compensate for field heterogeneity thus leading to signal

cancellation and loss (Engelke et al., l994,Majumdar and Genant, I992,Engelke et al.,

2001,Link et al., 1998). As the echo time (TE) is lengthened, signal can decrease

markedly in regions of bone with increased trabecular bone. This is of clinical relevance
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when trabecular lysis occurs as a result of metastatic disease since the signal will become

higher then the rest of the bone.

In an attempt to improve on this a number of contrast agents have been used.

There is no observable (<I0%o) change in normal marrow with the injection of

gadolinium chelates on Tl-weighted images (Amano et al., 1994) (Van der Woude and

Egmont-Petersen, 2001). Bone metastases typically have a strong signal increase with the

injection of gadolinium chelates, however this is not pathognomonic because a similar

change is seen in infectious or inflammatory reactions. Supermagnetic iron oxide

particles are taken up by macrophages and markedly decrease the T2 in normal maffow

(Seneterre et al., 1991). However, in neoplastic bone marrow there is only a minor or no

signal decline (Daldrup-Link et aL.,2002).

1.2.5 Summary

Metastatic bone tumors are the most comrnon type of malignant bone lesion, and

bone is the third most frequent metastatic site after the lung and liver (Yoneda, 2000).

The molecular mechanisms responsible for the spread and survival of metastatic tumor

cells are unclear. Ideally, these single micrometastatic cells would represent preferable

targets for treatment, compared to established late stage bone metastases where there is a

much larger tumor cell population and extensive alteration in the bone architecture.

Hypothetically, therapeutic intervention at this early stage would benefit from targeting

dormant single cells as well as organized proliferating aggregates of tumor cells.

Nevertheless, the mechanisms responsible for the dormancy or growth of disseminated

tumor cells in the bone microenvironment are not fully understood. Arguably, there is a

dormant period between the seeding of tumor cells to bone maffow and the later
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development of clinically significant bone metastases. Howeve¡, it is not known what

proportion of micrometastatic tumor cells in the bone marrow are precursors of clinically

significant metastases and, because of their dormant states, these cells are resistant to

many chemotherapeutic modalities. A comparison of the different modalities used for the

detection of bone metastases has been discussed here to better understand the

pathophysiology and to ìnvestigate the strengths and weaknesses of the respective

techniques.

Research towards the molecular basis of bone metastases has identified a number

of proteins involved in the process. Molecular markers can be used to both directly and

indirectly identify the presence of minimal residual disease, however, the standardization

of protöcols is still required for reproducibility and reliability before routine clinical use.

Bone biochemical markers are also not recommended for routine clinical use and further

research is required to define their potential role in the early diagnosis of bone

metastases, assessment of disease progression and response to therapy and finally rate of

bone loss and fracture risk.

Current radiological techniques are non-invasive and can identify directly late

metastatic disease and the effects on bone beyond simple bone densitometry. Standard

plan radiography is used for painful areas or to check abnormalities with bone

scintigraphy. Bone scintigraphy is an effective radiological technique for studies of the

entire skeleton with a reduced false-negative rate. Quantification of metastatic

involvement identified using bone scintigraphy is difficult first because of the multiple

disease sites involved, and second, the variation in which data on the response to therapy

and progression is collected (Noguchi et a1.,2003). MRI is sensitive with a high degree of
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accuracy and precision with regards to the intricacies of both the bone integrity and

metastasis itself. The use of high-resoìution MRI, target specific contrast agents and

large-scaled trials with more statistical power will better the future diagnosis,

characfenzation and detection of bone metastases.

Unlike MRI, plain radiography and markers of bone metabolism do not contribute

to the early diagnosis of bone metastases (Meijer et a1., 2003). However, when used

together, the biochemical marker PSA and radiological techniques like MRI have have

potentially better sensitivity for early diagnosis of bone metastases from prostate cancer

than bone scintigraphy (Rydh et al., 2003). Molecular markers of osteoclastogenesis,

osteoprotegerin (OPG) and the soluble form of the receptor activator for nuclear factor

(NF)-kappaB (RANK-L), have been suggested as surrogâte biochemical markers of

tumor-induced osteoclastogenesis (Demers, 2003). Integration and standardization of

these methods into a prognostic/predictive clinical algorithm is critical for significant

improvement in the results of bone metastases therapy.

53



1.3 An lntroduction to the Basic Physical Principles of

Magnetic Resonance lmaging

Magnetic resonance imaging (IVIRÐ can be used to acquire images of anatomic

regions of interest in multiple planes, revealing tissue type, function, and

pathophysiologic states. This chapter focuses on the basics of MRI physics with

introductory descriptions and illustrations of the processes required for the generation of

MR images. The source of the MRI signal and the importance of a strong magnetic field

and radio frequency pulse will be discused. Additionally, T1 andT2 relaxation times and

their role in producing image contrast are explored. Finally, the function of gradients,

'how to resolve spatial localization of proton spins, and the pulse sequences most

commonly used and why are disscused.

1 .3.1 lntroduction

MRI is a non-invasive imaging technique, which utilizes strong magnets and low-

energy radio frequency signals to generate characteristic information from hydrogen

nuclei within tissue. The Nobel Prize in 1952 was awarded to Felix Bloch and Edward

Purcell, who, in 1946, were the first to independently discover the magnetic resonance

phenomenon (Bloch, l946,Purcell et al., 1946). In 1973 the first in vivo magnetic

resonance image was made (of a small test tube of water) by Lauterbur (Lauterbur,

L973a), in 1991 Richard Ernst received the Nobel Prize for his contributions towards the

development of the present day MRI techniques. Kumar et al proposed the importance of

using phase and frequency encoding, and the Fourier Transformation (FT) in 7975

(Kumar et a1.,2004). The MR images of today offer high contrast between normal and



abnormal tissues, good resolution and high signal to noise ratios. Because of its present

and potential clinical applications, considerable efforts are continually being made in the

field to improve image quality, acquisition time, and quantitative analysis. Several

textbooks on MRI physics with in-depth details of the physical processes involved have

been used as comprehensive sources in the preparation of this chapter (Smith and Lange,

l998,Haacke.E et al., 1999,Brown and Semelka, 1999). The goal had been to summarise

and present essential physical principles needed to understand the MRI technique and

principles for acquisition of MR images, including the inherent properties of protons,

relaxation times (T1 and T2) and spatial localization.

1 .3.2 Properties of Protons

1.3.2.1 Nuclear Magnetism

MR images are made possible by the physical properties of protons known as

spin. When spinning protons (hydrogen nuclei) are exposed to a static magnetic field (Bs)

created by the magnetic resonance imaging scanner, they behave as small magnets and

align with the magnetic field (Figure III). In fact, the external magnetic field, Bs, creates

two states for these protons. Some of the protons align with the field and some align

against the field. However, a fraction of the total number of protons (a few in a million)

will preferentially align with the field so that the net result is an alignment with the

external field, or net magnetization (M). It is this magnetization of hydrogen nuclei

highly abundant in most tissues that is the basis for all MRI techniques.
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1 .3.2.2 Resonance

The net magnetization, M, experiences a torque from the magnetic field

analogous to the wobble of a spinning top about its axis in the earth's gravitational field.

This torque generated by Bo on M, known as precesstion, will cause M to rotate (precess)

about 86 at a frequency termed the Larmor frequency (1116) and expressed as follows:

úJs = |Bs

where y is the gyromagnetic ratio characteristic of the nucleus (for a proton y -

42.6 }lIH:zIT).

The Larmor frequency, also know as the resonance frequency, can only be

detected if M is disturbed. Transverse magnetization (magnetization perpendicular to Bs),

is created for this very reason, and because it is time-dependent it can induce a

measurable voltage in a receiver coil. Transverse magnetizafion (Mxv) is created when a

radio frequency (RF) pulse of amplitude 81, rotating synchronously at the resonance

frequency, is applied. If the RF field is directed perpendicular to 86, it forces the M

vector to rotate away from its equilibrium orientation. For a 90o RF pulse, the Br field

rotates M 90'by spiraling it down towards the XY plane, forming M¡y (Figure IVA).
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Figure III: Spin is a basic property of protons, which produces small random magnetic

fields. Like a compass aligns with the earth's magnetic field, when protons are placed

within a strong external magnetic field (80), nuclei align with and against 80. A slight

excess will align with the magnetic field, producing a net magnetization (M) in alignment

wirh 80.
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1 .3.2.3 Free-lnduction Decay (FlD)

As stated previously, the precessing magnetization in the XY plane, about Bo at

the resonance frequency, can be detected as a time-varying electrical voltage across the

ends of a coil of wire. Once the RF pulse is turned off, the absorbed RF energy is

retransmitted, the excited protons begin to return to equilibrium (Tl relaxation), and

begin to dephase (T2 relaxation). The maximum signal is achieved when M is in the XY

plane (cx - 90'). This signal decays approximately exponentially and is called the free-

induction decay (FD) (Figure IVB).

1.3.3 Relaxation Times

1.3.3.1 T1 Relaxation

A variation in relaxation times, both T1 and T2, from tissue to tissue is the source

responsible for image contrast. For instance, after the RF pulse, the time required for the

system to return to thermal equilibrium can be represented by the time constant T1 and

follows an exponential growth process:

M(t) = Mo (1 -e-rnt)

where t is the time following the 90" RF pulse.

Tl relaxation is defined as the time required for the system to recover to 637o of

its equilibrium value after a 90' RF pulse (Figure VA). The cause of this energy transfer

is the molecular motion of protons, such as vibration and rotation. The closer the match

between the resonance frequency and the frequency of the molecular rotations or

tumbling of protons, the more readily the protons will absorb the energy and return to



equilibrium. Smaller molecules reorient more rapidly than larger ones. The magnetization

associated with fat relaxes faster than for water and larger molecules like proteins. Hence,

Tl varies for different tissues and tissue states and is a source of contrast in MR images.
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Figure IV: (A) When protons are exposed to an electromagnetic radio frequency (RF)

pulse at the resonance (Larmor or precession) frequency, they will absorb the energy,

flipping a desired angle (e.g. ct=90"), and precess in phase. (B) Once the RF pulse is

turned off, the net magnetization vector returns to equilibrium due to the inhomogeneity

in the magnetic field. The decreasing signal is detected by a receiver coil and termed the

free induction decay (FID).
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1.3.3.2 T2 Relaxation

Initially following an excitatory RF pulse, the magnetic moments are in phase in

the XY plane. However, M¡y decays because its component spins get out of phase as a

result of some protons spinning a little faster while others spin a little slower. This loss of

phase coherence (dephasing) is called T2 relaxation (Figure VB). The decay (FID) of

M¡y after a 90' RF pulse follows an exponential process with the time constantTZ:

Mxv =Mxv o 9-^2,

where Mxyo is Mxv immediately following the pulse.

Distinct from T1 relaxation, no energy is dissipated to the lattice with T2 relaxation.

Instead, TZ relaxation results from the magnetic field. protons experience from

neighboring protons, which results in slightly different magnetic fields and protons

rotating at their own resonance frequency.

Larger molecules promote T2 relaxarion and have shorter T2 times. For example,

pure water has a longer T2 than water associated with macromolecules. The value T2 is

defined as the time after excitation when the signal amplitude has decreas ed,36.87o from

its initial value. The magnetic field strength influences T2 much less than it does Tl;TZ

is always less than or equal to T1, and both T1 and T2 can be used to set apart tissue type

(maximize contrast).

In the real world, the transverse magnetization in an FID shrinks faster than T2

would predict. A combination of molecular interactions (pure T2) and variations in B6

(inhomogeneous T2) are what actually contribute to the decay of Mxv. The combined

time constant is called T2 star and is given the symbol T2*. Since the homogeneity of B¡

will change from system to system, T2* will vary among MRI scanners.
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Figure V: Once the RF transmitter is shut off: (A) the net magnetic moment in the XY

plane (MXY) returns to equilibrium in the Z axis (MZ). Longitudinal relaxation (Tl) is

the realignment of proton spins with the external magnetic field. As the system returns to

equilibrium, MZ grows exponentially as MXY diminishes. Tl is the time required for

63.ZVo of MZ to recover. (B) transverse relaxation (T2) results afterboth temporary and

random interactions between spins cause a cumulative loss in phase of MXY. T2 is the

time after excitation when 36.87o of the signal amplitude has been reduced due to spin-

spin relaxation (dephasing).
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1.3.3.3 Repetition Time

Most MR imaging requires a repetitive train of RF pulses to acquire all the

necessary data for the image. The time between RF excitation pulses is the repetition time

(TR), which can vary in length and influences both the contrast and the signal-to-noise

ratio.

1 .3.3.4 Refocusing of Transverse Magnetization into Spín Echo

The MR signal used to construct images is recorded at the spin echo, not the FID

after the 90o pulse. The random loss in phase (T2 relaxatíon) after the 90" RF pulse can

be compensated for so that there is sufficient time for the signal to be recorded at the spin

echo (Hahn, 1950). This is accomplished by administrating a 180' RF pulse at a time t

after the 90o excitation pulse to reestablish phase coherence another time t later as the

spin echo (Figure VI). At 2¡ the spins are back in phase and produce a large signal or

spin echo. 2t is know as the echo time (TE), and is the time between the centre of the 90o

RF excitation pulse and the centre of the echo. The amplitude of M¡y at the echo peak

depends on TE and the T2 of the tissue. Adjusting TE influences the contrast between

tissues that have different T2s. As TE is prolonged, M;y becomes weaker, and if TE

equals T2, M¡y ts 317o of its amplitude immediately after the RF pulse.

