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ABSTRACT

Phosphorus Magnetic Resonance Spectroscopy of Human 

Breast Cancer and Therapeutic Moduiation

This thesis examines the use of 3 ip  MRS to monitor the response to 

therapy in human breast cancer, and ways of modulating drug 

resistance that would be suitable for monitoring with 3 ip  MRS.

Patients with breast cancer were studied using MRS with the 

aim of elucidating the mechanism for therapy induced changes in 

phosphomonoester (PME). There was a strong relationship between 

tumour proliferation and PME/yATP due to a significant correlation 

for aneuploid tumours. The source of PME is unlikely to be due to 

cell signalling as there was no relationship between PME and EGFr.

3 ip  MRS of perchloric acid extracts of both malignant and normal 

breast demonstrated that a large contribution to the PME peak is 

from phosphoethanolamine (PE) and to a lesser extent from 

phosphocholine (PC). As the concentration of PE and PC varied 

markedly between tumours, PME relative to yATP may be indicative 

of intracellular levels, particularly as cellular ATP is tightly 

regulated. There was no relationship between the concentration of 

PE and PC and the respective phospholipids, phosphatidylcholine 

(PtdC) and phosphatidylethanolamine (PtdE) measured from 3 ip  MR 

spectra of chloroform/methanol extracts.

The technical limitations of ^ ip  MRS indicate that it may only be 

applicable for monitoring therapy in large tumours, assessing novel



agents and their metabolic effects. Studies with cultured human 

breast cancer cells are useful for identifying factors that could be 

important in determining chemosensitivity in vivo. Transient 

adriamycin resistance induced by hypoxia in rodent V79 cells was 

not observed in both human MCF-7 breast cancer lines with 

markedly different adriamycin sensitivity. For MCF-7/AdrR and 

MDA-468 expressing high levels of EGFr, sensitivity to adriamycin 

was not modulated by EOF, although the growth of MDA-468 was 

inhibited by EOF.
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CHAPTER I 

GENERAL INTRODUCTION

1.1 BREAST CANCER

1.1.1 EPIDEMIOLOGY

Breast cancer is the commonest cancer in women with an annual 

mortality rate in the UK of over 14,000 (OPOS, 1992). In the 

industrialised world, it is the major cause of death in middle-aged 

women of 35-55 years (Parkin et al., 1988), where there has been 

an increase in the mortality rate in the last decade (Davis et al., 

1990). An average women has a one in eleven chance of developing 

breast cancer during her life (International Union Against Cancer, 

1982). Rates of incidence and mortality from breast cancer are 

about five times higher in North America and Northern Europe than 

in Africa, Asia and Japan. In Japanese immigrants to the USA, their 

risk of developing breast cancer is doubled (Stanley et al., 1988), 

suggesting environmental as well as genetic factors in the 

aetiology of breast cancer. The fat content of the diet may be an 

important factor (Carroll et al., 1975, Armstrong and Doll., 1975). 

Genetic factors are implicated in about 5% of cases of breast 

cancer. The risk is increased three-fold if the mother or sister 

developed breast cancer before the age of 50 (Bain et al., 1980). 

The risk is increased further if the relative had bilateral disease 

(Anderson, 1985) or if more than one first degree relative was 

affected at an early age (Bain et al., 1980). The risk factors of 

early age at menarche and delayed age of menopause (Henderson et
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al., 1988) indicates that oestrogen activity is involved in the 

pathogenesis. This is supported by the reduction in incidence of 

breast cancer with oophorectomy at an early age (Under 35 years) 

(Trichopoulos et al., 1972). Nulliparous women and those delaying 

their first full term pregnancy to after the age of thirty also have 

an increased risk (MacMahon et al., 1970).

1.1.2 PATHOLOGY

The breast comprises skin, subcutaneous tissue and breast tissue. 

The breast tissue contains parenchyma surrounded by stroma. The 

parenchyma is divided into 15 to 20 lobes that converge at the 

nipple in a radial arrangement. Each lobe contains 20 to 40 lobules. 

Each lobule consists of 10 to 100 alveoli or tubulosaccular 

secretory units arising from small ducts or ductules. The ductules 

drain into larger ducts with between 5 and 10 large ducts opening 

at the nipple. (Parks, 1959). The stroma contains fat, fibroblasts, 

nerves, blood and lymphatic vessels. In the adult breast, the ducts 

and alveoli are lined by multilayered epithelium. Three alveolar 

cell types are described. The major cell type is the basal or chief 

cell. There are also superficial or luminal cells and myoepithelial 

cells. The latter are located around alveoli and small excretory 

milk ducts.

Breast cancer arises from the ductal epithelium and invades the 

surrounding stroma, forming irregular clumps of cells. The 

microscopic appearance is varied and is the basis of the 

histological classification (WHO, 1981). The most common 

histology is invasive ductal carcinoma accounting for about 70% of
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cases. Variable fibrosis of the stroma and foci of necrotic cells is 

observed.

The second most common breast cancer representing 10-15% of 

cases is invasive lobular carcinoma . This arises from the small 

end ducts and invades the stroma as sheets of cells forming an 

"indian file pattern”. There are several types of breast cancer 

arising from the large ducts with distinct histological appearance. 

Medullary carcinoma, comprising 5-7% of cases, is characterised 

by an extensive infiltration of small lymphocytes. Tubule 

formation is observed in the tubular carcinoma and represents 

about 1% of cases. Large amounts of extracellular mucin is present 

in about 3% of cases and is classified as the mucinous or colloid 

carcinoma. Less than 1% of invasive tumours are papilla ry  

carcinoma. Some breast cancers contain a mixture of histological 

types.

Breast cancer is a heterogenous tumour with widely variable 

growth rate and pattern of metastatic spread. Medullary and 

tubular carcinoma are characterised by a favourable prognosis. 

Inflammatory carcinoma is particularly aggressive and has a 

distinct microscopic and clinical appearance. Tumour cells 

infiltrate the subdermal lymphatics and there is erythema and 

tenderness of the whole breast. However, in most cases the 

histological type is unhelpful in predicting the clinical outcome or 

prognosis and the histological grade is far more important. The 

commonly used Scarff-Bloom-Richardson system of histological 

grading (Bloom and Richardson, 1957, Scarff and Toroni, 1968) is 

based on the degree of architectural differentiation or extent of

21



tubule formation, nuclear pleomorphism and the mitotic rate. The 

prognosis is better for grade I tumours with 20 year survival rate 

of 41% compared with 26% for grade II and 21% for Grade III 

tumours (Bloom and Field, 1971).

1.1.3 STAGING

Staging provides prognostic information and aids in planning 

treatment. It also permits comparison of results obtained by 

different treatments or at different centres. There are several 

staging systems for describing the extent of breast cancer at 

diagnosis. The early staging systems were based on clinical 

findings and include the Manchester System (Patterson, 1953) and 

the Columbia Clinical Classification (Haagenson, 1943). Modern 

staging systems also include pathological information which are 

more reliable for assessment of tumour size and the axillary lymph 

node status. The most commonly used system has been adopted by 

the International Union Against Cancer (UICC) (SpiessI et al.,1990) 

and the American Joint Commission on Cancer Staging and End 

Results Reporting (AJC) (Beahrs et al., 1987). It is based on the 

TNM classification or the size of the primary tumour (T), the 

absence or presence and extent of regional node métastasés (N) and 

the absence or presence of distant métastasés (M) as outlined in 

Appendix 2. The TNM categories can also be condensed into four 

stage groupings. Tumours less than or equal to 2cm in diameter 

(T1) are in Stage I and those with distant métastasés (M l) in Stage 

IV. Stage II contains larger tumours (T2, 3 and NO) and tumours 

with mobile axillary node métastasés (T 0-2 and N1). Stage III 

tumours have fixed axillary node métastasés (TO-3 and N2) or
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internal mammary node métastasés (Any T and N3) or the primary 

tumour has spread to the adjacent chest wall or overlying skin (T4 

and any N). There is, however, a major limitation to the use of this 

shorthand staging system. Stage II and III contains node negative 

disease which has a more favourable prognosis than node positive 

disease and is reflected in the overlap between the range of 5 year 

survival reported for each stage (Cutler, 1974). Moreover, the 

disadvantage of the shorthand staging system is that it is often 

misused where Stage I is used for node negative and Stage II for 

node positive patients, thereby causing misinterpretation and 

confusion.

1.1.4 PROGNOSTIC MARKERS

Although the majority of patients with breast cancer present with 

operable or early stage disease, many have distant 

micrometastases as about a third will die within 5 years of 

treatment with surgery plus or minus adjuvant radiotherapy. 