1 .3.4 Spatial Localization

1.3.4.1 Magnetic Field Gradients

Spatial information from an MR signal is achieved along one direction of the MR

image by applying a magnetic field gradient (Garroway et al., l9J ,Laulerbur, 1973b). A
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magnetic field gradient induces a known variation in the magnetic field with respect to

position. There are X, Y, and Z one-dimensional magnetic field gradients named in

accordance with the direction along which the magnetic field changes strength.
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Figure VI: The loss in phase associated with spin-spin relaxation can be refocused in the

transverse plane into a spin echo. lmmediately after the 90' RF pulse, the net

magnetization, in the X'Y' plane, begins to dephase. However, if after a period of time

(TE/2) a 180" RF pulse is applied, the dephasing spins will flip 180'. The spins then

begin to rephase, forming a measurable echo of opposite sign.
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1 .3.4.2 Slice Selection

Slice selection in MRI is the selection of spins in a plane through an object. It

takes advantage of one-dimensional linear magnetic field gradients during the period that

the RF pulse is applied, thereby restricting the MR signal to a slice rather than the entire

region influenced by the transmitter coil (Figure VIIA).

The orientation of the slice is dependent on which of the three magnetic field

gradients is on during the RF pulse. Appropriate combinations of two or all three

gradients can select an oblique slice. Slice position is dependent on whether the

resonance frequency of the protons matches the frequency of the RF pulse. Protons on

either side of the slice, which have.different frequencies, will not absorb the RF energy,

and are therefore excluded from the slice profile. Slice thickness (Ax) is a function of the

bandwidth (Aco), the band or range of resonance frequencies matching the frequencies in

an RF pulse, and the steepness of the gradient (G):

Ax = Arr/yG

Lastly, the shape of the slice depends on the shape of the RF pulse. The most

widely used RF pulse is the sinc-function since this pulse excites an approximately

rectangular distribution of spins (Figure VIIIB). This ideal square slice profile can only

be achieved if the RF sinc pulse consists of an infinite number of periods and is of a small

flip angle (<90").
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Figure VII: (A) The slice selection process includes superimposing a magnetic gradient

perpendicular to the orientation of a desired slice. This establishes unique resonance

frequencies along the length of the gradient. To generate a slice, an RF pulse is then

administered on resonance to a matching resonance frequency in the patient. The

thickness of the slice depends on both the amplitude of the gradient and the bandwidth of

the RF pulse. (B) An RF sinc pulse with an infinite number of periods after a Fourier

transformation generates an ideal square slice profile.
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1 .3.4.3 Frequency Encoding

Following the positional selection of a slice, one must locate the point within the

slice where the signal originates (Figure VIIIA). Similar to the slice selective gradient a

linear magnetic field gradient is applied in the frequency direction resulting in a change

in the magnetic field. This gradient spreads out the resonance frequency to differentiate

locations along one direction of the MR image. The resonance frequency is unchanged at

the centre of the field of view (FOV), but increases along one side and decreases along

the opposite side such that the resonance frequency is proportional to the position of the

spin:

o = y (Bo + xGÐ.= ú)o* yxGx

x=(rÐ-r¡o)/(yGx)

1.3.4.4 Phase Encoding

Directly perpendicular to the frequency-encoding gradient is the phase-encoding

gradient (Figure VIIIB). The phase-encoding gradient is applied along this axis for a

finite period of time, causing the protons to speed up their precession according to the

strength of the magnetic field to which they are being exposed. Subsequent to each echo

being sampled, the gradient is shut off. At this point the protons will have the same

frequency as they did prior to the exposure to the magnetic gradient, however, the protons

are no longer in phase enabling for spatial encoding in an additional plane.
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Figure VIII: To determine where in a slice a signal originates, both a frequency- and

phase-encoding gradient are applied. (A) After an RF pulse, the protons phase and

frequency are identical; however, if a frequency-encoding gradient is superimposed, the

protons experience different fields and precess at different frequencies, enabling spatial

recognition in one plane. (B) The phase-encoding gradient is used to determine spatial

information in a perpendicular plane to the frequency-encoding gradient. For a short

period of time, a phase-encoding gradient is applied, resulting in a change in the

precession of protons along the length of the gradient. After the gradient is shut off,

protons experience the same magnetic field again and precess at the same frequency.

However, the spins are now out of phase proportionally to the previously administered

phase-encoding gradient, allowing for spatial encoding in an additional plane.
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1.3.4.5 Spatial Encoding Through k Space

An array of numbers called k space holds the weighting factor for the many sine

and cosine waves of different frequency and orientation recorded by the receiver coil

(Ljunggren, 1983; Mezrich, 1995; Twieg, 1983) (Figure IX). k space is divided into

spatial frequencies (cycles per unit length) which span the entire image. The phase-

encoding gradient steps determine the FOV, and each line in k space is derived from data

acquired after the application of one phase-encoding gradient step. It is the number of

phase- and frequency-encoding steps which determines the matrix size of the MR image.

k space represents the intensity of various frequencies in an image rather than the

anatomical structures. Images are transformed (reconstructed) from k space into the

spatial domain of the MR images by an inverse FT where sampling from k space affects

the entire MR image (Kumar et al., 1975). Points immediately surrounding the centre

represent low frequency information and encode for coarse features in an image. Points

farther from the centre are of higher frequency and correspond to finer detail.

1 .3.4.6 Fourier Transformation

A Fourier transformation, FI, is an operation which converts functions from the

time to the frequency domain (Figure VIIB). An inverse FT converts from the frequency

domain to the time domain (Bracewell, 1978). The main purpose of the FT is to

determine the strength (or amplitude) of the signal at each frequency.

Since v/e now known where in a slice a certain frequency or phase originates,

corresponding signal intensities can be assigned to certain specific locations, resulting in

ourMR image.
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Figure IX: k space influences spatial properties and holds information for each of the

sine waves of which every MR image is composed. Columns and rows represent spatial

information in the phase-encoding and frequency-encoding direction, respectively. Low

values of rX and rY are low spatial frequencies, and encode coarse features in the MR

image. High spatial frequencies encode fine detail.
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1 .3.5 Contrast

Contrast is a result of the properties of protons that can give rise to different

signal intensities between adjacent pixels. The contrast between two tissues is equivalent

to the difference between the signal from the two. The intensity of each pixel is

determined by the proron density (p), T1 and/or T2 of the tissue and influenced by the

TR, TE, and flip angle of the sequence being used. An image whose contrast is

predominantly caused by differences in Tl of the tissue is referred to as a T1-weighted

image. Altematively, for T2 or p the images are called T2-weighted or spin density

weighted images, respectively (Table VII).

1 .3.6 Pulse Sequences

There are many variations of the basic imaging procedure (pulse sequences),

which employ the previously discussed basic physical principles. Both the pulse

sequence, used to acquire the MR image, and its parameters determine the signal

intensity of a pixel and contrast. Timing diagrams are schematic representations of a

pulse sequence, typically consisting of five lines: one for the RF transmitter, one for the

signal, and one for each gradient. In practice there are two major imaging techniques.

1.3.6.1 Spin Echo Sequences

Spin echo sequences are one of the more colnmonly used pulse sequences, their

advantage being that they introduce T2 dependence into the signal. Because some

anatomy and/or pathology have similar T1 values but different T2 values, it can be

beneficial to produce images with T2 dependence. Spin echo sequences consist of at least

two RF pulses, an excitation pulse and one or more 180o refocusing pulses that are



responsible for the generation of a spin echo. The slice-selective 90o RF pulse is applied

in conjunction with a slice-selection gradient. After a period of time (TEl2), the 180"

slice-selective pulse is applied together with a slice-selection gradient. The phase-

encoding gradient is applied between the 90' and 180" RF pulses, and typically has 128

or 256 incremented steps (to form the matrix). The frequency-encoding gradient is

applied at the time the echo is collected, after the 180o pulse (Figure XA).
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Table VII: Conditions necessary to produce weighted images.

Weighting TR Value TE Value

<T2-TlT1

>Tl -T2

<T2>Tlp
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1.3.6.2 Gradient Echo Sequences

Gradient echo sequences do not use a 180" RF pulse to refocus the protons.

Instead, the echo is generated via a gradient reversal. Additionally, unlike the spin echo

sequence, the gradient echo sequence magnetization is tipped using a flip angle less than

90o; therefore M will recover to equilibrium much more rapidly (Figure XB).

Maximum signal can be achieved only if M7 has ample time to fully recover to

equilibrium prior to the repetition of the sequence. An advantage of a gradient echo

imaging sequence is that M is rotated by a flip angle < 90". Thus in tissue with a long T1,

a smaller flip angle will enable M7 to recover quicker, shortening the imaging time.

However, the trade of for this quicker sequence is a decrease in signal.
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Figure X: The timing diagram for imaging sequences have entries for the RF pulses, the

gradients in the magnetic field, and the signal. The horizontal axis is time and deviation

from the baseline in the vertical direction represents the activity of a component. (A) A

spin echo sequence has at least two RF pulses, and excitation pulse (normally 90o), and

one or more 180" pulses that generate the spin echo. (B) A gradient echo imaging

sequence do not use a 180o refocusing pulse but instead use a gradient reversal to refocus

the protons.
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1.3.6 Surnmary

A good understanding of the principles enables the most desirable display of

tissue, an ability to compensate for artifacts, enhance contrast, and increase spatial

resolution and signal-to-noise (Table VIII). Also, the establishment and understanding of

the basic theory of magnetic resonance ensures the more rigourous design and

interpretation of studies using MRI as a modality to answer a specific question.
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Table VIII: Key-imaging parameters and their relation to image quality.

Image Quality

Imaging Para

lSnV lResolution lTl recovery

TE JNOV

lrn Jslice Thickness

lpov lMatrix

lSlice Thickness

JMatrix

1T2 or T2'ß effect
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Chapter 2: Hypothesis and Objectives

The objective of this study was to evaluate the potential of MRI as a non-invasive

means to identify early bone metastases as compared to bone histology. To our

knowledge no quantitative MRI studies of bone metastases or the effect of metastases on

bone have been conducted; nor have the results been compared to a gold standard such as

histology. Thus the quantitiative study of bone metastases in a mouse model may reveal

clinically relevant and important fundamental capabilities of MRI to quantify the

pathopysiology of bone metastases.

This was a multidisciplinary project in which two institutes collaborated. The

laboratory of Dr. William Orr in the Department of Pathology, University of Manitoba

has a long-term interest in the inolecular biology of cancer metastasis to bone. The

research group under Dr. Jonathan Sharp at the Institute for Biodiagnositics, National

Research Council of Canada in Winnipeg has expertise in the MRI imaging of bone, with

special interest in means to quantify and analyze bone mass in osteoporosis. This thesis

project brought these two distint fields together to ask an original question: How accurate

is high-resolution MRI as a non-invasive microscope for the detection of bone

metastases?

2.1 Hypothesis

It is postulated that high-resolution MRI can detect small bone metastases and

quantify tumor growth, marrow replacement, and osteolysis.
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2.2 Specific Objectives

1. To examine the burden of illness from bone metastases stemming from breast cancer

and the duration between the diagnosis of early TNM staged breast cancer and the

development of bone metastases.

2. To develop a MR imaging technique to quantitatively assess the microanatomy of

murine bone.

3. To test the capability of MR imaging to positively identify early micrometastatic cells

in bone, using histological sections of the same bone as a "gold standard".

4. To characterize and quantify the growth and destructive effects of small bone

metastases from different cell lines in MR images and compare these results to histological

sections of the same bone.
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Chapter 3: Methods

3.1 Manitoba Population Study

Cancer Care Manitoba maintains a comprehensive cancer registry for the

Province of Manitoba, which contains all cancer cases for the population of

approximately one million people. From 1992 to 2001, a total of 28,565 metastases from

all primary cancer types were documented. A total of 2,Ii3 cases of primary breast

cancer were registered at Cancer Care Manitoba between i995 and I99j. Of these TNM

staged breast cancer cases, metastases to bone were analyzed,by age, diagnostic modality,

and for time elapsed from primary diagnosis to identification of bone metastasis, and for

the time from metastasis diagnosis to death. The chi squared statistic was'used to test for

associations and differences in proportions. Logistic regression was used to test for

association after controlling for other variables such as cancer stage.

3.2 Cell Culture & Preparation

816F1 melanoma cells were cultured to 957o confluence in a-MEM,

supplemented with 10% FBS, and l7o penicillin-streptomycin solution, in a j5-cm2

culture flask (Corning). After incubation, the cells were washed three times with pBS.

The labeled cells were detached with trypsin-EDTA at 37"C for 5 min. The cell

suspension was centrifuged at 1709 for 3 min. The cell pellet was resuspended in an

artificial medium (Krebs-Ringer bicarbonate buffer (KRB): Nacl, i1g.45; KCl, 4.74;

MgSo4/7HZo, r.17; cacl2/2H2o, r.27; KH2po4, t.1g; and NaHCo3, 24.87 in mmol/L

wiÍh 57o dextran and 10 mM glucose at pH 7.4) at a concentration of 2xL06 cells/ml and
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kept at 37'C before perfusion. Cells with a viability gïeater than 95To, measured by

trypan blue exclusion, were used in the study.

A suspension of sterile MDA-MB-231 human breast cancer cells, an established

cancer cell line, were grown to near confluence in Dulbecco's Modified Eagle Medium

(DMEM) containing 70vo fetal bovine serum (FBS) (weber et al.,z00za).

3.3 Animals & Preparation

Four-week-old, 18-209 female C57b1/6 and BALB lc rut/nu mice were purchased

from Charles River and housed according to the National Research Council standards. In

order to successfully produce skeletal metastases, a suspension of sterile Bl6Fl murine

melanoma cells or MDA-MB-231 human breast cancer cells were injected, by means of

intracardiac injection, into the arterial circulation of C57bl/6 and BALB/c nu/rut

anesthetized animals, respectively. The procedure involved general anesthesia by

Isoflurane, 37o in 02 at 1.5l-/min for induction, 7-1.57o in 02 at lUmin for maintenance

(confirmed by a toe pinch) followed by intraventricular injection of 1xl0s cells in a total

volume of 0.1 ml vehicle with a 26 1/2 gauge needle just inferior to the rib cage and

through the diaphragm.A group of C57bll6 mice were not injected with 816F1 murine

melanoma cells and functioned as the control group.

Fot in vivo MRI imaging, anesthesia was induced with isoflurane (3Vo in 02 at a

flow rate of 1.5l-/min) in a custom-built holder and maintained with isoflurane (1.0-l.5To in

Oz at a flow rate of lUmin). Vital signs were monitored and recorded via a wire coil

attached to the chest to acquire cardiac and respiratory rate. These signals were used, in

conjunction with a rectal thermometer, to monitor the physiological well being of the

animals while in the magnet (Weber etat.,2005a).
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For ex vivo MRI, x-ray and histology, the femurs were removed from the same

animals, following transcardial perfusion. Adhering to the technique described by Wan et

al. (Wan et al., 1994), the animals were intraperitoneally anesthetized with Avertin (25

mg/ml) at a dosage of 0.02 mVg body weight. In deep anesthesia, laparoromy was

performed by a midline longitudinal incision followed by a median sternotomy to expose

the heart. The right atrium was resected to create an outlet for the perfusion fluid. Next, the

left ventricle was cannulated using a 20 gauge needle connected to a perfusion line. The

mice were first infused with 60-100 ml 7To NaNOz (4'C) at a flow rate of I ml/sec to

quickly flush out blood from organs and to dilate the vascular beds. This was followed by

L07o buffered formalin (4'C) perfusion at 30 ml/min for 8 min, to fix the perfused organs.

Then, the right hind limbs were dissected away from the trunk and placed in I0To buffered

formalin to maintain tissue morphology.

3.4 Magnet¡c Resonance lmaging

Multi slice 2D spin-echo and gradient-echo imaging were performed at both 9.4

Tesla (400 MHz) using ahorizontal2I cm bore magnet (Magnex Scientific) and 11.77

(500 MHz) using a vertical 7.5 cm bore rnagnet (Magnex Scientific), both interfaced to

Bruker AVANCE consoles (Bruker, Germany). The maximum strength of the gradients

on the 71.7T and 9.4T systems was 560mT/m and 2zzmTlm,respectively.

Normal C57bll6 mice were imaged ex vivo at LI.1 Tesla and, 9.4 Tesla and, in vivo

at 11.1 Tesla. C57bl/6 mice with 816F1 metastases were image d, in vivo both at seven and

fourteen days post injection at It.l Tesla. Balb c ruilnu mice with MDA-MB-231 human

breast cancer bone metastases were imaged exvivo at 7I.7 Tesla.
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The animals' right hind limbs were placed in vivo or ex vivo into a 1-cm diameter

solenoid volume radio frequency (RF) coil (Figure XIA). Scout images were taken at

II.IT to localize the knee and the epiphyseal growth plate of the femur as anatomical

reference points. Thereafter, images were acquired using both multi-slice spin-echo and

gradient-echo high-resolution sequences with in-plane spatial resolutions of 39¡,lm and

35p'm, respectively, and a slice thickness of 0.2mm and slice separation of 0.8mm. TR

was 2000ms and the TEs for the spin-echo and gradient-echo sequences were 13.4ms and

4.9ms, respectively. Both the spin-echo and gradient-echo sequences were averaged eight

times to increase signal to noise ratio for a total acquisition time of th 8min. In addition,

both fat-only and water-only images were acquired using a presaturating Gaussian-

shaped radio frequency pulse at either 0pp- or -3.4ppm resþectively, followed by the

previously described gradient-echo sequence. Two slice orientations were acquired. The

first consisted of three longitudinal slices, sagittally positioned along the length of the

femur such that the entire length of the bone was present in the second slice. The second

orientation consisted of seven cross sectional slices from the epiphyseal growth plate

proximally towards the diaphysis. The first slice was located just distal to the femoral

growth plate.

The non-tumor bearing hindlimbs of C57bl/6 mice were also imaged ex vivo using

both spin-echo and gradient-echo sequences on the 9.4T system. On this system, the

3.5cm diameter body volume quadrature RF coil was sufficient to image the entire body.

As for the 11.7T system, scout images of the femur were taken to localize anatomical

references. The in-plane resolution of the high-resolution spin-echo and gradient-echo

images were 58¡rm and39pm respectively with a slice thickness of 0.5mm and a slice
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separation of 0.8mm. TR was 2000ms and TEs for the spin-echo and gradient-echo

sequence were l2.8ms and 6.6ms, respectively. Both sequences were averaged eight

times to increase signal for a total acquisition time of th 8min. Two slice orientations

were acquired for the high-resolution images, both a longitudinal and cross sectional

orientation.
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Figure XI: (A) Radio frequency coil used for in vivo and ex vivo MRL A one centimeter

diameter by two centimeter in length volume coil which fits "snugly" around the knee of

the mouse is depicted. The coil was aligned such that Bl was perpendicular to 80. The

stand includes a water line, anaesthetic line, thermometer and receiver/ transmitter cable.

(B) Representative hematoxylin and eosin (H&E)-stained longitudinal section of a distal

femur from a C57bl/6 mouse and areas selected for quantification.
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3.5 Data Segmentation and Visualization

To obtain a visual impression of the distribution of trabecular bone within the

normal femur of C5lbl/6 mice (Figure XIIA), a sequence of volume data segmentation

and visualizatton techniques was applied. First, the original anisotropic data set was

interpolated to an isotropic one by means of the linear inte¡polation [f3d tools, (Sramek

and Dimitrov, 2002)1. Second, cortical bone and trabecular bone were labeled by means

of thresholding, morphologic operations and connected component labeling using the

semiautomatic segmentation tool ISEG (Sramek, 1994). Both tissues, which shared a

similar density range, were identified by thresholding using an interactively adjusted

threshold window, which separated them from the surrounding tissues. Thus obtained

binary mask was split in individual masks of both bone types by repeated application of

the morphologic erosion with a 3x3x3 structuring element. Finally, the image was surface

rendered from smoothed binary (Gaussian filter, f3d tools (Sramek and Dimitrov, 2002))

masks of the cortical bone and trabecular bone tissues by ineans of ray casting (Sramek

and Kaufman, 2000).

3.6 X-Rays

High-resolution x-rays were performed on all dissected hind limbs of both C5jbV6

mice with and without B16Fl bone metastases and BALB/c nu/nu mice with MDA-MB-

231 breast cancer bone metastases in the prone position against a film (22 x27 cm X-Omat

AR, Eastman Kodak Co., Rochester, NY). They were then exposed to x-rays at 30 KV for

30sec using a Cabinet x-ray system-Faxitron Series, Hewlett-Packard Co. (Model 43855A

and B; Faxitron X-Ray Corp.,Buffalo Grove, IL). The radiographs were examined by a
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SZXglIz dissecting microscope (OLYMPUS, NY) and digitized using a SPOT (Diagnosric

Instruments, MI) camera at a resolution of 6.8¡^rm x 6.8¡rrn.
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Figure XII: (A) Three-dimensional reconstruction of a normal distal murine femur for

improved qualitative appreciation of segmented regions (i.e. cortical bone, and Vo

trabecular bone). (B) Two gradient-echo images with identical spatial resolution but

different echo times (TE), 4.9ms (left) and 5.6ms (right), demonstrated an 11.2Vo (p <

0.05) increase in the estimated percent trabecular bone. (C) Representative 256 x 256

(left), and after zero filling 512 x 512 (right) matrix GE images demonstrating no

si gnificant ch an ge in quanti fi able parameters.
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3.7 Histology

All femurs of the right hind limb were decalcified in l4%o

ethylenediaminetetraacetic acid (EDTA) for 14 days, rinsed in water and then placed in

707o buffered neutral formalin (6 to 8 hours) in a tissue processor. Subsequently tissues

were embedded in paraffin, following standard protocols. A 4 ¡rm thick section of bone

from C57bl/6 mice was prepared longitudinally such that the entire length of the femur

from the distal knee joint to the proximal head was present in one section and stained

with hematoxylin and eosin. The metaphyseal medullary bone at the distal end of the

femur was then systematically scanned with a dissecting microscope (OLYMPUS, NY)

and digitized using a SPOT (Diagnostic Instruments, MI) camera at a resolution of 6.8¡rm

x 6.8pm. For BALB lc nu/nu mice consecutive 4 Wm thick sections of bone, 200 ¡rm

apart,were prepared in axial cross section from the growth plate of the femur and tibia of

the knee joint. Sections were subsequently stained with hematoxylin and eosin.

Quantification of digitized C57bll6 mouse bone histological images (256 colour

bitmaps) were performed using the software program Marevisi (NRC, Winnipeg,

Canada) (Starcukova et al., 1997). For both normal femurs and femurs with late

metastatic melanoma, regions of interest (ROÐ 0.2mm thick and 0.8mm apart were

systematically quantified from the epiphyseal growth plate towards the diaphysis for

medullary space composition and cortical bone thickness. In addition, for BALB/c nu/ru.t

mice a Merz grattcule was used to perform a morphornetric analysis of the percentage of

cells found on the bone surface of the axial cross sectional histology (Weber et al.,

2002a).
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3.8 Analysis

3.8.1 C57bll6 Mice with and without 816F1 Melanoma Bone

Metastases

An MR microscopy data set was collected for each leg, and a quantitative analysis

applied to each. For every data set, each of the seven cross-sectional slices, and the second

slice of the three longitudinal slices were used to assess changes in cortical bone thickness,

and within the marrow space, the percent area of marrow, bone and tumor. To account for

unwanted image intensity variations, both between slices and between datasets, (due to

radio-frequency coil inhomogeneity and receiver gain variations), all image intensities were

referenced to the signal intensity from a region of normal skeletal muscle in each slice.

The image analysis program"Marevisi" (NRC, Winnipeg, Canada)(Starcukova et

al., 1997) was used for MRI images of normal bone. Pixels were assigned as either bone or

marrow by applying threshold levels (contour lines) to the MR image thereby delineating

the boundaries between muscle and bone, and bone and marrow (Figure XIII). The

assumptions inherent in this approach were that the marrow space has only two

compartments (namely, trabecular bone and marrow), and furthermore that no partial

volume effects exist. The second assumption we know is invalid, as we cannot fully resolve

the trabecular structure in these mice bones. The effect of this is that the contour plots are

approximate only. However on average this did not bias our analysis as we only analysed

the data for area fraction, and not for morphological measures such as connectivity or

trabecular thickness.
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A contour line corresponding to an estimate of the anatomical boundary between

bone and marrow was calculated as follows. Firstly, the ma,rimum pixel intensity within a

region identified as I007o cortical bone was obtained. Secondly, the minimum pixel

intensity within a region identified as I00Vo marrow was obtained. Finally, a contour line

was constructed at the intensity average of these two reference intensities. Based on the

number of pixels enclosed by this contour, the percentile area of trabecular bone and

marrow and cortical bone thickness were measured for each data set.

However, an exception was made for the MRI data set of bone with metastatic

melanoma, where each of the seven cross-sectional slices were used to assess changes in

cortical bone thickness, and within the marrow space, the percent area of marrow and

percent area of trabecular bone and tumor. B 16F1 cells had low signal intensity,

undifferentiable from bone, and as such by thresholding alone percent trabecular bone

and metastases were not distinguishable. As such the area of percent trabecular bone and

metastases were quantified as one. Using Marevisi, we applied threshold levels (contour

lines) to the MRI image, delineating the boundaries between muscle and bone, and

between bone plus metastasis and marrow. Based on the number of pixels enclosed by

these contour lines, the cortical bone thickness, percentile area of marrow, and percent

area of trabecular bone with metastases were measured for each MRI data set.

Quantification of digitized histological images (256 colour bitmaps) was performed

using the software program Marevisi, only slightly modifying a methodology already

established in our laboratory (Iæe et al.,200l,Sanchez-Sweatman et al., L997). The most

significant change was the use of the computer program (Marevisi), rather than a Merz

graticule to perform morphometric analysis of the percent area of bone and marrow and
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cortical bone thickness measurements. Consistently from the epiphyseal growth plate

towards the diaphysis, 0.2mm thick regions of interest were quantified for both trabecular

bone and marrow composition, within the medullary space, and for cortical bone thickness.

A total distance of 4.8mm was assessed. Digitized x-ray films (256 colour bitmaps) were

imported into the software program Marevisi and for C51bll6 mice quantification of these

images was accomplished using the same modifred method as was used to quantify the

digitized histological images.

3.8.2 BALB/o nu/nu Mice w¡th MDA-MB-231 Breast Cancer

Bone Metastases

All MRI, and histologigal data sets collected for each of the BALB/c rulrut mice

with metastatic MDA-MB-231 cells were subjected to the same quantitative analysis as

above (lMeber et al., 200)Zb). However, an exception was made in this study; a multi-

modality slice and image registration analysis was performed on both histology and MRI

data sets to establish a oneto-one coffespondence. This constituted the basis for the

quantification comparison between histology and MRI images (Figure XIV).

Slice registration was achieved by visually examining the anatomic structure of the

histology and MRI slices. A one-to-one slice correspondence was thereafter established

based on the examination and comparison of results. Both histology and MRI images were

respectively sequenced from the epiphyseal growth plate to diaphysis prior to the

registration. Registration error was minimized by carefully matching the histology

sectioning interval with the MRI inter-slice distance during preparation. Because of the

inherent positioning difficulties with histology, the slicing procedure was not performed

with respect to the same reference point as MRI, but rather at an artificially determined
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range that covered the majority of the MR[ slices. This could contribute up to one half of the

slice interval of the registration error in the worst case.

Image registration was achieved by the rotation and linear scaling of the histology

images of the respective MRI slice based on 3 landmarks representative of the anatomic

structure common to both modalities. The compression distortion resulting from the slicing

procedure was compensated for in the linear scaling.