Prognostic markers are useful in identifying patients at high risk 

of relapse and therefore selecting patients for adjuvant therapy. 

This is associated with a modest improvement in long term 

survival of up to 10% (Early Breast Cancer Trialists' Collaborative 

Group, 1992a, 1992b). However, many patients will still develop 

metastatic disease and require systemic therapy. A number of 

prognostic factors have been recognised for predicting response to 

therapy.
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1) EARLY BREAST CANCER

The single most important adverse prognostic marker is spread to 

the axillary lymph nodes, where typical ten year survival rates are 

25% compared with 70% for node negative cases (Fisher et al.,

1975, Bonadonna et al., 1985, Early Breast Cancer Trialists' 

Collaborative Group, 1992a, 1992b). As well as the presence of 

lymph nodes, the actual number of lymph nodes involved, 

independent of the number surgically sampled is very important 

(Fisher and Slack, 1970, Nemoto et al., 1980). The ten year survival 

drops from 36% for up to 3 positive nodes, to 14% for cases with 

more than 4 positive nodes (Fisher et al., 1975). However, cases 

with axillary node micrometastases or deposits less than 2mm 

diameter have the same prognosis as node negative cases (Huvos et 

al., 1971, Fisher et al., 1978). The incidence of axillary node 

métastasés is related to the size of the primary tumour. 25% of 

tumours up to 2cm diameter are node positive and the increase in 

percentage roughly parallels the increase in size (Rilke, 1984).

Other independent markers of prognosis are the size of the primary 

tumour (Fisher et al., 1969, Brinkley and Haybittle, 1975) and the 

histological grade (Bloom and Field, 1971) as discussed earlier.

The combination of stage and histological grade forms the basis of 

the Nottingham prognostic index and can distinguish highly 

aggressive disease from breast cancer that runs a more indolent 

course (Todd et al., 1987).

24



The expression of oestrogen receptor (ER) Is associated with a 

favourable prognosis (Knight et a!., 1977). ER positive tumours tend 

to have a low thymidine labelling index and hence proliferative 

activity (Meyer et al., 1977, Silvestrini et al., 1979), and are 

associated with well differentiated histology (Fisher et al., 1981). 

The proportion of ER positivity in the primary tumour increases 

with age such that about 70% of patients over the age of 70 have 

ER positive tumours (Elwood and Godolphin., 1980).

Epidermal growth factor receptor (EGFr) is expressed in about 50% 

of breast cancers (Klijn et al., 1992). There is an inverse 

correlation between ER and EGFr in many studies of breast cancer 

(Sainsbury et al., 1985, Lewis et al., 1990, Klijn et al., 1992). High 

levels of EGFr are associated with a high growth fraction (Toi et 

al., 1990), high S phase fraction (Walker and Camplejohn, 1986) and 

a more aggressive clinical course (Sainsbury et al., 1987, Lewis et 

al., 1990). In some studies, EGFr was more often expressed in 

poorly differentiated tumours (Bolufer et al., 1990, Toi et al., 

1990).

Proliferative activity measured by the percentage of cells in the 8 

phase of the cell cycle (SPF), using thymidine labelling or DMA flow 

cytometry, is predictive of aggressive tumour growth, early 

relapse and poor survival (Kallioniemi et al., 1987, Medley et al., 

1987, Toikannen et al., 1989, Tubiana and Courdi,1989). Flow 

cytometry shows that up to 80% of breast cancers have an 

abnormal DMA content or ploidy. Most tumours have an increase in 

DMA content or aneuploidy and less than 10% exhibit hypoploidy. 

Aneuploid tumours tend to have higher SPF than diploid tumours
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(Dressier et al., 1988, Christov et al., 1989). Many studies report 

an association between aneuploidy and ER negativity (Moran et al., 

1984, Dressier et al., 1988, Kallioniemi et al., 1988) and poor 

histological grade (Meyer et al., 1986, Fallenius et al., 1988, 

O'Reilly et al., 1990). Frequently, an association with tumour size 

(Meyer et al., 1986, Christov et al., 1989) or nodal status 

(Toikkanen et al., 1989, Dressier et al., 1988) has also been 

observed. Ploidy can also predict for poor prognosis (Medley et al., 

1987, Cornelisise et al., 1987).

Other adverse prognostic markers that have been identified are 

overexpression of the oncogene erbB-2 (Slamon et al.,1987, 

Winstanley et al.,1991) and high levels of the enzyme cathepsin D 

(Tandon et al., 1990).

2) ADVANCED BREAST CANCER

Factors predicting for poor survival in advanced breast cancer are 

the site of métastasés and tumour bulk as reflected by the number 

and size of métastasés (Cutler et al., 1969). The prognosis is 

poorer for visceral disease (lung, liver, abdominal cavity and brain) 

than for bone or local disease.

It is well established that ER positive tumours are more likely to 

respond to endocrine therapy (McGuire et al., 1975) but this has no 

predictive value for chemotherapy (Bonadonna et al., 1980, Rubens 

et al., 1980). Other features predicting response to endocrine 

therapy are a long disease free interval between presentation and 

relapse of at least 2 years; disease limited to skin, soft tissue and
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bone (Henderson, 1984); and the level of EGFr (Nicholson et al., 

1989). Extensive disease and poor performance status are 

indicative of a poor response to any treatment. Tumours with high 

SPF values have a higher response rate to chemotherapy (Remvikos 

et al., 1989) as the activity of most cytotoxic drugs is against 

proliferating cells.

1.1.5 TREATMENT

1) EARLY BREAST CANCER

The mainstay of treatment of early stage breast cancer is surgery. 

The primary breast tumour and level I axillary nodes are removed 

by a total or Patey mastectomy. Similar local control can be 

achieved by removal of the breast lump followed by radiotherapy 

(Tobias, 1986). Adjuvant therapy is appropriate for patients with 

axillary node métastasés and is considered for others with adverse 

prognostic markers. Meta-analysis of all adjuvant therapy trials 

with a total of 65,000 women, as performed by the Early Breast 

Cancer Trialists' Collaborative Group (1992a,b) clearly 

demonstrates that the use of adjuvant treatment results in a 16- 

25% reduction in the annual mortality rate. These results are 

highly significant at 10 years of follow-up. In women aged under 

50, combination chemotherapy and ovarian ablation appear to be of 

comparable efficacy. For older women aged 70 and above, 

tamoxifen is effective but chemotherapy has not been evaluated. 

For women between ages 50 and 69, chemotherapy plus tamoxifen 

is better than tamoxifen alone.
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About 20% of patients present with locally advanced or Stage III 

breast cancer. These are difficult to remove surgically as there is 

extensive disease in the breast with attachment to adjacent 

tissues, and/or in the draining lymph nodes. Local control in up to 

50-60% of cases can be achieved with radiotherapy. Doses of at 

least 60Gy in 6 weeks are required. The addition of concomitant 

systemic therapy has been shown to increase the rate of local 

control to 77% (Harris et al., 1983) and is often the preferred 

treatment regime. The role of surgery in the setting of neo

adjuvant chemotherapy to debulk the tumour achieves similar 

control rates as radiotherapy (Valagussa et al., 1983). The addition 

of radiotherapy post-operatively may be appropriate in some cases, 

particularly where the surgical excision margin is close to 

residual tumour in the breast.

Neo-adjuvant chemotherapy and radiotherapy is also considered for 

those women with early breast cancer wishing to avoid surgery and 

conserve their breast.

Elderly women with operable disease, who are not good candidates 

for a general anaesthetic, can be effectively treated with 

endocrine therapy (Preece et al., 1982, Bradbeer et al., 1983, Allan 

et al., 1985, Gazet et al., 1988). However, one randomised control 

trial (Robertson et al., 1988) reported that tamoxifen was less 

effective than surgery for controlling the primary tumour. Thus, 

the use of markers for selecting patients who are likely to respond 

to tamoxifen would be very useful. In addition, careful monitoring 

of response to tamoxifen with surgery for resistant disease is 

required for optimal treatment planning. The likelihood of response
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can be predicted from levels of ER determined from 

immunocytochemistry of fine needle aspirate and therefore 

avoiding surgical biopsy (Gaskell et al., 1989). EGFr is associated 

with failure of endocrine therapy for operable breast cancer 

(Nicholson et al., 1988) and can also be measured by 

im m unocytochem istry.

2) ADVANCED BREAST CANCER

Many patients with early breast cancer will relapse with 

metastatic disease and a small proportion of women with breast 

cancer present with advanced disease. It is well established that 

systemic therapy provides useful palliation of symptoms and an 

improvement in the quality of life. There are an array of treatment 

options which can be considered under the categories of endocrine 

therapy, cytotoxic chemotherapy and biological response modifiers. 