The bone quantification was performed using Marevisi. Colored histology irnages

were first remapped to a256 depth grey scale before they were analyzed with Marevisi. The

remapping was based upon pixel classification whereby each pixel was classified depending

on its color as bone, marrow, tumor, or background material, and assigned accordingly with

pre-selected reference inteñsity. The histology preparation procedure used resulted in

distinct colors for each of the composites, with pink-like for bone, purpleJike for marrow,

and a color in-between the two for tumor. By remapping to a grey scale image, the same

analysis could be applied to both histology and MRI data sets. The color-remapped, and

cross-modality registered histology data sets were then used to calculate the concentrations

of each composition. In addition, boundary lines separating bone, marrow and tumor were

also generated and saved for later MRI analysis.

MRI data sets were analyzed in the same fashion as was done for histology. The

reference intensities of bone, m¿urow, and tumor were calculated from the "best" MRI

image that showed clear separation between bone, marrow, and tumor in the associated

histology slice. The "best" MRI image then was segmented using the histology boundary

lines, and the average intensity of the bone, marrow, and tumor were thereafter calculated

and used as the reference intensities for later analysis. The boundary lines from histology
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analysis were manually adjusted prior to the calculation to compensate for registration

erors. The relative percentages of bone, marrow, and tumor for all MRI images were

calculated after the generation of boundary lines with the Marevisi contour line plot

functionality. Relative percentages were determined for tumor and non-tumor bearing

regions.

Only for BALB/c rut/nu mice was aMerz graticule used to perform a morphometric

analysis of the percentage of cells found on the bone surface on histological sections.

Digitized x-ray films of Balb c rut/nu mice with MDA-MB-231 human breast cancer were

qualitatively assigned a number between one and four, with one representing no lytic lesions

and four representing extensive metastatatic lesions.
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Figure XIII:
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Figure XIII: (A) Representative longitudinal and (B) selected cross sectional gradient-echo

image from the Il.lT MR microscopy scanner with in-plane resolution of 35¡"tm and a slice

thickness of 200¡rm. (C and D) Resulting image after contour lines have been superimposed

onto the longitudinal and cross sectional MR microscopy image. Note the larger quantifiable

region in analysed cross sectional images compared to longitudinal sectional images.
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Figure XfV:



Figure XIV: Classification and image registration of an original hematoxylin and eosin

(H&E)-stained cross sectioned image (left) to the adjacent gradient-echo MRI slice (right).
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3.9 Statistics

Statistical comparisons were made using Excel (Microsoft) and NCSS (NCSS,

Kaysville, Utah) software. For normal bone, a two-way analysis of variance (ANOVA) with

replication was used to investigate whether cortical bone thickness, percent trabecular bone

and / or percent maffow changed significantly between odentation of slice, slice location,

sequence, and MR microscopy system. An ANOVA was used to assess significant changes

in cortical bone thickness, percent bone and percent marrow between anatomical location

using micro x-ray and histological data. For bone with metastatic melanoma, an ANOVA

was used to assess significant changes in conical bone thickness, percent marrow and

trabecular bone/metastases between each anatomical location using in vlvo MRI, x-ray

and histological data. Tukey's multiple comparison test was used following the ANOVA to

examine whether specif,rc differences existed within groups. High-resolution x-tay,

histological and MR microscopy results were subsequently compared, controlling for

differences between animals, using a Multiple Regression test. A probability of p < 0.05 was

considered significant. Differences between BALB/c rutlnu mice with regions of MDA-MB-

231 metastases and those without were demonstrated using a Paired t-test. Histological,

MRI, and x-ray results were compared, using a Paired t-test. A probability of p < 0.05 was

considered signifi cant.
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Chapter 4: Results

4.1 Population Study

A retrospective study was conducted that examined breast cancer dia,gnoses and

the subsequent development of bone metastases. Data was obtained from ìn. .un.",

registry of the province of Manitoba at Cancer Care Manitoba. After the diagnosis of

breast cancer, bone metastases, diagnosed most often by radiological means, were shown

to develop after a number of years in some patients causing significant morbidity and

mortality. This study demonstrates that there exists a window of opportunity for

intervention and substantiates the need for a novel non-invasive means to quantify early

bone metastases.

4.1 .1 All Metastases From All Primary Cancers

Of the 25,252 cases of cancer in women between 1992 and 200I, L5,624 women

were diagnosed with metastatic lesions. Breast cancer had the largest reported number of

metastases at 5,318 Q4qo) cases between 1992 and 200i (Table IX).

Metastases were reported in 8,785 (56Vo) patients within a month after diagnosis

(Figure XV). After five years, only 697 (4Vo) cases of metastases were reported.

4.1 .2 All Metastases From Breast Cancer

A total of 2L13 cases of primary breast carcinoma were seen between 1995 and

1997 . For primary breast cancer, bone had 218 Q6qo) cases of metastases, second only to

the 770 (437o) cases of metastases to the lymph nodes, but occurring more frequently

than at other sites: 208 (l2.0%o) cases to lung, 163 (g.lEo) cases to liver and 86 (4.8Vo)

cases to brain (Figure XVI).
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Among women with breast cancer diagnoses between 1995 and L997, over 700

cases (40Vo of all patients) with metastases from breast cancer were reported within one

month after the diagnosis of the prirnary. A total of 199 cases (9.TVo of all patients) with

metastases occurred five years after the diagnosis of breast carcinoma and 431 cases

(20.0Vo of all patients) with metastases occurred between two and five years after

diagnosis of breast carcinoma (Figure XV).
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Figure XV: Graphical representation of the number of cases of metastatic disease

reported after the diagnosis of the primary cancer. Data for all cancers in women were

reported for the period 1992 to 200I. Data for primary breast cancer were collected from

patients enrolled between 1995 and 1997.

*Indicates significance difference between the proportions of metastases from all cancers

(excluding breast) and from breast cancer only before and after two years (Chi Square =

9.11, p s0.01).
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Figure XVI: Graphical representation of the site distribution of breast cancer metastases

and the respective number of cases (1995 To 1997). Other = Hematopoietic and

reticuloendothelial systems, retroperitoneum and peritoneum, connective, subcutaneous

and other soft tissues, female reproductive organs, and thyroid and other endocrine

glands.
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Table IX: The number of cases of metastases from representative primary cancers of

women (1992-200I). Other = Other and ill defined sites.

Primary Cancers
(N=25,252)

Total Cases of Metastases 7o of TotalMetastases

Oropharynx
Stomach
Colorectal
Pancreas

Lung
Melanoma
Breast
Uterus
Ovary
Bladder
Kidney
Brain
Other

195

291
2369

407
2949

149
5318
437
933

95
299
l1

2165

1.25

1.91

15.16
2.60

18.87
0.95

34.04
2.80
5.97
0.61
1.91

0.07
13.86
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4.1 .3 Bone Metastases From TNM Breast Cancer

All TNM staged patients with breast cancer bone metastases, except stage 4,

statistically have a higher mortality (increase percentage of deaths) compared to TNM

staged breast cancer patients with metastases to other sites or no metastases at all

(Logistic Regression, p<0.01) (Figure XVII).

Bone metastases from all TNM staged primary breast cancer were consistently

diagnosed more frequently by a radiological approach (194 cases) compared to

histopathology (18 cases). Alternatively, early staged (TNM 0 to 2) breast cancer

metastases to all other sites (excluding bone) were diagnosed more often by

histopathology, and later stages (TNM 3 and 4) were diagnosed more frequently by

radiological techniques (Figure XVIII).

Bone metastases from TNM staged breast cancer have a bimodal distribution,

being detected both immediately after the diagnosis of breast cancer and again more than

two years later (Chi Square, p<0.01) (Figure XIX). In this series 41 patienrs with TNM

stage 4 breast cancer were found to have bone metastases less than a month after

diagnosis of the primary tumor but only 3 cases of bone metastases two years after

diagnosis of the primary. Alternatively, no patients with TNM stage 2 breast cancer were

found to have metastases less than a month after diagnosis of the primary tumor. Fifty-

two of these patients were found to have bone metastases more than two years after

diagnosis of the primary breast cancer.

No significant difference in elapsed time from bone metastases diagnosis and

death was noted between TNM staged breast cancer patients. Also, age of diagnosis made
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no significant difference in terms of the number of cases of TNM staged breast cancer

bone metastases (Logistic Regression, data not shown).
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Figure XVII: Graphical representation of the percent of deaths associated with TNM

staged breast cancer with (bone versus other sites) and without metastases. Other = All

other metastatic sites excluding bone.

'Flndicates significance between the proportion of deaths from staged breast cancer with

bone metastases and staged breast cancer with other metastatic sites or no metastases

(Logistic Regression, p<0.01).
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Figure XVIII: Graphical representation of the number of metastatic cases to bone and all

other sites diagnosed by either radiology (i.e. x-ray and computer tomography) or

pathology (histology) for TNM staged primary breast cancer (1995-1997). Unknown =

Non-staged breast cancer cases. Other = All other metastatic sites excluding bone.
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Figure XIX: Graphical representation of the total number of bone metastasis cases over

time with respect to TNM staged breast cancer. Unknown = non-staged breast cancer

cases. Total = Stage 1,2,3,4 and Unknown.

xlndicates a significance association between Cancer Stage and Time Elapsed (before

and after two years) (Chi Square = 19.93, p <0.001) in terms of the proportion of bone

metastases observed.
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4.2 Normal Murine Bone Morphometry: Ex vivo MRI

versus Histologya

4.2.1 Histology

Histological sections formed the "gold standard" to which the other modalities

were compared. As expected, quantitative analysis of histological sections demonstrated

that longitudinal sections of C57bl/6 mouse femurs had innate changes in their trabecular

or malrow composition from the distal metaphysis to the proximal diaphysis of the femur

(Figure XXA). The histological results demonstrate that percent trabecular bone area

decreases and percent marrow area increases moving from the epiphyseal growth plate to

the diaphysis (ANovA and Tukey's multiple comparison test, p < 0.05) (Figure XXB).

The greatest significant change in percent marïow and bone occurred within the first

1.6mm from the epiphyseal growth plate (p < 0.05) (Figure XXB). In addition, there was

an initial decrease in the cortical bone thickness (p < 0.05) (Figure XXC). And finally,

histologically we observed very little fat in the marrow space, but instead a highly

cellular hemopoetic maffow.

4.2.2 X-Rays

In contrast to the histological results, we observed no trends after quantifying the

micro x-ray data for either the percent area of marrow and trabecular bone or cortical

bone thickness (Figure XXI).

4 This chapter has been published previously (Weber et a1.,2002b).
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Figure XX: (A) Representative hematoxylin and eosin (H&E)-stained longitudinal

section of a distal femur from a C51bll6 mouse. (B) Quantification of the normal

variation in percent marrow area and trabecular bone area proximal to the epiphyseal

growth plate (ANOVA, p < 0.05). (C) Quantification of the normal variation in cortical

bone thickness proximal to the epiphyseal growth plate (ANOVA, p < 0.05). Data

represents mean * SE; N=5.

*Indicates significance between adjacent cortical bone thickness or measurement of

percent maffow area and trabecular bone area (Tukey's multiple comparison test, p <

0.0s).
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Figure XXI: (A) Representative high-resolution x-ray and areas selected for

quantification of a distal femur from a C51bll6 mouse. (B) Quantification of the percent

marrow area and percent trabecular bone area proximal to the epiphyseal growth plate.

(C) Quantification of the cortical bone thickness proximal to the epiphyseal growth plate.

Data represents mean + SE; N=5.
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4.2.3 Magnetic Resonance lmaging

Data from MR images demonstrated that the percent area of trabecular bone, percent

area of marrow and cortical bone thickness changed significantly from the epiphyseal

growth plate to the diaphysis of the bone (p < 0.001) (Figure XXII and XXtrI). This was

the case regardless of the MR pulse sequence used (2D gradient-echo or 2D spin-echo),

independent of the slice orientation (longitudinal or cross sectional), and also irrespective of

magnetic field strength and coil size (9.4T or 11.7T). There was a difference between the

measured percent area of marrow and percent àÍea of trabecular bone values for the two

systems (p < 0.05), sequences (p < 0.05), and orientations (p < 0.05) and in addition, a

difference between the measured cortical bone thickness values for the two systems (p S

0.05), sequences (p < 0.0001), and orientations (p S 0.05).

Specifically, we observed significant changes in percent area of trabecular bone and

marrow between slices 1,2 and 3 in the data sets from cross sectional gradient-echo pulse

sequences from the Il.7T MR microscopy scanner (p < 0.05). Every other method had

significant change in percent area of trabecular bone and marrow only between slice 1 and

2, except for the data from a cross sectional spin-echo pulse sequence on the 9.4T MR

microscopy scanner, which had no significant differences between adjacent slices (p <

0.0s).

Significant change in cortical bone thickness was observed between slices 1 and 2,

in the data sets from a cross sectional spin-echo pulse sequence and longitudinal sectional

gradient-echo sequences on the II.7T MR microscopy scanner (p < 0.05) (Figure XXII and

XXfÐ. In addition, MR microscopy fat and water suppression images confirmed the results

observed histologicaly, that there was no fat in examined murine maffow (data not shown).
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Interestingly, all percent marrow area and percent bone area data sets from the various MR

methods cor¡elated significantly with the histological results (Table X) but not with the

micro x-ray data (Multiple Regression test, p < 0.01). Specifically, the change in percent

area of trabecular bone from the proximal epiphyseal growth plate to the metaphysis, as

measured with a longitudinal sectional gradienrecho pulse sequence on the LL.7T,

correlated very highly with the histological data and had a correlation coefficient of 0.82 (p

< 10-e). Correlation between MR microscopy and histological cortical bone thickness data

was also significant for all the MR microscopy parameters except for the longitudinal spin-

echo on the 9.4T (Table X). There was no correlation between cortical bone thickness MR

microscopy and micro x-ray data.
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Figure XXII: Representative cross sectional and longitudinal sectional gradient-echo (GE)

and spin-echo (SE) images at 7l.lT and 9.4T of the distal end of a C57bll6 mouse femur

(N=9). The in-plane resolutions of the spin-echo and gradient-echo images at 9.4f, were

58pm and 39¡rm, respectively, and at 11.1T, were 39¡rm and 35¡rm, respectively.

t34





Figure XXIII: Quantification of cross sectional and longitudinal sectional gradient-echo

(GE) and spin-echo (SE) images at 11.7T and 9.4T demonstrating the normal change in

percent matrow area and trabecular bone area proximal to the epiphyseal growth plate

(ANOVA, p < 0.05). Data represents mean + SE; N=5.

*Indicates significance between adjacent percent marrow area and trabecular bone area

measurements (Tukey's multiple comparison test, p < 0.05).
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Figure XXIV: Quantification of cross sectional and longitudinal sectional gradient-echo

(GE) and spin-echo (SE) images at 11.7T and 9.4T demonstrating the normal change in

cortical bone thickness proximal to the epiphyseal growth plate (ANOVA, p < 0.05). Data

represents mean * SE; N=5.

*Indicates significance between adjacent cortical bone thickness measurements (Tukey's

multiple comparison test, p < 0.05).
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Table X: Represents a comparison between cortical bone thickness, percent maffow and trabecular bone data from the histological gold

standard and data from MRM (N=9). Histological data was compared specifically to MRM data from cross sectioned and longitudinal

sectioned gradient-echo and spin-echo images atII.TT and 9.4T.

Cross-Sectional Orientation

Longitudinal-Sectional
Orientation

* Indicates significance between quantified MRM and histological data at p < 0.01 by a Multiple Regression test
** Indicates significance between quantified MRM and histological data at p < 0.001 by a Multiple Regression rest

radient-Echo
Spin-Echo

Gradient-Echo

Spin-Echo

Percent Area of Trabecular Bone and Marrorv
11.7T 9.47

0.80 ** 0.90 ",*
0.75 *{. 0.59 ,r.*

0.82 ** 0.92 x'r.

0.67 ** 0.52 **

I l.7T 9.4-r
Cortical Bone Thickness

0.78 r'r'

0.63 ',+

o.74'+,t,

o.27
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4.3 Normal Murine Bone Morphometry: ln vivo MRI

versus ex vivo MRI and Histologys

4.3.1 Histology

Histological sections represented the "gold standard" to which both ¿x vivo and in

vivo MRI results were compared (Fìgure XIIB). The histological results demonstrate that

the percent trabecular bone area decreases and percent marrow area increases moving from

the epiphyseal growth plate to the diaphysis (ANOVA and Tukey's multiple comparison

test, p < 0.05). In addition, there was an initial decrease in the cortical bone thickness

moving'similarly in a proximal direction from the epiphyseal growth plate to the diaphysis

of the mouse femur (p < 0.05) (Figure XXV and XXVI).

4.3.2 Magnetic Resonance lmaging

Data from in vivo and ex vivo MRI images of both the spin-echo and gradient-echo pulse

sequences demonstrated that the percent area of trabecular bone, percent ârea of marrow and

cortical bone thickness changed significantly from the epiphyseal growth plate to the

diaphysis of the bone (ANOVA, p < 0.001) (Figure XXV and XXVÐ. A representative in

vivo gradient-echo data set of the distal femur has been reconstructed in three-dimensions

for improved qualitative appreciation of segmented regions (Figure XtrA). Echo time and

pixel number were optimally set for improved contrast and resolution, respectively, while

maintaining a reasonable image acquisition time (Figure XIIB and XtrC).

5 This chapter has been published previously (Weber et al.,2005b).
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A significant change in cortical bone thickness was observed between adjacent slices

1 and 2 in the data sets using an in vivo and ex vivo spin-echo pulse sequence and in vivo

gradient-echo pulse sequence (Tukey's multiple comparison test, p < 0.05) (Figure XXVB

and XXVIB). A significant change in cortical bone thickness was noted with the ex vivo

gradient-echo sequence between slices I and 3, and 2 and 3 (p < 0.05) (Figure XXVB and

xxvrB).

Specifically, we observed significant changes in the percent area of trabecular bone

and marrow between adjacent slices 1, 2,3 and 4 from in vivo gradient-echo pulse sequence

data (p < 0.05) (Figure XXVC). In vivo spin-echo pulse sequence data demonstrated

significant changes in percent area of trabecular bone and marrow between slices 1,2 and 3

(p < 0.05) (Figure XXVIC). Significant differences bstween percent area of trabecular bone

and marrow with an ex vivogradient-echo pulse sequence were demonstrated between slices

I,2,3 and4 (p < 0.05) and between slices I and 2 with an exvivo spin-echo pulse sequence

(p < 0.05) @gure XXVC and XXVIC).

The percent marrow area and percent bone area from both the in vivo and ex vivo

MR[ methods correlated significantly with the histological results (Table XI) (Multiple

Regression test, p < 0.01). Specifically, the change in percent area of trabecular bone from

the proximal epiphyseal growth plate to the metaphysis, as measured with an in vivo

gradient-echo pulse sequence, correlated very highly with the histological data and had a

correlation coefficient of 0.85 (p < 0.001). The correlation between ex vivo MRI and

histological cortical bone thickness data was also significant for both spin-echo and

gradient-echo pulse sequences (Table XI).
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Figure XXV: (A) Representative ex vivo and. in yiyo cross sectioned gradient-echo images

(TR/TE 2000/4.9ms) at II.7T of the distal to proximal end of a C51bll6 mouse femur with

an in-plane resolutions of 35¡rm. (B) Quantification of the normal variation in cortical bone

thickness proximal to the epiphyseal growth plate of histology and. in vivo and, ex vivo lvRI

data sets (ANOVA, p < 0.05). (C) Quantification of the normal variation in percent marrow

and trabecular bone proximal to the epiphyseal growth plate of histologic and. in vivo and ex

vivo MRI data sets (ANovA, p < 0.05). Data represents mean + SE; N=9.

*Indicates a significant difference between adjacent cortical bone thickness or measurement

of percent malTow area and trabecular bone area (Tukey's multiple comparison test, p <

0.05).

**Indicates a significant difference between cortical bone thickness at the growth plate and

the indicated region of interest (ROI) away from the growth plate (Tukey's multiple

comparison test, p < 0.05).

t43





Figure XXVI: (A) Representative ex vivo and in vlvo cross sectioned spin-echo images

(TR/TE 2000/l3.4ms) at 11.7T of the distal to proximal end of a C51bU6 mouse femur with

an in-plane resolutions of 39¡rm. (B) Quantification of the normal variation in cortical bone

thickness proximal to the epiphyseal growth plate of histology and in vivo and ex vivo IvlJ.I

data sets (ANOVA, p < 0.05). (C) Quantification of the normal variation in percent marrow

and trabecular bone proximal to the epiphyseal growth plate of histologic and in vivo and ex

v¡vo MRI data sets (ANOVA, p < 0.05). Data represents mean + SE; N=9.

xlndicates a significant difference between adjacent cortical bone thickness or measurement

of percent maffow area and trabecular bone area (Tukey's multiple comparison test, p <

0.0s).
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Table XI: Represents a comparison between cortical bone thickness, percent maffow and trabecular bone data from the histological

gold standard and data from in vivo and ex vivo MRI (N=9).

In vivo

Ex vivo

Gradient-Echo
Spin-Echo

* Indicates significance between quantified in vivo MRI and histological data at p < 0.01 by a Multiple Regression test
** Indicates significance between quantified in vivo MRI and histological data at p < 0.001 by a Multiple Regression test

Gradient-Echo
Spin-Echo

Percent Area of Trabecular
Bone and Marrow

0.85 **
0.73 *

Cortical Bone Thickness

0.83 rr

0.70 *

0.79 **
0.16 *

0.lI *

0.59 *
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4.4 Melanoma Bone Metastases: In vivo MRI versus

Histology

4.4.1 Late Stage 81 6F1 Murine Melanoma Bone Metastases

4.4.1.1 Histology

Histological sections represented the "gold standard" to which itz vivo MRI results

were compared. Histological examination of normal femurs demonstrated that the area of

percent trabecular bone decreased and percent marrow increased moving from the

.

epiphyseal growth plate to the diaphysis (ANOVA and Tukey's multiple comparison test,

p < 0.05) (Figure XXVIIA,D, and E) (Weber et al., 2005a). In addition, there was an

initial decrease in the cortical bone thickness in the proximal direction from the

epiphyseal growth plate to the diaphysis of the mouse femur (p < 0.05) (Weber et al.,

2005a). In femurs with late metastatic involvement, there was a similar decrease in the'

cortical bone thickness and percent area of trabecular bone moving in a proximal

direcrion from the epiphyseal growth plate to the diaphysis of the mouse femur (p < 0.05)

(Figure XXVIIIA,D, and E). However, with metastatic involvement, the percent area of

ma¡1ow was significantly reduced (S 10 fold; p < 0.05) and replaced with 816F1 murine

melanoma cells. Histological quantification demonstrated that the change in percent area

of trabecular bone and cortical bone thickness in normal mice was not statistically

different from the change in the percent area of trabecular bone and cortical bone

thickness in mice with metastases (Multiple Regression test, p < 0.01). Marrow adjacent

to the epiphyseal growth plate was completely replaced by metastatic melanoma cells.
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Together these findings suggest that after fourteen days post intracardiac injection, the

Bl6Fl murine melanoma cells had replaced the marrow without significantly affecting

the quantity of trabecular or cortical bone.
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Figure XXVII: (A) Representative hematoxylin and eosin (H&E)-stained longitudinal

section of a distal femur from a C57bll6 mouse. (B) /n viuo cross sectioned spin-echo

images (TR/TE 2000113.4ms) at 1 I .7T of the distal to proximal end of the same C51b1l6

mouse femur with an in-plane resolution of 39¡rm. (C) In vlvo ctoss sectioned gradient-

echo images (TR/TE 200014.9ms) at 11.7T of the distal to proximal end of the same

C51bll6 mouse femur with an in-plane resolution of 35¡rm. (D) Quantification of the

normal variation in cortical bone thickness proximal to the epiphyseal growth plate of

histology and spin-echo and gradient-echo MRI data sets (ANOVA, p < 0.05). (E)

Quantification of the normal variation in percent marrow and trabecular bone proximal to

the epiphyseal growth plate for histologic and spin-echo and gradient-ectro W: data sets

(ANOVA, p < 0.05). Data represents mean + SE; N=9. (Modified from data found in

Weber et al., 2005 (Weber et al., 2005a)).
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Figure XXVIII: (A) Representative hematoxylin and eosin (H&E)-stained longitudinal

section of a distal femur from a C57bll6 mouse with late stage metastatic melanoma. (B)

Invivo cross sectioned spin-echo images (TR/TE 2000113.4ms) at 11.7T of the distal to

proximal end of the same late stage metastatic C51bU6 mouse femur with an in-plane

resolution of 39pm. (C) In vivo cross sectioned gradient-echo images (TRiTE

2000/4.9ms) at 11.7T of the distal to proximal end of the same late stage metastaric

C57bll6 mouse femur with an in-plane resolution of 35¡lm. (D) Quantification of the

variation in cortical bone thickness proximal to the epiphyseal growth plate of histology

and spin-echo and gradient-echo MRI data sets (ANOVA, p < 0.05). (E) Quantification

of the variation in percent trabecular bone/metastases and maffow proximal to the

epiphyseal growth plate for spin-echo and gradient-echo MRI data sets and percent

trabecular bone, malrow, and metastases proximal to the epiphyseal growth plate for

histologic data sets. (ANOVA, p < 0.05). Data represents mean + SE;N=5.
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4.4.1.2 Magnetic Resonance I rnaging

In spin-echo and gradient-echo images, bone from normal femurs and femurs with

metastatic 816F1 murine melanoma had decreased signal intensity compared to marrow

(Figure XXVIIiB and C). Based on contrast, the area of bone and metastatic melanoma

could not be differentiated within the marrow space on either spin-echo or gradient-echo

images. For quantification, the areas of trabecular bone and metastases were combined on

MRI images into one region of interest. No significant variations in the percent trabecular

bone/metastases or percent marrow from the epiphyseal growth plate to the diaphysis

were noted (Figure XXVIIIB,C and E). Data from both the spin-echo and gradient-echo

pulse sequences of late stage metastatic femurs demonstrated that.. the cortical bone

thickness changed significantly from the epiphyseal growth plate to the diaphysis of the

bone (ANOVA, p < 0.001) (Figure XXVIIIB,C and D). Quantification of the areas with

metastases and bone from a gradient-echo image demonstrated an average of a 4To larger

area when compared to the quantified spin-echo data. Measurernents of metastatic tumor

by spin echo technique correlated better with histologic measurements of turnor burden

than did gradient echo measurements (Multiple Regression test; (p < 0.001) (Table XII).

A comparison between in vivo MRI images of normal bone and bone with late stage

melanoma metastases demonstrated the loss of the normal anatomy of the marrow space

but conservation of the cortical bone thickness (Table XIII).

4.4.1.3 Radiographs

In contrast to the observations made by histology and MRI for late stage B16Fl

murine melanoma bone metastases, no trends were observed after quantifying the micro
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x-ray data for any of the percent area of trabecular bone, marrow or cortical bone

thickness (Figure XXIX).

4.4.2 Early Stage 816F1 Murine Melanoma Bone Metastases

4.4.2.1 Histology

Focal bone metastases were identified histologically in mice seven days after

injection of B 16 murine melanoma cells (Figure XXXA).