The choice of treatment is based on the site and extent of disease 

and is also influenced by the general performance status and the 

age of the patient. The level of ER is indicative of response to 

endocrine therapy but only about 60% of patients will show a 

response (Hawkins, 1985). Conversely, about 5-10% of ER negative 

tumours will respond to endocrine therapy (Allegra et al., 1980, 

Young et al., 1980). Tamoxifen is well tolerated by patients of all 

ages with few side effects, and, therefore, it is widely used as 

first line treatment. As regression of tumour is slow, 

chemotherapy is given for life threatening disease in the liver, 

lung (lymphangitis carcinomatosis) and peritoneal cavity. Response 

can be assessed within 3-4 weeks or after a couple of courses of 

chemotherapy. Chemotherapy is also considered for patients with
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rapidly progressive disease, indicative of rapid proliferation, 

particularly in young women.

3) ENDOCRINE THERAPY

George Beatson (1896) first reported regression of breast cancer 

in premenopausal women following surgical removal of the ovaries, 

demonstrating the therapeutic value of manipulation of the 

endocrine status. Ovarian function can also be successfully ablated 

by radiotherapy. The discovery of the anti-oestrogen, tamoxifen 

has revolutionised the treatment for breast cancer as it is 

virtually free of side-effects and is active in both premenopausal 

and postmenopausal patients. It is now the first line endocrine 

trea tm ent.

The effects of tamoxifen are mediated by competitive binding with 

the ER and inhibition of the action of oestrogen (Jordan and Dowse, 

1976). The ER is located in the nucleus (Welshons et al., 1984). 

Binding of oestrogen to ER affects DMA transcription (Beato, 1989) 

and proliferation is stimulated by the release of growth factors: 

transforming growth factor a (TGFa), epidermal growth factor 

(EGF) or insulin like growth factor ( IGF-1) (Dickson and Lippman, 

1987). These allow the cell to progress through restriction points 

in the G1 phase of the cell cycle (Lippman, 1985). Tamoxifen 

inhibits the production of these stimulatory factors and increases 

the production of transforming growth factor p (TGFp) (Knabbe et 

al., 1987), which is inhibitory for epithelial cells (Keski-Oja et 

al.,1987). Cells accumulate in G1 with a reduction in the other 

phases of the cell cycle (Sutherland et al., 1983). There is a
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decrease in the growth fraction. An increase in cell death due to 

activation of preprogrammed cell death or apoptosis has been 

observed following oestrogen ablation (Kyprianou et al., 1991) and 

with antioestrogens (Bardon et al., 1987). In culture, tamoxifen is 

tumoricidal at high concentrations by a direct toxic effect 

(Sutherland et al.,1983) and can inhibit protein kinase C (O'Brian et 

al., 1985). However, it is debatable whether this effect is seen 

during therapy and the mechanism for tumour regression is not 

fully understood.

TGFp is chemotactic for dermal fibroblasts at concentrations much 

lower than that required for growth inhibition (Moses et al., 1990). 

At higher concentrations, TGFp is no longer chemotactic and 

inhibits cellular proliferation. It is possible that fibroblasts 

migrate into tumours and when they reach areas of high TGFp, they 

stop moving and growing and differentiate to produce stroma. This 

would explain why tumour size is slow to change or does not 

change with tamoxifen therapy.

Second line therapy may be with progestins, aminoglutethimide or 

analogues of gonadotrophin releasing hormone.High doses of 

synthetic progestins induce tumour regression but the mechanism 

of action is not clearly understood. High doses of 

medroxyprogesterone have been shown to suppress the level of 

oestrogen as well as follicle stimulating hormone and luteinising 

hormone in post menopausal women (Blossey et al., 1984).

Aminoglutethimide was thought to act by inhibiting the synthesis 

of pregnenolone from cholesterol, an essential precursor of all
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steroid hormones, In the adrenal gland. It is more potent at 

inhibiting the peripheral conversion of androstenedione to oestrone 

and oestradiol by the aromatase enzyme. This is the major source 

of oestrogens in the post menopausal woman. Aminoglutethimide is 

ineffective in pre-menopausal women (Santen, 1981).

The newest forms of agents for endocrine therapy are analogues of 

gonadotrophin releasing hormone, usually luteinising hormone 

releasing hormone agonists or antagonists. They inhibit the 

pituitary production of follicle stimulating hormone and 

luteinising hormone after an initial transient rise (Santen, 1986) 

with consequent fall in oestrogen levels.

The response rate and duration of response is similar for all 

endocrine agents but their toxicity is variable. The median duration 

of response is usually in the range of 12 to 18 months but a few 

patients have responses as long as 3 to 10 years. Bone métastasés 

appear to respond more frequently to aminoglutethimide than 

tamoxifen (Smith et al., 1981, 1982). About 50% of patients 

relapsing on tamoxifen after an initial response will gain a further 

remission with second line therapy and around 20% of those not 

responding to tamoxifen will gain a benefit from other hormonal 

agents.

Although the ER status is predictive of response to endocrine 

therapy, it is not infallible. The rate of change of tumour size is 

slow and efficacy of treatment can often not be determined before 

12 weeks. In a proportion of cases there is stabilisation of disease 

and no significant change in tumour size. The survival is similar 

for patients achieving complete or partial response and
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stabilisation of disease. These patients live longer than non 

responding patients (Powles, 1983). It is clinically valuable to be 

able to monitor response to therapy. Assessment of size alone is 

not satisfactory and patients with disease stabilisation may be 

changed inappropriately to alternate therapy.

4) CYTOTOXIC CHEMOTHERAPY

Cytotoxic drugs active against breast cancer belong to the classes 

of alkylating agents (cyclophosphamide, melphalan, chlorambucil), 

anti-metabolites (5-fluorouracil, methotrexate), vinca alkaloids 

(vincristine) and anthracycline antibiotics (adriamycin, epirubicin). 

The response rate to single agents is in the region of 20-40% with 

median duration of response between 9 to 12 months. Adriamycin 

is the single most active drug. The response rates can be increased 

to 50-60% by combining drugs but at the cost of increased toxicity. 

A commonly used regime contains cyclophosphamide, methotrexate 

and 5-fluorouracil (CMF). Adriamycin combinations induce higher 

response rates but have greater side effects (Henderson, 1991).

The dose and frequency of combination regimes have been shown to 

influence the response rates and survival. The response to standard 

dose CMF was 30% and significantly better than the 11% response 

rate with the low dose regime (Tannock et al., 1988). However, in 

other studies, an improvement in response rate with dose 

escalation did not translate into a survival benefit (Malik et al., 

1982, Hortobagyi et al., 1989) and in some regimes was associated 

with marked toxicity.
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The aim of systemic therapy is palliation and optimisation of 

quality of life with minimal cost to the patient. Therefore, the 

increased toxicity to achieve a higher response rate with possible 

improvement in survival may not be acceptable in some patients.

The development of drug resistance is a major problem in the 

treatment of breast cancer. Tumours can demonstrate primary 

resistance or develop resistance after an initial response. It is not 

possible to predict which drugs are active before starting 

treatment and assessment of efficacy by measuring change in 

tumour size is slow. Some patients, therefore, experience 

unnecessary side effects from ineffective drugs. In responding 

patients, the optimum duration of treatment is not clear. Clearly, 

better methods for monitoring therapy are required in order to 

optimise the management of breast cancer and thereby the quality 

of life for all patients.

Second line chemotherapy for relapsing patients is often 

ineffective. Advances in understanding the molecular basis of drug 

resistance in cancer have led to new targets for chemotherapy 

(Dickson and Gottesman, 1990, Powis et al., 1990, Tritton and 

Hickman, 1990) and are discussed later in section 1.3.

5) MONITORING THERAPY

New methods for monitoring drug therapy are required not only in 

the routine clinic for neo-adjuvant or palliative therapy but also in 

the setting of drug development and clinical trials. Current 

methods are limited as they are based on measuring size which
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may show a slow rate of change with treatment, particularly 

endocrine therapy. Magnetic resonance spectroscopy (MRS) offers a 

unique tool for studying tumour metabolism and the potential for 

improving monitoring of therapy.