4.4.2.2 Magnetic Resonance lmaging

After seven days post injection of 816 murine melanoma cells, focal metastatic

bone lesions of 0.341mm2 (gradient-echo) and larger (spin-echo) were identified (Figure

XXXB). A small focal metastasis was identified using MRI by localizing a region of

interest (ROI) statistically different from normal (Figure XXXC). Quantified gradient-

echo data suggested a higher metastatic area involvement than did spin-echo data when

compared to histology.

r54



Table XII: Correlation Between Histological and MRI Measures of Percent Area of Trabecular BoneÀ4etastases and Cortical Bone

Thickness. Represents a comparison between the histological and in vivo MRI data sets for bone with late stage metastases in terms of

the sum of the percent area of trabecular bone and metastases and the cortical bone thickness data, after controlling for inter-animal

differences (N=9).

Gradient-Echo
Spin-Echo

* Indicates significance between quantified in vivo MRI and histological data at p < 0.01 by a Multiple Regression test.** Indicates significance between quantified in vivo MRI and histological datâ at p < 0.001 by a Multiple Regression test.

Percent Area of Trabecular
Bone/Nletastases

0.74 *
0.76 **

Cortical Bone Thickness

0.70 +

0.69 4,
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Table XIII: Comparison of Bone With and Without Melanoma Metastases for Percent Area of Marow and Cortical Bone Thickness.

Represents a comparison of the percent area of maüow and cortical bone thickness data betwe en in vivo MR images of normal and

bone with late stage melanoma metastases (N=9).

Gradient-Echo
Spin-Echo

* Indicates significance between quantified in vivo MRI of normal and bone with metastases at p S 0.05 by a Multiple Regression test.
** Indicates significance between quantified in vivo MRI of normal and bone with metastases at p < 0.005 by a Multiple Regression
test.

Percent Area of Marrow

0.48

0.43

Cortical Bone Thickness

0.93 **
0.19 >F

156





Figure XXIX: (A) Representative high-resolution x-ray of a distal femur from a C57bU6

mouse with late stage bone metastases. (B) Quantification of the cortical bone thickness

proximal to the epiphyseal growth plate. (C) Quantification of the percent marrow and

percent trabecular bone proximal to the epiphyseal growth plate. Data represents mean .|

SE;N=5.
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Figure XXX: (A) Representative hematoxylin and eosin (H&E)-stained section of a

C51bIl6 mouse with early stage metastatic melanoma frorn ROI #1. (B) Representative

gradient-echo in vivo MRI image of the diaphysis in the same femur, at the same ROI, with

a quanrifiable metastasis of > .341mm' (p 3 0.01; ANovA and Tukey's multiple

comparison test). (C) Quantification of in vivo gradient-echo MRI images of the percent

maffow and percent trabecular bone for normal bone compared to the percent marrow and

percent trabecular bone/metastases for the bone of an early stage Bl6 injected mouse. Note

the significant difference between the normal and tumor bearing mouse in ROI #7 (p <

0.01; ANOVA and Tukey's multiple comparison test).
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4.5 Breast Cancer Bone Metastases: Ex vivo MRI

versus Histology

Tumor inoculation successfully generated osteolytic metastases. Using a standard

histomorphometric analysis technique, an increase in the osteoclast and decrease in

ostoblast surface percentage in the regions with tumor compared to regions without tumor

were noted (p<0.01; Paired t-test) (Table XIV). MDA-MB-231 breast cancer metastases, in

both quantified histological images and gradient-echo MRI images, cortical bone thickness

(p<0.01), percent trabecular bone (pS0.01), marrow (p<0.01), and cortical bone intact

(p<0.01) all decreased while percent tumor (p<0.01) increased. Similar changes were seen

with spin-echo data but at p < 0.05. Radiography demonstrated that while the inoculation of

tumor cells into BALB/c rut/tzu mice resulted in osteolytic bone metastases (p<0.01), it

offered no further information on the tumor itself or the specifics of the osteolytic process.

For a statistical comparison of both marrow space and cortical bone variables

between imaging modalities, histological, gradient-echo, and spin-echo MRI data sets of

closely approximated cross sectional images were compared (Figure XXXIA, B & C).

Non-invasive quantitated gradient-echo MRI results were no different to the quantified

histological data. Also, there was no difference between quantified cortical bone data

between spin-echo data and histology. However, spin-echo data from the marrow space

was significantly different from histology (p < 0.05; Paired t-test). Quantified x-ray data of

normal and metastatic bone were not similar to either the quantified percent trabecular bone

or cortical bone thickness on MRI but did compare with the percent cortical bone intact.

161



The smallest lesion identified measured .06952mm2. The average size of all small

lesions measured was 0.1854m-'@igure XXXID).
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Table XIV: Quantitative parameters of both

mice. Measurements were obtained from both

Parameters of Analysis

7o Trabecular Bone Area
7o Marrow Area

ToTumor Area
Vo Cortical Bone Intact Cortical

Bone Thickness (mm)

Osteoblast Surface Vo

Osteoclast Surface Vo

Parameters of Analysis

nornal bone and osteolyic bone metastases in femuls of MDA-MB-231 breast cancer

medullary and cortical bone (N=10).

Histology
Mean t SEM

7o Trabecular Bone Area
7o Marrow Area

ToTumor Area
Vo Cortical Bone Intact Cortical

Bone Thickness (mm)

23+5u
77+50
0+00

100 + 0o

.25 +.05"

39+50
1+1"

Osteoblast Surface 7o

Osteoclast Surface 7o 
25 t 4^

19+4'

o Indicated significance at p < 0.01 by a paired t-test between tumor- and non tumor-bearing regions
D Indicated significance at p < 0.05 by a paired t-test between tumor- and non tumor-bearing ,"gion,
' Indicated significance at p < 0.05 by a paired t-test between imaging modalities

Spin Echo MR Gradient Echo MR
Mean t SEM Mean t SEM

Non Tumor-Bearin

Histology
Mean t SEM

l9+6u 25+6u
8l+6b J5+6"
0+00 0+0"

100 + 0" 100 + 0"
.23 + .O7', .21 + .og^

4+Lo
8+50

88+lo
49 + 16^

.1 + .06"

lons

Spin Echo MR Gradient Echo MR
Mean t SEM Mean + SEM

Tumor-Bearins Re

Micro X-Ray
Mean I SEM

l5+7br l3+7^
87+3br g3+4o

47 +2f 58 + 23"
.09 + .05b .16 t .06"

2t2"' 4+2"

100 + 0"

Micro X-Ray
Mean t SEM

50 + 25^
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Figure XXXI: Representative ex vlvo cross sectioned (A) gradient-echo, and (B) spin-echo

images of the distal to proximal end of the same Balb c ru,t/nu mouse femur with MDA-

MB-231 human breast cancer metastases. The in-plane resolutions of the gradient-echo

and spin-echo images at IL.IT, were 35¡rm and 39pm, respectively. (C) Representative

hematoxylin and eosin (H&E)-stained cross sectioned images of a distal femur from the

same Balb c rulrut mouse matched to the respective MRI images (slice registration). (D)

Representative gradient-echo MRI image and H&E-stained section of a Balb c rulnu

mouSebonewithasmallMDA-MB-231breastcancermetastasismeasuring>

0.06952mm2.
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Chapter 5: Discussion

5.1 Population Study

Patients with breast cancer have an increased propensity for developing bone

rnetastases. The most frequent bone tumors are metastatic, resulting in significant

morbidity due to pain, osteolysis, pathological fractures, hypercalcemia, and anemia

(Rubens, 1998). Established bone metastases are resistant to treatment, and current

therapeutic approaches such as endocrine therapy, radiation therapy, and chemotherapy

are often ineffective (Ratanatharathorn et al., 1999). Appreciation of the distribution of

bone metastases in a population of Manitoba women with TNM staged breast cancer may

providé an opportunity for earlier diagnosis, and hence, earlier treatment of bone

metastases, translating in the avoidance of late stage mortality, morbidity and palliative

costs.

An examination of the elapsed time between the diagnosis of the primary tumor

and diagnosis of the secondary metastasis demonstrated a unique distribution for breast

cancer metastases compared to all other primary cancer metastases in women. An

examination of all cancers in women and subsequent metastases to all sites demonstrated

a peak incidence of metastases immediately after the primary diagnosis. In contrast,

breast cancer metastases, as indicated by the data, have a bimodal distribution. One peak

appears immediately after the diagnosis of breast cancer while another is latent,

appearing more than two years later. Furthennore, metastases in TMN staged breast

cancer patients occurred at or shortl y after diagnosis of late stage 3 and 4 breast cancer,

while the temporal distribution of bone metastases from early stage I or 2 did not peak in
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their occurrence until up to five years later. A possible confounder affecting our study

stems from the fact that the two groups were not mutually exclusive. The group

containing all cancers included some breast cancer patients. Subsequently, the

distribution of metastases may have been skewed.

Skeletal metastases were diagnosed consistently by radiological means, but varied

in their radiological modalities. Since information regarding the advantages and the

limitations of the respective radiological techniques utilized were not contained in the

examined database, the authors were unable to fully appreciate the differences between

them. Bone scintigraphy has been the traditional screening modality for bone metastases

(Subramanianland McAfee, Igll,Iacobsson and Goransson, 1991); it is sensitive, but

nonspecific (Suzuki, 1990). Radiography often supplements an inconclusive bone scan.

Increased sensitivity and specificity are offered by computer tomography through

increasing contrast resolution and eliminating problems such as overlying tissue (Helms

et al., 1981,swanson and Bernardino, 1982,Hermann and Herman, LgBz). Magnetic

resonance imaging (MRI) is arguably an excellent modality for monitoring the extension

of a tumor into soft tissue but has been used less extensively to evaluate metastatic

tumors in bone (Colletti et al., l99l,Nishimura et al., 1999,Traill et al., l995,Azouz,

2002). Future large-scale trials with more statistical power examining the unique imaging

techniques for the early detection of bone metastases will offer further insight to the

benefit of future screening programs. Radiological modalities will need to identify early,

and therefore small, metastatic disease in order to make an impact on survival. There may

exist a potential for non-invasive imaging for the diagnosis of early breast cancer skeletal
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metastases to prevent later complications if it is applied during the window of time

between peaks.

Metastatic bone tumors are the most common type of malignant bone lesion, and

bone has been reported as the third most frequent metastatic site after the lung and liver

(Yoneda, 2000). In our population, however, it was bone that was shown to have the

highest propensity for breast cancer metastases. In addition, we showed that, at diagnosis,

late stage 3 and 4 breast cancer had a higher frequency of bone metastases than early

stage 1 and2. Furthermore, if patients were followed overtime, early stage I and 2 breast

cancer patients could also develop bone metastases. The high frequency of bone

metastases compared to metastases to all other sites may be explained by the fact that our

ituOy included'all metastatic cases over time and not just at diagnosis of the primary.

The molecular mechanisms responsible for the spread and survival of metastatic

tumor cells are unclear. Ideally, these single micrometastatic cells would represent

preferable targets for treatment, compared to established late stage bone metastases where

there is a much larger tumor cell population and extensive alteration in the bone

architecture (Braun et al., 2000). Hypothetically, therapeutic intervention at this early

stage would benefit from targeting dormant single cells as well as organized proliferating

aggregates of tumor cells. Nevertheless, the mechanisms responsible for the dormancy or

growth of disseminated tumor cells in the bone microenvironment are not fully

understood. Arguably, there is a dormant period between the seeding of tumor cells to

bone marrow and the later development of clinically significant bone metastases. It is not

known, however, what proportion of micrometastatic tumor cells in the bone marrow are

precursors of clinically significant metastases. Because of their dormant states, these cells
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are resistant to many chemotherapeutic modalities. Future regular population screening of

early stage breast cancer patients for early disseminated bone metastases with novel

detection techniques couìd improve the detection, monitoring, and treatment of this

disease.

5.2 Normal Murine Bone Morphometry: Ex vivo MRI

versus Histology

MR microscopy for the quantitative analysis of bone is a relatively new technique

which has not yet been standardized. Our evaluation of normal bone using MR

microscopy and applying threshold lines was found to be an effective means to monitor

normal vari'ation in bone microanatomy, as compared to micro x-ray and the histological

"gold standard". We observed that MR microscopy was comparable in accuracy to

quantititive histomorphomety when there is good MR contrast available between tissue,

sufficiently high MR resolution, and a need for three-dimensional (3D) information.

We evaluated the bone morphometry using three modalities: histology, micro x-

ray, and MR microscopy. Both histological and MR data demonstrated an increase in the

amount of trabecular bone towards the ends of the femur with considerably greater

trabecular density in the metaphysis than in the diaphysis. Unlike the histological and MR

images, micro x-rays are projection images and difficult to quantitate. Both histology and

MR microscopy images were quantified from thinly sliced regions of interest, but

digitized micro x-rays were quantified from two-dimensional film projections of 3D large

thick volumes of interest. Some of what was quantified as cortical bone in the micro x-

rays may have been trabecular bone closely apposed to the cortex, suggesting a possible
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thresholding/segmentation problem. Nevertheless, the lack of quantifiable data from

micro x-rays, compared to the quantifiable histology and closely correlated quantifiable

MR microscopy data, highlights the superior sensitivity and value of MR microscopy

using our method.

We maximized spatial resolution, contrast, and the signal-to-noise ratio by exploring

such MR microscopy parameters as imaging technique, slice orientation, and MR system.

Statistically, there was a difference in cortical bone thickness, and percent marrow area and

trabecular bone area as between slices, sequences, orientation, and MR system. In order to

better understand which MR microscopy parameters most accurately quantified the normal

change in bone, in terms of quantification of normal trabecular bone, marrow and cortical

bone composition, we correlated the MR microscopy results with histology. The highest

correlation coefficient values were found with longitudinal sectional multi-slice 2D short

echo gradient-echo pulse sequences acquired on the Il.lT MR microscopy system.

We observed statistical differences between quantified results from the cross

sectional and longitudinal sectional orientation MR images. 'We also observed, in most

cases, a higher correlation for longitudinal sectional orientated slices than for cross

sectional orientated slices. Nevertheless, for some observations the cross slice orientation

had higher correlation coefficient values than the longitudinal sectional orientation. This

may have occurred because the histological sections were themselves longitudinal

section, resulting in a better correlation with longitudinal sectional MR microscopy

images than with cross sectional MR microscopy images. Despite the fact that higher

correlation coefficient values were associated with longitudinally orientated slices, we

observed that cross sectional MR microscopy images offered a larger region of interest
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and possibly a more comprehensive assessment of the anatomy than did longitudinal

sections (Figure XIII). Regardless, a clear benefit of MR microscopy over histology was

its ability to non-destructively image anatomy in many planes offering a 3D perspective

of the bone. This in turn not only offered a new visual perspective on the region of

interest but also more detailed information on the entire sample.

Similar to the differences quantified between slice orientations, we also observed

a statistical difference in the data sets of quantified images from the Il.7T and 9.4T MR

systems. Higher correlation coefficients, or better correlations, were observed between

the 11.7T system and histology compared to data collected from images acquired on the

9.4T system. This may relate to the principles that signal to noise ratios increase with

increased field strength and smaller coil dimensions, and that resolution increases with

increased gradient strength and homogeneity of the magnetic field. These factors on the

Il.lT MR microscopy system in turn appeared to produce an image with a better

correlation with histology, and as a result a better quantitative assessment of the bone

microanatomy.

Lastly, the gradient-echo technique was also found to give quantifiable results

different from the spin-echo technique. The correlation coefficients, representing the

correlation with the histological "gold standard," were consistently higher for data from

the gradient-echo images than from the spin-echo images. A gradient-echo is

characterized by a low flip angle less than 90o together with the generation of a gradient-

echo. The gradient-echo, unlike the classical spin-echo which uses a 180o refocusing

pulse, forces proton spins back in phase to produce a spin-echo by reversing the readout

gradient for a finite period of time. Image contrast is dependent on T1, T2,TZ*, flip
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angle, repetition time (TR) and echo time (TE) (Hendrick et al., 1987,Winkler er al.,

1988). Like the Tl-weighted spin-echo sequence, a gradient-echo with a short TR and TE

has contrast, which is predominantly a function of Tl relaxation. In addition, unlike the

spin-echo sequence, which can compensate for local magnetic field heterogeneity (a

result of trabecular bone in the marrow), the gradient-echo sequence cannot do so and

leads to signal cancellation or loss (Engelke et al., l994,Majumdar and Genant,

I992,Majumdar et al., l99l,Sebag and Moore, 1990). Due in part to these factors, the

gradient-echo sequence may be a more sensitive means to detect the micro trabecular

architecture of the malrow space and presents a possible explanation for the observed

higher correlation to histology. However, due to local magnetic field heterogeneity the

''gradient-echo 
sequence likely exaggerates the trabecular bone density. Nevertheless, the

gradient-echo sequence's ability to detect small structures and correlate these quantified

results with histology is an indication of its value as a means to assess bone

morphometry.

In short, our results suggest that MR microscopy could be a good quantitative

substitute for histology. Despite histology being the recognized "gold standard", its

disadvantages are that quantification is slow and it cannot easily offer 3D information.

Our MR microscopy technique is not foolproof, however, and other imaging and analysis

techniques exist (Femandez-Seara et al.,2001,Wehrli et al., 2000,Hilaire et al., 2000),

particularly, a fast bone volume fraction mapping method by Hwang and Wehrli (Hwang

and Wehrli, 2001). Our analysis technique may be better for quantifying cortical bone

than trabecular bone areas and is directly influenced by the resolution of the MR
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microscopy image. We suggest that our imaging modality may have applications for the

quantitative evaluation of various bone pathologies.

5.3 Normal Mur¡ne Bone Morphometry: ln vivo MRI

versus ex vivo MRI and Histology

Development of quantitative MRI for the analysis of bone and its marrow space is

a priority for the improved non-invasive characterization of bone (Wehrli et al., 2002).

Using both an in vivo and ex vivo approach, we worked to standardize a quantitative MRI

method, which was compared to the histological "gold standard" as applited to the

respective samples. The clear benefit of MRI over histology was its ability to non-

destructively image anatomy in many planes, offering a three-dimensional perspective of

the bone (Stampa et al., 2002). This in turn offered not only a new visual perspective on

the region of interest but also more detailed information on the entire sample (Majumdar,

2OOZ). Both in vivo and ex vivo MRI techniques offered high in plane resolution, contrast

and three-dimensional information. Both MRI approaches were found to be comparable

to histology.

We maximized spatial resolution, contrast, and the signal-to-noise ratio by

exploring such MRI parameters as pulse sequence and echo time (TE), in plane data

interpellation, and the state of the tissue (either itz vivo or ex vivo). Statistically, there was

a difference in cortical bone thickness and percent marrow area and trabecular bone area

between slices, sequences, echo time, and tissue preparation. In order to better understand

which MRI parameters most accurately quantified the normal variability in bone

structure, in terms of quantification of normal trabecular bone, marrow and cortical bone
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composition, we correlated both irz vivo and ex vivo MRI results with histology. The

highest correlation coefficient values were found with an in vivo multi-slice 2D short

echo gradient-echo pulse sequence.

The histological and MRI modalities demonstrated a greater trabecular bone and

cortical bone density in the metaphysis than in the diaphysis of the mouse femur. Ex vivo

gradient-echo pulse sequence data demonstrated a consistently greater relative bone

density compared to in vivo gradient-echo pulse sequence data. This difference was

reduced with data from a spin-echo pulse sequence. The correlation coefficients,

representing the correlation with the histological "gold standard," were consistently

higher for data from the gradient-echo images than from the spin-echo images for both in

vivo and ex vivo tissue. Unlike the spin-echo sequence, which can compensate for locâl

magnetic field heterogeneity (a result of trabecular bone in the marrow), the gradient-

echo sequence cannot do so and leads to signal cancellation or loss (Engelke et al.,

1994,Majumdar and Genant, l99Z,Majumdar et al., 1991,Sebag and Moore, 1990). A

gradient-echo sequence may be a more sensitive means to detect the micro trabecular

architecture of the marrow space; due to local magnetic field heterogeneity, however, the

gradient-echo sequence likely exaggerates the trabecular bone density. Nonetheless, the

ability of gradient-echo sequence to detect small structures and correlate these quantified

results with histology is an indication of its value as a means to asses bone morphometry.

Higher correlation coefficients, or better correlations, were observed between the

in vivo MRI data and histology as compared to data collected from ex vivo MRI of bone

samples. The hind limb in the in vivo state was firmly fixed to avoid motion artifacts. The

improved correlation of in vivo data sets with histology may be related to the fact that in

174



vivo tissue is at body temperature, and the blood containing maffow space has not yet

been replaced or changed by L)Vo buffered formalin as in the ex vivo state. These results

hold promise that in some circumstances in vivo quantitative non-invasive MRI could be

used in substitution for histology for the characterization of bone.

Although a significant correlation was found between the measurements made

between both in vivo and ex vivo MRI and histology, a L0-20Vo difference in

measurements was observed in individual slices. This would have a significant impact

when measuring the pathological differences between samples for diagnostic purposes.

The differences observed between the MRI images and histology could be attributed to

sampling differences between the two methods, and a better spatial orientation of the data

from the two data sets may prove beneficial. Although our perfusion method yielded

good tissue fixation, even well fixed tissue is known to have artifacts and it is commonly

thought that formalin fixation results in an approximate 107o volumetric shrinkage of

tissues, although not all tissue compartments are affected equally. Lastly, the differences

may be due to the segmentation techniques used for MRI images. Nevertheless, in vivo

MRI was validated as a technique with the capability for accuracy and precision

previously demonstrated with ex vivo MRI to quantify both soft tissues, such as matïow,

and tissue void of signal, such as bone.

This technical feasibility study had limitations in its gold standard. The

orientation of longitudinal sectioned histology was found to approximate MRI cross

sectioned images better than cross sectioned histology (data not shown). It is difficult to

align the bone for histological sectioning so that the first slice begins immediately after

the growth plate. Also, because of the difference in slice thickness between MRI (200¡rm)
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and histology (4ptm) it is challenging to line up appropriately similar cross sectioned MRI

images with histology. For the above reasons we chose to section images in a

longitudinal orientation. We acquired longitudinally sectioned bones for histology and

compared regions at a specified thickness (200pm) and at specified distances away from

the growth plate to the corresponding MRI cross sectioned image.

We compared data from longitudinally sectioned bone histology to cross

sectioned MRI. The orientation of longitudinal sectioned histology was found to

approximate MRI cross sectioned images better than cross sectioned histology (data not

shown). A limitation to interpreting cross sectional histology was found to be the

imprecision that occurs when aligning the bone for histological sectioning so that the

histological section was parallel with the MRI slice and the histological section was the

same distance from the growth plate as the MRI image. Also, because of the difference in

the slice thickness between MRI images, 200pm, and histology,4þLm, data from the MRI

slice is from an area 50X greaten than that of the histological section. As such, our

approach to acquire longitudinally sectioned bones for histology was demonstrated to be

an improved, although limited approach, to visualize the structure of bone as compared to

MRI regions with similar orientation, thickness (200¡rm) and distances a\ryay from the

growth plate.

The motivation for the present study was to validate previous MRI ¿x vivo results

of bone (Weber et al., 2002b) to a more clinically relevant in vívo experimental scenario.

Because micro computed tomography (CT) was not available to us, the results were not

compared to micro CT, which has been extensively used for analysis of murine bone (von

Stechow et al., 2003,Issever et al., 2003,4be et al., 2000) and might have provided
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valuable insights. Micro CT imaging can provide similar quantitative information to

micro MRI and additional information such as trabecular bone morphology (i.e.,

trabecular thickness, orientation, and marrow spacing) in an acquisition that takes

significantly less time (approximately 15 minutes imaging time as opposed to I hour). In

addition, micro CT imaging can provide isotropic images, and the equipment is

significantly less expensive and typically more readily available than micro MRI.

However, micro MRI offers the advantage that there is no radiation exposure during irz

vivo imaging. It also provides an opportunity for imaging soft tissue structures both in

and surrounding the bone, which is not readily available with micro-CT. Lastly, early soft

tissue changes such as inflammation and infiltration can be distinguished from the normal

more readily with micro MRI than with micro CT. V/e suggest that our imaging modality

may have applications for the sequential imaging and quantitative evaluation of various

bone pathologies.

5.4 Melanoma Bone Metastases: In vivo MRI versus

Histology

Quantitative MRI for the analysis of bone metastases is a novel approach for

improved non-invasive diagnosis and characterization. Using an in vívo standardized

approach, MRI was utilized to examine the effects of metastatic melanoma on murine

bone at both an early and late stage. The results were then compared to a histological

"gold standard". The 816 melanoma cell line was employed in C57bl\6 mice because in

previous studies bone metastases were generated in the vertebral bodies and metaphyses

of long bones in all mice (Sanchez-Sweatman et al., L997). In addition, while the
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structural properties of these tumors were osteolytic, the degree of osteolysis was

significantly less than in bone metastases of human breast carcinoma (Lee et al., 2001).

Fourteen days after injecting lx10s cells into the left ventricle, it was

demonstrated with histomorphometry that melanoma bone metastases had replaced the

hematopoietic constituency of the marrow space, but spared the trabecular and cortical

bone structure. The quantified histological examination of murine bone represented the

gold standard to which MRI images of bone with both early and late metastases were

compared. We demonstrated the normal architecture of the murine femur (Weber et al.,

2005a) and how late stage melanoma bone metastases replaced the marrow space, sparing

the trabecular and cortical bone. The area of small early metastatic lesions in the

diaphysis of the bone was then histologically mapped. A limitatiod of this "gold

standard" was the fact that all sections were done in the transverse plane. As a result,

early metastases with their inherent three-dimensional structure, being quantified in a

plane perpendicular to the MR images, could be partially or completely missed on a two

dimensional transverse histological section.

The clear benefit of MRI over histology was its ability to non-destructively image

anatomy in many planes. A three-dimensional viewpoint offered not only a new visual

perspective on the region of interest but also yielded more detailed information on the

entire sample. Firstly, MRI showed that advanced metastatic melanoma replaced the

marrow space, changing its normal architecture but conserving the cortical bone integrity.

This was further supported by the significant correlation between MRI data sets and the

histological gold standard. One limitation of this approach was the inability to

differentiate between trabecular bone and melanoma metastases, both of which were
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hypointense. However, the hypointense nature of melanoma was advantageous when

diagnosing early foci in regions of interests (diaphysis), where an increase in contrast

between the lesion and normal marrow could be achieved (Enochs et al., lggi). With a

gradient-echo pulse sequence we were able to identify the presence of a bone metastasis

0.341mm2 in size. Finally, the sizes of small lesions were exaggerated, possibly because

of the paramagnetic nature of melanin. This was especially apparent on gradient echo

imaging, which cannot compensate for local magnetic field heterogeneity and leads to

signal cancellation or loss (Engelke et al., I994,Majumdar and Genant, l992,Majumdar

et al., 1991,Sebag and Moore, 1990).

Due to its poor sensitivity, plain radiography is not typically used as a screening

method (Rybak and Rosenthal, 2001). Plain radiography is adequate for true osteolytic

lesions of the cortex and thus useful to assess fracture risk, but the method is less useful

to identify early mixed lytic-blastic metastases of the trabecular bone (Rybak and

Rosenthal,200l,Hayward et al., 1977).It was not obvious, either qualitatively or with

quantitative evaluation of micro x-rays, that marked marrow space replacement by

metastatic melanoma had occurred. Both histology and MR images \,vere quantified from

thinly sliced regions of interest; however, digitized micro x-rays were quantified from

two-dimensional film projections of three-dimensional large thick volumes of interest.