The decision about whether a new drug is effective enough to 

warrant large scale studies is based on phase II clinical trials 

since studies of transplantable animal tumour systems are not 

predictive in humans. A range of representative tumours are 

studied as it is not feasible to study every tumour type that may 

respond to the new drug. These include breast cancer, lung cancer, 

colo-rectal cancer, melanoma, acute leukaemia and lymphoma 

(Carter, 1988). The new drug is either compared with standard 

treatment or no treatment if conventional chemotherapy is of no 

benefit. Response is assessed by change in size of measurable 

disease but this may be small or delayed, particularly if the new 

drug is cytostatic rather than cytocidal. As the new drug is tested 

in a small number of patients, there are high rates of false- 

positive and false-negative results. A positive study will be 

repeated and the drug dropped if not useful. A false-negative study 

is rarely repeated and means that a potentially useful drug is not 

evaluated in larger studies for clinical use. MRS may be of value in 

some tumours by its ability to detect early biochemical changes 

and would have a very useful role in evaluating agents inhibiting 

growth where change in size may be delayed. It could also aid in 

evaluation of the most efficacious dose in dose-response studies 

such as for new anti-oestrogens.
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1.2. MAGNETIC RESONANCE SPECTROSCOPY

1.2.1 HISTORICAL DEVELOPMENT

Bloch and Purcell independently first described MR in 1946. The 

early studies of biological systems were of isolated tissue 

preparations using MRS. The sensitivity of MR and the quality of 

the spectra were dramatically increased with the development of 

high field superconducting magnets and Fourier transform nuclear 

magnetic resonance. Damadian, in 1971, reported that ‘•H MR 

spectra of rat tumours differed from normal tissue and suggested 

that MRS may, therefore, be useful in the diagnosis of cancer. In 

1973, Moon and Richards obtained high resolution MR spectra of 

intact red blood cells. They detected signal from adenosine 

triphosphate (ATP), inorganic phosphate (Pj) and 2,3- 

diphosphoglycerate. They demonstrated how intracellular pH could 

be measured from the chemical shift of Pj. MRS has been used 

to study metabolic pathways (Eakin et al., 1972). The metabolism 

of perfused isolated organs (muscle, heart, kidney and liver) was 

successfully studied using 3 ip  MRS in the 70's (Garlick et al.,

1977, Sehr et al., 1977). Localisation of the MR signal from organs 

in the intact animal was first achieved by surgically implanting 

the coil (Ackerman et al., 1980a). Advances in coil design and 

magnet technology allowed localisation of the MR signal to the 

organ of interest and study of spatial distribution of metabolites 

(Ackerman et al., 1980b, Gordon et al., 1980, Freeman et al., 1989). 

Clinical studies have been possible in the last 10 years since the 

production of wide bore magnets. Griffiths and colleagues (1983) 

first described an in vivo^^P  MR spectrum of a sarcoma in the
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human hand. In 1986, Luyten and den Hollander described the first 

1H MR spectrum of human brain. During this relatively short time, 

there have been advances in the understanding of the biochemical 

basis of human disease. The power of MRS, however, is the ability 

to study the dynamics of human biochemical processes in vivo.

1.2.2 31 p MRS

The in vivo 3 ip  MR spectrum provides information on intracellular 

compounds containing phosphorus and intracellular pH (Radda et al., 

1989). Phosphocreatine (PCr), ATP and Pi are involved in energy 

transfer within the cell. The levels of these compounds are 

determined in part by the balance between substrate supply and 

energy demand. The phosphomonoester (PME) compounds: 

phosphocholine (PC) and phosphoethanolamine (PE) are biosynthetic 

intermediates for membrane phospholipids and in some cells, can 

be produced during growth factor signalling. The phosphodiester 

(PDE) peak in vivo has a contribution from phospholipids and 

compounds released during membrane phospholipid degradation: 

glycerophosphocholine (GPC) and glycerophosphoethanolamine 

(GPE). 31 p MRS studies of malignant tissue have demonstrated a 

variety of biochemical abnormalities. These are discussed below 

with reference to the potential of selecting anti-cancer treatment, 

monitoring the effectiveness of treatment and detecting the 

development of drug resistance.
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1.2.3 BIOENERGETICS

Cellular hypoxia is an established cause of resistance to ionising 

radiation (Bush et al., 1978, Dische et al., 1983, Overgaard et al., 

1986) and may also be an important determinant of the success of 

cytotoxic chemotherapy (Smith et al., 1980, Wilson et al., 1989a). 

Micro-electrodes used to measure tumour oxygenation are not 

suitable for routine clinical use as they are invasive and can cause 

trauma. Non invasive measurement of tumour hypoxia would be an 

invaluable tool for selecting appropriate therapy. For example, 

bioreductive drugs and some cytotoxic agents are selectively toxic 

to hypoxic cells (Teicher et al., 1981).

Studies in animal tumours show changes in PCr, ATP and Pi with 

growth and therapy. As a tumour enlarges, there is a reduction in 

PCr and ATP. Eventually only Pj and PME is observed (Okunieff et 

al., 1986, Rofstad et al., 1988). These changes in the energy status 

of the tumour have been attributed to increasing hypoxia as the 

tumour outgrows its blood supply. For some tumour types, there is 

a linear relationship between tumour volume and tumour 

intracapillary oxyhaemoglobin saturation measured by 

cryospectrophotometry (Rofstad et al., 1988). There is also a 

direct relationship between the relative level of pATP and 

PATP+PCr to total phosphorus and oxyhaemoglobin saturation. 

However, this relationship is not identical for different tumour 

types and ^ ip  MRS is not predictive of the fraction of 

radiobiological hypoxia (less than ImM oxygen in solution or less 

than 10mm Hg).
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31P MRS may, however, be useful in monitoring physiological 

manipulation of tumour oxygenation in order to enhance the 

response to radiotherapy and certain drugs. The tumour vasculature 

consists of a mixture of pre-existing host vessels and new vessels 

stimulated by angiogenesis factors released by tumour cells. The 

new vessels are often poorly developed with severe structural 

abnormalities, particularly in fast growing tumours (Vaupel et al, 

1989). The control of blood perfusion is, therefore, dependent upon 

the systemic circulation. Calcium antagonists, flunarizine and 

nicotinamide, enhance the response to ionising radiation in murine 

tumours by increasing oxygen levels due to an increase in tumour 

perfusion (Horsman et al., 1988, Wood and Hirst., 1989). The 

reduction in the ratio of Pj to total phosphorus followed a similar 

time course to that for radiosensitisation (Wood et al., 1991). In 

contrast, hypoxia in murine tumours is induced by high doses of the 

vasodilator hydralazine, with potentiation of the activity of 

bioreductive drugs (Chaplin and Acker., 1987). Reversible increase 

in the level of Pj with a corresponding decrease in ATP has been 

detected by 3 ip  MRS of a range of tumours (Okunieff et al., 1988, 

Dunn et al., 1989, Bremner et al., 1991a). An increase in Pj/total 

phosphorus has also been observed after BW12C, a drug that 

reduces oxygen delivery to the cells by shifting the oxygen 

dissociation curve to the left (Bremner et al., 1991b). The increase 

in the level of Pi was about 60% of that seen with hydralazine and 

other treatments reducing the blood supply e.g. clamping and 

tumour necrosis factor, suggesting that supply of nutrients is also 

affecting the change in the 3 ip  MR spectrum for agents reducing 

tumour perfusion.
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Changes in energy metabolism may be involved in drug resistance. 

Human cancer cell lines selected in vitro for resistance to 

adriamycin exhibit the multidrug resistance (MDR) phenotype and 

are cross resistant to other drugs. Resistance is often due to 

increased drug efflux by the ATP dependent P-glycoprotein 

membrane pump (Horio et al., 1988, Azzaria et al., 1989). However, 

many biochemical changes are observed and increased drug 

detoxification could also play an important role in drug resistance. 

Both these processes require energy. The 31p m r  spectra of 

resistant cell lines show higher levels of PCr compared with the 

parent cell lines (de Jong et al., 1991, Cohen et al., 1986). This is 

achieved by an enhanced rate of glycolysis in the human breast 

cancer cell line, MCF-7/AdrR with increased levels of ATP (Lyon et 

al.,1988). In vivo, the presence of PCr is influenced by several 

factors such as tumour perfusion. The tissue type is also important 

as normal liver (Dixon et al., 1991) and hepatomas (Stubbs et al., 

1989) do not contain PCr. It thus appears that the response to 

drugs cannot be predicted by the baseline 31P MR spectrum.

Photodynamic therapy causes tumour ischaemia and is associated 

with marked reductions in PCr and ATP (Ceckler et al., 1986). A 

reversal of the changes in the 3 ip  MR spectrum associated with 

growth may be seen with chemotherapy and radiotherapy 

(Evanochko et al., 1983). An improvement in oxygenation would be 

due to a reduction in requirement due to cell death and improved 

perfusion due to removal of dead cells. Changes in perfusion will 

not only affect tissue oxygenation but also the clearance of 

metabolites. In the few human tumours studied, changes in 

bioenergetics with anti-cancer therapy are less marked, possibly
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due to their slower rate of growth and better developed blood 

supply. Foci of hypoxic cells are situated beyond the oxygen 

diffusion distance from blood vessels and are scattered throughout 

the tumour. Unless they represent a significant proportion of the 

tumour cells they will not be detected by 3 ip  MRS.