Some of what was quantified, as cortical bone in the micro x-rays may have been

trabecular bone closely apposed to the cortex, suggesting a possible

thresholding/segmentation problem. Nevertheless, the lack of quantifiable data from plain

radiography as compared to the quantifiable histology and closely correlated quantifiable

MRI data highlights the superior sensitivity and value of MRL
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816 melanoma cells were detectable via MRI with a detection threshold of

approximately 3 cells/voxel in vivo. Results were conducted at high field strength with a

specialized radio frequency coil for the anatomy of interest (Weber et al., 2005a) and

would not be immediately transferable to clinical use. Regardless, magnetic resonance

imaging does allow for noninvasive and three-dimensional visualization of whole

organisms over time and therefore, may have a future role in screening for early bone

metastases in vivo. This concept can potentially be expanded to a large number of targets

and in vivo applications.

5.5 Breast Cancer Bone Metastases: Ex vivo MRI

versus Histology

Given the vital role of osteolysis in the pathophysiology of bone metastases,

diagnostic strategies targeted at early bone metastasis development and osteolysis were

predicted to have a greater impact on survival than current late-stage diagnosis. To our

knowledge, quantitative MRI has not been used to study breast metastases to bone in a

mouse model. Using an ex vivo standardized approach with MRI, the effect of metastatic

breast cancer on murine bone was examined and compared to the histological "gold

standard". An established model, the MDA-MB-231human breast cancer cell, generates

highly osteolytic metastases in vertebral bones and in the metaphyses of long bones

within 28 days of injection (Weber et al., 2002a). There are several other models for

human breast cancer metastases to bone, however, the structural properties of these

metastases have not been adequately charactenzed in the published literature. While the

MDA-MB-435 cell line develops node and lung metastases in over 807o of nude mice
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when inoculated into the mammary fat pad (Price et al., 1990), bone mar¡ow metastases

are produced in only 307o of mice when this cell line is introduced by intracardiac

injection (Price, 1996).

Twenty-six days after injecting ixlOs MDA-MB-231 cells into the left ventricle,

it was demonstrated with histomorphometry that breast cancer bone metastases had

seeded the hematopoietic marrow space and produced osteolytic lesions. A number of

comparisons were made between tumor and non-tumor bearing regions and spin-echo

data had the least significant change in bone structure with tumor (p < 0.05), leaving

some concerns of increased type one error. The quantified histological examination of

murine bone represented the gold standard to which MRI images of bone metastases were

compared. Histological sections were sliced in the same þlane as the MRI slices,

however, accurate alignment of the 4pm histological sections with the 200pm MRI

sections proved difficult. One limitation of our quantification technique was the high in

plane resolution of the MR images of approximately 3 cells/voxel. As. a result of the

different slice thickness between modalities and the inherent variability in the trabecular

bone architecture in space, the correlation between the two modalities was affected.

The ex vívo techniques differed from some of the literature in that the marrow

material was not removed (Gardner et al., 2001). In situ bone appears as regions of near

zero signal surrounded by regions of high signal from the soft tissues, creating a very

high image contrast between bone and other tissues. Such contrast facilitates visualization

of trabecular and cortical bone structures without requiring the removal of the

hematopoietic marrow. It was demonstrated that trabecular structure might be directly

visualized with MRI in fixed mouse bones with a volume coil. The turnor signal with
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MRI was observed to be variable between samples, yet remained distinct from both

maffow and bone, and thus allowed for the differentiation of tissue type based on

contrast. Disruption in the cortical bone as a result of tumor osteolysis was quantified.

Gradient-echo MRI quântification of the marrow space and cortical bone correlated

significantly with histology. The smallest breast cancer bone metastasis measured

0.06952mm2.

Variations in cortical bone and trabecual bone with tumor were apparent on x-ray,

and quantification of x-ray data demonstrated a relationship to the percent cortical bone

intact quantified by MRI and histology. Regardless, an improved visualization of the

tumor and quantifiable affects on the bone were more apparent with gradient-echo MRI

compared to x-ray.

This paper demonstrated a promise for small animal imaging in the study of bone

metastasis diagnosis. In particular, techniques for early diagnosis of breast cancer

micrometastases were emphasized, however, future monitoring of disease progression

and chemotherapy regimens may be possible in vivo in both animal and human studies.

Magnetic resonance microscopy is an evolving technique for quantitative three-

dimensional imaging of bone ín vivo. This technique may some day offer the possibility

to non-invasively quantify and visualize specific molecular activity in three-dimensions

in living subjects.

5.6 Summary

'We 
accept our hypothesis. Results showed that high-resolution MRI can detect

bone micrometastases and quantify tumor growth, marrow replacement, and osteolysis.

MRI could quantify normal bone microanatomy as compared to the histological gold
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standard, and could identify the effects of metastases on the bone. Both melanoma and

breast bony metastases were identified, and the effects on the bone quantified and

compared to histology and micro-xray. These encouraging results suggest that there could

be a role for MRI in the future for non-invasive study of the pathophysiology, diagnosis,

and subsequent follow up of treatment of bone metastases. Metastatic bone disease has a

significant burden of illness and further research is needed to determine the role of MRI

in the clinical setting.

The following specific conclusions can be made from this study:

l. Breast cancer is one of leading cancers affecting women and is associated with

significant morbidity and mortality. Death is typically a result of progressive

disease and metastases to distal sites. Skeletal metastases in primary breast cancer

are common with a variable time presentation after initial diagnosis of the primary

tumor. Metastatic disease from breast cancer was analyzed using a Manitoba

population-based database. In this dataset, a significant percentage of secondary

metastasis developed five years or more after initial diagnosis (1995 to 2002).Data

were obtained from the cancer registry of the province of Manitoba at Cancer Care

Manitoba. Of all cancers in women, breast cancer had the highest frequency of

metastases. A total of 2173 cases of primary breast carcinomas were seen between

1995 and L997. Although some breast cancer had metastasized at diagnosis

(33.2To), up to 9.ZVo of metastases from breast cancer did not occur until after five

years. The disease-free interval for bone metastasis ranged from before diagnosis of

the primary until up to 3179 days later (8.7 years). For primary breast cancer, the

largest proportion of metastases occurred in the skeleton (16.07o). The higher the
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TNM staged breast cancer at diagnosis (ie. stage 3 and 4), the earlier bone

metastasis occured, however bone metastases from early TNM staged breast cancer

(stage 1 and 2) did not present untill five years after diagnosis of the primary. Thus

there exists an opportunity to intervene in this patient population to lessen

morbidity and mortality associated with this disease with early radiologic diagnosis

of bone metastasis.

2. A novel quantitative evaluation using MRI was found to be an effective means to

visualize the normal variation in bone microanatomy as compared to a histological

"gold standard", and was a superior means of quantification in comparison to micro

x-ray. We devised a method to assess subtle changes in the structure of bone using

MRI. Femurs of C57Bl\6 mice were examined ex vivo using differently orientated

slices and pulse sequences on both a9.4 and 11.7 Tesla MR scanner, followed by

micro x-ray and histology. A threshold analysis technique was applied to MR

images to generate contour lines, delineating the boundaries between bone and

maffow. Optimal correlation with histological "gold standards" was obtained using

a longitudinal sectional versus a cross sectional slice profile, a short echo time

gradient-echo versus a long echo time spin-echo sequence, and a higher field

strength, Il.lT vs.9.4T. Gradient-echo images at 11.7T were acquired with a

maximum in-plane resolution of 35pm. Our results demonstrated that the percent

area of marrow increases, and percent area of trabecular bone and cortical bone

thickness decreases, when moving from the epiphyseal growth plate to the

diaphysis. These changes observed with MRI correlate with the histological data,

but did not correlate with micro x-ray data, which showed no trends. Our
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quantitative evaluation using MR microscopy was found to be an effective means to

visualize the normal variation in bone microanatomy as compared to a histological

"gold standard", and was a superior means of quantification in comparison to rnicro

x-ray.

3. Our quantitative evaluation of both ex vivo and in vivo MRI was found to be an

effective means to visualize non-invasively the normal variation in trabecular and

cortical bone as compared to a histological "gold standard". Measurements of bone

morphometry and remodeling have been shown to reflect bone strength, and can be

used to diagnose degenerative bone disease. In this study, in vivo and ex vlvo MRI

techniques to assess trabecular and cortical bone properties have been compared to

each other and to histology as a novel means for the quäntification of bone. Femurs

of C57Bl\6 mice were examined both ln vivo and ex vivo on an 11.7 Tesla MRI

scanner, followed by histologic processing and morphometry. A thresholding

analysis technique was applied to the MRI images to generate contour lines and to

delineate the boundaries between bone and marrow. Using MRI, an optimal

correlation with histology was obtained with an in vivo longitudinal sectioned short

echo time gradient-echo versus an in vivo long echo time spin-echo sequence or an

ex vivo pulse sequence. Gradient-echo images were acquired with a maximum in-

plane resolution of 35pm. Our results demonstrated that in both the in vivo and ex

vivo data sets, the percent area of marrow increases, and percent area of trabecular

bone and cortical bone thickness decreases, when moving from the epiphyseal

growth plate to the diaphysis. These changes observed with MRI correlate with the

histological data. Investigations using ín vivo MRI gradient echo sequences
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consistently gave the best correlation with histology. Our quantitative evaluation

using both ¿¡ vivo and in vivo MRI was found to be an effective means to visualize

non-invasively the normal variation in trabecular and cortical bone as compared to a

histological "gold standard". The experiments validated in vivo MRI as a potential

high-resolution technique for investigating both bone and soft tissue, such as

marrow, without radiation exposure.

4. Quantitative evaluation using in vivo MRI was found to be an effective means to

visualize with high-resolution both the normal variation in bone microanatomy and

the effects of metastatic melanoma as compared to histology and micro x-ray. Bone

is a frequent site for the growth of metastatic tumors in patients with many common

neoplasms. Despite the magnitude of this problem,-cuffent imaging modalities are

only able to identify these lesions at a late stage in their evolution, a time when

curative treatment is difficult or impossible. Using MRI as a noninvasive means we

were able to identify subtle structural changes in nor-ul bone as well as the

changes associated with metastatic melanoma of the bone. These MRI observations

were compared to observations made with micro x-ray and histology. Intracardiac

injection of lx10s Bl6Fl melanoma cells was used to induce bone metastases. The

femurs of C57Bl\6 mice with 816F1 metastases were examined in vlvo using a

multi transverse sliced two-dimensional gradient-echo and spin-echo pulse

sequence on an I1.7 Tesla MRI scanner. These bones were then examined by micro

x-ray and histomorphometry. A thresholding analysis technique was applied to MRI

images to generate contour lines and delineate the boundaries between bone,

marrow, and metastatic tumor. Gradient-echo images were acquired with a

186



maximum in-plane resolution of 35pm. MRI demonstrated that metastatic

melanoma replaced the marrow space, while the cortical bone integrity was

preserved. Early metastatic bone lesions measuring -0.341m-t *ere identified with

gradient-echo images. Quantitative evaluation using in vivo MRI was found to be an

effective means as compared to histology and micro x-ray to visualize with high-

resolution both the normal variation in bone rnicroanatomy and the effects of

metastatic melanoma.

5. Death in a patient with breast cancer is typically a result of the disease process and

metastases to distal sites including the bone. Presently there are no means to

diagnose bone metastases at an early and potentially treatable stage. An established

animal model was used in this study whereby intracardiac injection of 1x10s MDA-

MB-231 human breast cancer cells generated highly osteolytic metastases in the

metaphyses of long bones within 26 days of injection. Using MRI, a noninvasive

means was devised to assess and compare with histology and x-ray, structural

changes associated with metastatic MDA-MB-231 cells in bone. The femurs of

Balb c nu/nu mice with MDA-MB-231 metastases were examined ex vivo using a

multi axial sliced two-dimensional gradient-echo and spin-echo pulse sequence on

an llJ Tesla MRI scanner. These bones were subsequently examined by x-ray and

histomorphometry. A modified thresholding analysis technique was applied to MR

and histological images to generate contour lines and delineate the boundaries

between bone, marrow, and metastatic tumor. Gradient-echo images of bone

metastases were acquired with a maximum in-plane resolution of 35pm. Results

identified and demonstrated that metastatic MDA-NÍB-23I decreased the normal
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trabecular bone architecture by four fold (p < 0.01) and increased the osteoclast

count nearly twenty fold (p < 0.01). Gradient-echo (p < 0.01), as opposed to spin

echo data, compared better to histology while both MRI imaging techniques offered

improved bone morphometry quantification when compared to x-ray. The smallest

breast cancer bone metastasis identified measured 0.06952mm2. Quantitative

evaluation using MRI was found to be an effective means to visualize with high-

resolution MDA-MB-231 breast cancer metastases in bone as compared to

histology.

Quantitative MRI has not previously been used to study human subjects at risk of

developing breast cancer metastases to bone. Our results are encouraging, and generate

many questions that can be studied in human subjects in future clinical trials. Is MRI a

sensitive and specific modality in humans to detect early micrometastsis to bone? If so,

is this imaging modality cost effective, and does it have an impact on "hard" clinical

endpoints like mortality? This technique may have its greatest clinical applicability in

imaging bones of the extremities or bones within 1 cm of the body surface, which are

amenable to high-resolution micro imaging of their trabecular structure. The iliac crest is

one potential site for long term follow-up in a future study. It is of relevance as it is the

site of bone marrow aspiratation and is a common site for the metastsis of breast cancer

cells. Alternatively, an esophageal high-resolution surface-coil may offer a higher signal

to noise ratio and improved bone characterization in both normal and vertebral bone

metastasis than could an external surface- or volume-coil.
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