Following anti-cancer treatment, the changes in the 3 ip  MR 

spectrum are highly varied. There is no characteristic response 

associated with specific drugs, radiotherapy or with the 

histological type of tumour. Studies with serial examinations 

report that many of the responding tumours treated with 

chemotherapy show an increase in the high energy phosphates. In 

some regressing tumours, ATP is abolished and there is a marked 

increase in Pi. In animal tumours, this was observed after highly 

toxic doses of chemotherapy causing massive cell death, that 

would not be given to patients. Resistant tumours either exhibited 

no change or changes similar to untreated growing tumours.

Timing after chemotherapy is important in determining the changes 

observed in the 3 ip  MR spectra. An initial increase in ATP occured 

5 hours after cisplatin in cultured human ovarian cancer (Ruiz- 

Cabello et al., 1991), and within 5 hours of the addition of 

adriamycin in the sensitive human small cell lung cancer cells (de 

Jong et al., 1991), presumably due to inhibition of cellular 

processes and thus a reduction in ATP consumption. 24 hours after 

chemotherapy, ATP was not detected as the cells were no longer 

viable.
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Changes in the 3 ip  m r  spectrum from shrinking masses must be 

interpreted with caution as there can be marked dilution of the 

tumour signal with that from surrounding normal tissue suggesting 

an improvement in the energy status of the tumour. This is a 

greater problem in human studies as animal tumours are implanted 

subcutaneously and protrude from the animal. Although in rats, 

there can be significant contamination of the tumour spectrum 

with PCr from the panniculosis carnosus muscle in the skin (Stubbs 

et al., 1988). Spatial localisation of 3 ip  m r  spectra reduces 

contamination from adjacent structures.

1.2.4 INTRACELLULAR pH

Contrary to measurements with pH microelectrodes, studies with 

31P MRS have documented neutral or alkaline pH in both 

experimental tumours (Griffiths et al., 1981, Iles et al., 1982) and 

in human tumours (Oberhaensii et al., 1986, Smith et al., 1990). For 

normal tissue, the two methods give less divergent results 

(Griffiths, 1991). Microelectrodes are usually quite large (300 pm ) 

and are likely to be measuring extracellular pH rather than 

intracellular pH.

The intracellular pH from a 3 ip  MR spectrum is calculated from the 

frequency shift of Pj relative to PCr using a standard calibration 

curve (Moon and Richards, 1973). The accuracy of this method is 

doubtful for pH values greater than about 7.4 as the required 

chemical shift is on the insensitive plateau of the calibration 

curve. Another source of error may occur from the distribution of 

PCr and Pj. PCr is essentially intracellular, whereas P| can occur
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both within and outside the cell. Tumours may contain significant 

extracellular Pj where there is greater interstitial space, necrosis 

and haemorrhage, and therefore extracellular pH is actually 

measured. Errors can also arise from magnetic field inhomogeneity 

causing differences in the magnetic field strength experienced by 

PCr and Pj.

Some tumours do not contain PCr and the aATP peak set at -7.5 

ppm is used as an alternative reference. The aATP peak comprises 

several metabolites and the peak is often broad and ill-defined. 

Consequently, it is difficult to define the chemical shift of the 

peak accurately and this will introduce an error in pH 

calculation.The position of the water peak in the proton spectrum 

recorded for shimming can also be used. For some tumours, it 

would therefore be desirable to confirm the 3 ip  MRS measurements 

of pH with an alternative method of measurement.

However, despite these difficulties, the pH measurements from 3 ip  

MRS for many studies are likely to be reliable. Intracellular pH 

from Walker carcinosarcoma in rats has been estimated to be in 

the range of 6.9-7.3 from the pH sensitive shift of fluoronucleotide 

compounds formed intracellularly from 5-fluorouracil (McSheey et 

al., 1989). Positron emission tomography has also documented more 

alkaline pH in brain tumours than in normal brain tissue 

(Rottenberg et al., 1984).

An alkaline pH may be related to rapid proliferation as mitogenic 

stimulation is associated with activation of the sodium/proton
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antiporter and an increase in pH (Rozengurt, 1986). The acidic 

extracellular fluid could be due to poor clearance of protons.

1.2.5 PHOSPHOLIPID METABOLISM

A large PME peak is characteristic of human tumours. In 

comparison with normal tissue, elevated levels of PME are present 

in 3 ip  MR spectra from tumours of breast (Degani et al., 1986, Ng 

et al., 1989, Lowry et al., 1989), liver (Oberhaensii et al., 1986), 

brain (Cadoux-Hudson et al., 1989) muscle (Griffiths et al., 1983), 

bone (Nidecker et al., 1985), skin (Ng et al., 1986) and lung 

(Onodera et al., 1986), obtained in vivo or from biopsy material. In 

vivo human studies show that metastatic neuroblastoma (Maris et 

al., 1985) and lymphoma (Dixon et al., 1991) have markedly higher 

levels of PME relative to ATP than the surrounding liver. Human 

cancer cells in culture (Navon et al., 1978) and implanted in nude 

mice (Lyon et al., 1988) are also known to have high concentrations 

of PME.

The first report demonstrating that in vivo^^P  MRS of a human 

tumour could detect therapeutic response was of metastatic 

neuroblastoma in 2 infants (Maris et al., 1985). A substantial 

increase in the PME to (3ATP ratio was observed during rapid 

progression of disease in the liver unresponsive to hepatic 

irradiation. This persisted until the tumour started regressing in 

response to further hepatic irradiation and the addition of 

combination chemotherapy. Thereafter, there was a drop in the 

PME to PATP ratio towards the value in normal liver. For another
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case, the ratio of PME to pATP decreased during spontaneous 

regression of tumour.

For a wide range of human tumours, the most frequent early 

metabolic change in response to chemotherapy (Ross et al., 1987, 

Glaholm et al., 1989, Koutcher et al., 1990, Karczmar et al., 1991) 

or radiotherapy (Ng et al., 1989, Dewhirst et al., 1990, Glaholm et 

al., 1991, Sanuki et al., 1991) is a reduction in PME. In a small 

number of cases, an early, transient increase in PME has been 

observed. For non-Hodgkin's lymphoma of spleen or abdominal 

nodes, an increase in the PDE/pATP ratio appeared to provide an 

early marker of response to chemotherapy (Smith et al., 1990). 

There was no alteration in the level of PME in the early studies. 

For 2 patients, marked decrease in PME was associated with 

shrinkage of tumour approximately 5 months after starting 

chemotherapy.

There are several factors determining the level of PME.

1) PHOSPHOLIPID BIOSYNTHESIS

The PME peak in the 31P MR spectrum contains predominantly PE 

and PC. PE and PC are the biosynthetic precursors of the major 

membrane phospholipids, phosphatidylethanolamine (PtdE) and 

phosphatidylcholine (PtdC) respectively. PME may therefore reflect 

cell membrane synthesis and rapid cellular proliferation. This is 

consistent with the observation of high PE concentration in the 

developing infant brain (Hope et al., 1984, Younkin et al., 1984) and 

is further supported by the increase in PME to ATP ratio during
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liver regeneration in the rat following 70% resection (Murphy, 

1992).

It is not clear whether the increase in PME in tumours is 

associated with some metabolic abnormality of the malignant cell 

or simply reflects rapid cellular proliferation. PE and PC are 

produced by the phosphorylation of ethanolamine and choline by 

their respective kinases in the Kennedy pathway (Tijburg et al.,

1989) as shown in Figure 1.1. The activity of choline kinase can be 

doubled in non malignant cells by growth factors with a 

corresponding doubling in the concentration of PC and synthesis of 

PtdC (Warden and Friedkin, 1984, 1985). Therefore, the abnormal 

expression or overexpression of genes for growth factors and/or 

their receptors in some cancers could lead to an abnormal increase 

in phospholipid synthesis. The level of PME can sometimes be 

related to the rate of proliferation. In cultured human breast 

cancer cells, PE and PC are greater during exponential growth than 

at confluence (Daly et al., 1988) supporting the suggestion that 

there is an increase in the rate of membrane synthesis in 

proliferating cells. Cyclophosphamide in the murine RIF-1 

fibrosarcoma produces parallel changes in PME and cellular 

proliferation as measured by the thymidine labelling index (Li et 

a l.,1988). In the rat 9L gliosarcoma, the growth fraction decreases 

within the first 2 to 10 days of treatment with BCNU (Steen,

1989). There is a significant reduction in the PME to aNTP ratio 4 

days after BCNU but not 1 day after treatment. However, 

histological sections show a significant improvement in the 

proportion of viable cells and a five-fold increase in the 

interstitial space as compared to control tumours. The change in
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the microenvironment or cellular density may account for the 

observed change in PME content.

2) GROWTH FACTOR SIGNALLING

Increased phospholipid metabolism appears to play a key role in the 

transmission of extracellular signals across the cell membrane. 

Signal transduction by the phosphatidylinositol cycle (Figure 1.2) 

is well established for a wide range of agonists (Berridge and 

Irvine, 1984,1989, Morgan 1989). Hydrolysis of 

phosphatidylinositol-4,5-bisphosphate (P lns(4,5)P2) by a specific 

phospholipase C generates diacylgylcerol (DAG) and inositol-1,4,5- 

triphosphate (lns(1,4,5)P3). Both of these compounds are second 

messengers. Ins(1,4,5)P3 induces calcium mobilisation from 

cytosolic stores while DAG remains in the membrane and activates 

protein kinase C. Calcium acts as a second messenger in many 

cells. It can modulate the activity of several enzymes such as 

specific protein kinase (Blackshear et al., 1988). DAG maybe 

recycled back into Plns(4,5)P2 via phosphatidic acid, thereby 

completing the phosphatidylinositol cycle. Growth factor binding to 

its receptor may activate phospholipase 0  via a membrane G 

protein e.g. bombesin; or by the receptor tyrosine kinase e.g. 

platelet derived growth factor (PDGF), EGF (Sawyer and Cohen., 

1981) or TGFa (Freter et al., 1988) via EGFr.

It is now apparent that in some cells an important source of DAG is 

by agonist induced breakdown of PtdC (Pelech and Vance., 1989) 

(Figure 1.3). DAG can be generated directly by the action of 

phospholipase C with PC as a by product. The action of
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Figure 1.2 Phosphatidylinositol cycle

Ligand binding to growth factor receptor activates phospholipase C located in the inner leaflet of the plasma membrane. Hydrolysis of 
Plns(4,6)P2 generates the second messengers diacylglycerol and lns(1,4,5)P3. Both can be recycled back to Plns(4,5)P2.
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phospholipase D produces choline and phosphatidic acid which is 

then cleaved to DAG. It is not clear if both pathways are activated 

together or preferentially (Price et al., 1989). In human dermal 

fibroblasts, the production of DAG by EGF occurs primarily by 

phospholipase C (Fisher et al., 1991). In some cells, it appears that 

phospholipase C breakdown of PtdC is regulated by protein kinase C 

activated by the phosphatidylinositol cycle (Besterman et al.,

1986, Muir and Murray., 1987). The generation of DAG from PtdC is 

quantitatively greater than from Plns(4,5)P2 (Price et al., 1989) 

and this is likely to be important for some functions of protein 

kinase 0.

In addition, breakdown of PtdC by phospholipase A2 produces 

lysophosphatidylcholine which can act synergistically with DAG 

and activate protein kinase C (Rando 1988). Arachidonic acid is 

released and converted into prostaglandins.

Lysophosphatidylcholine can be cycled back to the parent lipid or 

catabolised to choline and glycerol-3-phosphate via 

glycerophosphocholine (GPC). Glycerol-3-phosphate can be 

converted into DAG. The source or site of PtdC may be an important 

determinant of the signalling pathway activated. DAG produced by 

the various signalling pathways utilising PtdC can react with CDP- 

choline to form PtdC and thus complete a turnover cycle. It is also 

becoming evident that PtdE metabolism may be involved in 

signalling in some cells (Kiss and Anderson, 1989, Degani et al.,

1991).

A large family of protein kinase C enzymes are recognised. Protein 

kinase C activation is an important step in the control of a variety
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of cell responses including proliferation, regulation of gene 

expression and membrane transport. Protein kinase C is activated 

by calcium and phospholipid such as phosphatidylserine (Nelsestuen 

and Bazzi, 1991). DAG stimulates protein kinase C by reducing its 

calcium requirement to the low levels found in the cytosol. The 

species of DAG influences the mechanism of protein kinase C 

activation (Rando, 1988). Thus, there may be regulation of many 

cellular functions by differential activation of the isoenzymes by 

the different signalling pathways.

3) CELL TYPE

31R MR spectra of Friend leukaemia cells and HeLa cells contain 

high levels of PC while lymphoid cells show predominantly PE 

(Navon et al., 1978). Similarly, the PME region of peripheral 

lymphocytes and tumour infiltrating lymphocytes is dominated by 

PE and there is negligible PC (Kaplan et al., 1989). PE has also been 

observed to be the predominant PME in human hepatic lymphoma 

(Dixon et al., 1991). The level of PC has been found to vary 

considerably with different cell lines under identical culture 

conditions (Kuesel et al., 1990).

4) DIFFERENTIATION

Accumulation of PC has been observed during differentiation of 

human colon adenocarcinoma cells (Galons et al., 1989). Erythroid- 

like differentiation of Friend leukaemia cells by dimethyl sulfoxide 

was associated with a four fold increase in the choline signal in 

the iR  MR spectrum (Agris and Campbell, 1982). This could be due
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an increase in the activity of GPC phosphodiesterase (Podo et a!.,

1992).

5) DRUG RESISTANCE

The development of marked resistance to adriamycin in the human 

breast cancer cell line, MCF-7/AdrR is associated with a 50% 

decrease in PE and PC and an 80% decrease in the POE compounds, 

glycerophosphocholine (GPC) and glycerphosphoethanolamine (GPE), 

when compared with the parent MCF-7/WT cell line (Cohen et al., 

1986). The choline concentration measured using the ‘•H and 3 ip  

MR spectra was similar for both cell types (Kaplan et al., 1990a). A 

similar decrease in phospholipid metabolites was observed in 

adriamycin resistant mammary tumours of mice compared with 

adriamycin sensitive tumours (Evelhoch et al., 1987). There was a 

30-60% reduction in PC, PE and GPC. These findings suggest that an 

alteration in phospholipid metabolism may be associated with the 

development of drug resistance.

6) CULTURE CONDITIONS

The culture conditions can affect the level of both PE and PC. 

Differences have been observed in the 3 ip  m r  spectrum of a human 

breast cancer cell line in agarose compared with matrigel (Daly et 

al., 1988). The level of PME is also affected by the batch and pH of 

the culture medium (HAM's F-12 medium supplemented with 10% 

(v/v) foetal calf serum and buffered with 20mM HEPES) 

irrespective of the cell line studied (Kuesel et al., 1990). 

Acidification of the medium in the range pH 6-7 is associated with
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a decrease in PC and an increase in PE. In human Y-79 

retinoblastoma cells, the level of PME is affected by the nutrient 

supply (Miceli et al., 1988) and may have have been mediated by an 

alteration in proliferation. These observations suggest that 

changes in the cellular microenvironment due to growth or 

response to therapy could be important determinants of the level 

of PME in vivo.

7) IN  VITRO vs IN  VIVO

There are differences between cells in culture and the same cell 

line implanted subcutaneously in mice. The PME peak in the murine 

sarcoma, RIF-1 contains both PE and PC, whereas only PC is 

detected in the same cells in culture (Evanochko et al., 1984). 

Similarly, for the human colon cancer cell line CX-1, PC is 

dominant for the cultured cells and the level of PE is greater than 

PC in the solid tumour (Kuesel et al., 1990). This discrepancy may 

arise from the absence of ethanolamine in the culture medium used 

for in vitro studies (Daly and Cohen, 1987, Ronen et al., 1991). The 

PE/PC ratio in vivo may be influenced by the concentration of the 

precursor compounds in the blood and their bioavailability.

CONCLUSION

There is no coherent explanation for the variation in PME observed 

in tumours in vivo and in cultured cells studied by 3 ip  MRS. PME 

appears to provide an early sensitive marker for response to 

treatment for human tumours. The biochemical basis for therapy
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induced changes is not clear and could be due to one or more 

fac to rs .

1.3 THERAPEUTIC MODULATION AND ASSESSMENT BY MRS

Drug resistance is a considerable problem in the treatment of 

cancer, particularly for solid tumours. The main mechanisms are 

outlined in Table 1.1 and can be considered as a) host related, i.e. 

drug activation or delivery to the tumour; b) tumour related, i.e. 

cellular characteristics or microenvironment. Drug resistance can 

be intrinsic, acquired or rapidly induced following drug exposure.

The study of cultured cells, where the cellular environment can be 

tightly controlled, allows identification of factors that may be 

important in determining the response to drugs in solid tumours. 

This can lead to an understanding of the underlying mechanisms 

determining chemosensitivity and therefore to the identification 

of targets for therapy or strategies to overcome drug resistance. 

Some of the new approaches to treatment are discussed below with 

particular reference to the role of 3 ip  MRS in monitoring therapy.

1.3.1 NEW TARGETS

Agents targetting the signal transduction pathway may inhibit 

growth or stimulate differentiation (Powis et al, 1990). ^ ip  MRS 

may detect alterations in PME or intracellular pH indicating drug 

activity and therefore be useful for monitoring therapy. 

Conventional modalities for monitoring therapy would have a 

limited role as they are based on measuring change in tumour size.
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Table 1.1 Main mechanisms of drug resistance.

HOST CHARACTERISITICS

DECREASED DRUG DELIVERY
e.g. late radiation fibrosis (Steel,
1984)

DECREASED DRUG ACTIVATION 
e.g. cyclophosphamide requires 
metabolic activation by hepatic 
microsomal enzymes (Colvin, 
1978)

INCREASED DRUG INACTIVATION 
e.g. hepatic catabolism 
inactivates 5-fluorouracil 
(Herrmann, 1990)

CELL MICROENVIRONMENT

SEVERE HYPOXIA 
See table 1.2/1.3

GLUCOSE DEPRIVATION 
e.g. induction of adriamycin 
resistance in Chinese hamster 
ovary cells (shen et al., 1987)

EXTRACELLULAR pH 
e.g. decreased adriamycin 
cytotoxicity at pH 6.7 (Born and 
Eichholtz-W irth, 1981)

CELL CHARACTERISITICS
(Borst, 1990)

DECREASED DRUG UPTAKE BY A 
CARRIER PROTEIN

INCREASED DRUG EFFLUX

DECREASED DRUG ACTIVATION

INCREASED DRUG INACTIVATION

DECREASED DRUG-TARGET 
COMPLEX
a) reduced enzyme affinity
b) altered enzyme production
c) increased normal substrate
d) decreased co-substrate

INCREASE PROTEIN KINASE C 

INCREASED DNA REPAIR



1.3.2 EGFr

The EGFr is comprised of an extracellular ligand binding domain, a 

transmembrane domain, and an intracellular domain with protein 

tyrosine kinase activity (Gullick and Waterfield., 1987). The EGFr 

is a potential target for antitumour therapy because it is 

expressed at high levels on many human tumour cells and appears 

to be involved in autocrine stimulation of cell growth (Mendelsohn,

1990). In human breast cancer, EGFr is overexpressed in about 50% 

of cases and there is amplification of the gene in a few cases (Ro 

et al., 1988).

1) ANTI-EGFr ANTIBODIES

Anti-EGFr monoclonal antibodies block ligand binding, and inhibit 

the growth of human cancer cells stimulated by EGF or TGFa in 

culture and as xenografts in nude mice (Masui et al., 1984, Ennis et 

al., 1989, Mendelsohn, 1988, 1990a,b). Cellular toxins have been 

linked with anti-EGFr antibodies (Ozawa et al., 1989) and with EGF 

or TGFa (Chaudhary et al., 1987) achieving useful tumour killing of 

human tumour xenografts without excessive normal tissue toxicity 

(Heimbrook et al., 1990).

2) EGF

EGF inhibits the growth of cultured human cancer cells with high 

levels of EGFr (greater than 10® EGFr/cell) e.g. A431 human vulval 

epidermoid cancer (Kawamoto et al., 1984), human breast cancer 

MCF-7/AdrR (Vickers et al., 1988) and MDA-468 (Filmus et al..
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1985). The response to EGF is influenced by the number of EGFr and 

the dose of EGF. In cells with low levels of EGFr, growth is 

stimulated by an optimal nanomolar concentration of EGF with 

little effect at higher doses. When an optimal EGFr number is 

exceeded, nanomolar concentrations of EGF inhibit growth and 

stimulation occurs with picomolar concentrations of EGF.

Growth inhibition in MDA-468 cells by EGF appears to be partly 

mediated by glucose deficiency and cellular starvation (Kaplan et 

al., 1990b) due to stimulation of glucose consumption (Diamond et 

al., 1978, Conricode and Ochs, 1990). Cells are arrested at the G 1/S 

boundary of the cell cycle (Prasad and Church, 1991).

EGF enhances cytotoxicity of different classes of cytotoxic drugs 

(adriamycin, mitomycin C, cyclophosphamide, 5-fluorouracil and 

cisplatin) in a range of human xenografts with varying EGFr 

expression (Amagase et al., 1989). Modulation of chemosensitivity 

to 5-fluorouracil and cisplatin appears to be directly related to 

the level of EGFr expression. EGF may alter drug sensitivity via 

protein kinase C, as the development of multidrug drug resistance 

in human and rodent cell lines is associated with increased 

activity of protein kinase C (Posada et al., 1989) and EGFr (Meyers 

et al., 1986,1988) in comparison with the parent line. This is 

supported by the observation that inhibition of protein kinase C by 

staurosporine partially reverses adriamycin resistance in a 

multidrug resistant human and murine cell line (Posada et al.,

1989).
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EGF alone or in combination with chemotherapy may provide an 

alternate approach for targetting the EGFr for therapy. Normal 

cells including bone marrow and intestinal epithelium express low 

levels of EGFr (less than 10^ EGFr/cell) (Forgue-Lafitte et al., 

1980, Amagase et al., 1989), and, therefore, a therapeutic window 

may be gained with high doses of EGF for tumours expressing high 

levels of EGFr. Tumour cells may also differ from normal cells for 

ligand uptake, processing and receptor down regulation (Harris,

1990). Tumour cells may be more dependent on EGFr signalling 

pathways for proliferation, whereas EGF is also involved in 

differentiation in normal cells (Snedeker et al., 1991).

1.3.3 PROTEIN KINASE C

Protein kinase C plays a central role in signal transduction by a 

variety of growth factors controlling cellular proliferation and is, 

therefore, one of the key targets for therapy (Tritton and 

Hickman, 1990). Modulation of protein kinase C activity can be 

achieved by both activation and inhibition (Tritton and Hickman,

1990). Calphostin C inhibits protein kinase C and is cytotoxic for 

P388 leukaemia in culture and in vivo (Tritton and Hickman, 1990).

Bryostatin is a potent activator of protein kinase C and has

antineoplastic activity in screening systems (Pettit et al., 1982). 

Selectivity against cancer cells is possible due to upregulation of

signalling pathways (Powis et al, 1990).
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1.3.4 DRUG RESISTANCE

3 ip  MRS has a potential role in monitoring the activity of agents 

modifying tumour biology with the aim of enhancing 

chem osensitiv ity .

The induction of MDR is associated with enhanced drug efflux by 

the ATP dependent P-glycoprotein pump located in the plasma 

membrane (Deuchars and Ling, 1989). Chemosensitivity can be 

modulated by a large range of agents which compete for the drug 

binding sites on P-glycoprotein e.g. verapamil, quinidine, tamoxifen 

(Kaye, 1988). Some of these have entered clinical trials.

Agents inhibiting ATP production may also have a role in 

therapeutic modulation of MDR as the membrane pump is driven by 

ATP. 3 ip  MRS of the multidrug resistant human breast cancer cells, 

MCF-7/AdrR has shown that cellular ATP is reduced by 2- 

deoxyglucose (Kaplan et al., 1991). ATP production can also be 

compromised by lonidamine (Rosbe et al., 1989), hypoxia (Freyer et 

al.,1992) and EGF (Kaplan et al., 1990) and all these may have a role 

in therapeutic modulation.

1.3.5 HYPOXIA

There is substantial evidence for the presence of hypoxia in both 

experimental tumour models and in human tumours (for review see: 

Vaupel et al., 1989, Stratford, 1992). Variations in oxygen levels in 

human breast cancer has been measured with microelectrodes 

(Vaupel et al.,1991). It is clear that hypoxia causes resistance to 

ionising radiation (Gray et al., 1953, Hall and Bedford, 1966) and
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that it may limit the success of radiotherapy for certain human 

tumours (Bush et al., 1978, Gatenby et al., 1988, Overgaard et al.,

1986). The response to some anticancer drugs can also be modified 

by hypoxia (supra vide) and, therefore, manipulation of the 

oxygenation status of tumours may be of therapeutic advantage.

3 ip  MRS can detect changes in tumour bioenergetics following 

physiological manipulation of blood flow in experimental tumours 

(Bremner et al., 1991, Burney et al., 1991, Wood et al., 1991) and, 

therefore, offers the potential for selecting tumours for this form 

of therapy. However, the induction of radiobiological hypoxia by a 

range of treatments (clamping, hydralazine, tumour necrosis factor 

and BW12C79), is not always accompanied by a change in the 3 ip  

MR spectrum (Stratford et al., 1992). The pattern of the vascular 

architecture and consequently the supply of nutrients, as well as 

the preferred pathway for ATP production are likely to be 

important factors influencing the 3 ip  MR spectrum.

1.3.6 HYPOXIA AND DRUG ACTIVATION

Cellular oxygenation can influence the response to anti-cancer 

drugs by an effect on drug activation.

1) BIOREDUCTIVE ACTIVATION

Bioreductive drugs are agents that are activated by metabolic 

reduction (Adams et al., 1989). One electron reduction can occur by 

various enzymes including cytochrome P450 isoenzymes, 

cytochrome P450 reductase, xanthine oxidase and aldehyde oxidase. 

This is potentially reversible in the presence of oxygen resulting in
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comparatively futile redox cycling. In contrast, under anaerobic 

conditions further one electron reduction generates highly 

cytotoxic species resulting in selective toxicity in hypoxic cells. 

Therapeutic efficacy can be enhanced in combination with agents 

decreasing tumour blood flow e.g. hydralazine (Chaplin, 1989, 

Bremner et al., 1990), flavone acetic acid (Edwards et al., 1991).

2) OXYGEN ACTIVATION

Cellular metabolism of thiotepa to more active metabolites by 

microsomal cytochrome P450 is NADPH and oxygen dependent. The 

cytotoxicity of thiotepa can be increased in murine fibrosarcoma in  

vivo using fluosol and carbogen (95%oxygen/5%carbon dioxide) to 

increase tumour oxygenation (Teicher et al., 1989).

Cytotoxic free radicals can be generated from the reduction of 

adriamycin to a semiquinone radical by NADPH cytochrome P450 

reductase (Bachur et al., 1979). In the presence of oxygen, the 

semiquinone cycles back to the stable quinone form, with the 

formation of the superoxide radical. Cytotoxicity of adriamycin can 

be mediated by several mechanisms and redox cycling may not be 

important for all tumours.

1.3.7 HYPOXIA AND DRUG RESISTANCE

Hypoxic stress may be an important determinant of the response to 

chemotherapy, EGF or in combination. Prolonged hypoxia can induce 

transient drug resistance. Marked resistance to adriamycin is 

observed during the recovery period following hypoxia in Chinese
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hamster lung fibroblasts (V79) (Smith et al., 1980) and Chinese 

hamster ovary fibroblasts (OHO) (Born and Eicholtz-Wirth, 1981, 

Shen et al., 1987, Wilson et al., 1989a). Resistance to adriamycin 

increases with duration of hypoxia with maximal resistance after 

6 to 8 hours. The difference in sensitivity is up to 1000-fold for 

the greatest concentration of adriamycin. Return to aerobic 

sensitivity occurs by 24 hours of reoxygenation. Greater resistance 

is observed for a one hour drug administration than for continuous 

administration (Tannock and Guttman, 1981, Wilson et al., 1989a).

Table 1.2 summarises the studies and shows that transient 

adriamycin resistance following prolonged hypoxia has also been 

described for the murine sarcoma KHT-LP1 and for a human bladder 

cancer cell line (Luk et al., 1990). For the murine mammary 

sarcoma EMT6 , hypoxia can induce adriamycin resistance (Sakata et 

al., 1991), have no effect (Luk et al., 1990) and enhance 

cytotoxicity 10-fold (Teicher et al.,1981, Kennedy et al., 1983). 

Hypoxia does not alter adriamycin sensitivity in cultured Ehrlich 

ascites tumour cells (Gupta and Costanzi, 1987). These studies 

show that cell lines including sublines can differ in their response 

to hypoxia.

Hypoxic stress can induce resistance to other cytotoxic drugs 

(Tablet .3) including mAMSA (West et al., 1981), etoposide (Teicher 

et al., 1985, Hughes et al., 1989), methotrexate (Rice et al., 1986,

1987), actinomycin D (Hughes et al., 1989, Sakata et al., 1991), 

vincristine (Hughes et al., 1989) and 5-fluorouracil (Sakata et al., 

1991). Prolonged hypoxia does not alter sensitivity to cisplatin 

(Teicher et al., 1981, Herman et al., 1988, Sakata et al., 1991).

63



Table 1.2 The effect of hypoxia on adriamycin sensitivity in vitro (idecrease;?increase; f->no change in
drug sensitivity). Cont.=continuous drug exposure.

G)

CELL LINE HYPOXIA ADRIAMYCIN ADRIAMYCIN ADRIAMYCIN FIRST AUTHOR
DURATION (t) EXPOSURE (t) A IR /HYPOXIA S E N S IT IV ITY (YEAR)

V 79-379A 6-16 Hr 1 Hr A ir 4x1000 Smith (1980)
(5 pg /m l)

CHO 4 Hr 1 Hr Air or Hypoxia 4x10 (2 pg/m l) Born (1981)
12-14 Hr 4x100(2 pg/m l)

CHO 12-24 Hr 1 Hr A ir 4x100 (6pg /m l) Shen (1987)
CHO 8-12 Hr 1 Hr A ir 4x80 (5pg/m l) Wilson (1989)

12 Hr Cent. A ir 4x4 (0 .2pg/m l)
CHO 17.5 Hr 4 Hr A ir 4 x1 2 (2 .5pg/m l) Tannock (1981)

Hypoxia 4 x1 7 (2 .5 |ig /m l)
KHT-LP1 24 Hr Cent. A ir 4x10(0.1 pg/m l) Luk (1990)
EMT6/R0 24 Hr IH r A ir
MGH-U1 (Human) 24 Hr 1 Hr A ir 4x10(2.5 pg/m l)
EMT6/R0 12 Hr 1 Hr A ir 4x100(1pg /m l) Sakata (1991)
EMT6/R0 4 Hr 1 Hr Hypoxia TxlO  (100|iM) Teicher (1981)
EMT6/R0 4 Hr 2 Hr A ir ÎX70 (0.01 pM) Kennedy (1983)
Ehrlichs ascites 16.5 Hr 1 Hr Hypoxia <-> Gupta (1987)
CH0-AA8 24 Hr Cent. A ir 4x10(230pM) Rice (1987)
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Table 1.3 The effect of hypoxia on drug sensitivity in vitro (idecrease;Tincrease; o n o  change in drug
sensitivity). Drugs: Act D=actinomycin D; VCR=vincristine; 5FU=5-fluorouracil, MTX=methotrexate.

FIRST AUTHOR 
(YEAR)

Cont.=continuous drug exposure.
CELL LINE HYPOXIA DRUG DRUG DRUG

DURATION (t) EXPOSURE (t) A IR /HYPO XIA S E N S IT IV ITY

EMTG/Ro 12 Hr Act D (1 Hr) A ir ix lO  (12pg/ml)
12 Hr 5FU (2 Hr) A ir ix 1 0 :4 0 0 |ig /m l
12 Hr Colchicine (2Hr) A ir
12 Hr VCR (2 Hr) A ir <r̂
12 Hr cisplatin (1 Hr) A ir

EMTG/Ro 4 Hr cisplatin (1 Hr) Hypoxia
4 Hr MTX (1 Hr) Hypoxia <->
4 Hr 5FU (1 Hr) Hypoxia <->
4 Hr Act D (1 Hr) Hypoxia ix lO O  (IpM )
4 Hr VCR (1 Hr) Hypoxia ix lO O  (50pM)

V79-379A 1G Hr mAMSA (1 Hr) A ir ix lO O  (lOpM)
ElVfTG 4 Hr etoposide (1 Hr) Hypoxia ix lO O  (5pM)
CH0-AA8 24 Hr MTX (Cont.) A ir ix lO  (lOOvM)
CHO 24 Hr etoposide(I.SH) A ir ix lO O  (30pM)

Act D (2 Hr) A ir ix lO  (3pg/m l)
VCR (2 Hr) A ir >1x2 (lOOpg/ml)

EMTG 4 Hr cisplatin (1 Hr) Hypoxia

Teicher (1981)

West (1981) 
Teicher (1985) 
Rice (1986) 
Hughes (1989)

Herrmann(1988)



The mechanism for hypoxia induced drug resistance is not clear and 

may be multifactorial, related to drug and cell line. The possible 

mechanisms are discussed.

1) GENE AMPLIFICATION

During recovery from hypoxia for CHO, overreplication of DNA with 

gene amplification for dihydrofolate reductase was associated 

with resistance to methotrexate (Rice et al., 1986,1987).

2) MULTIDRUG RESISTANCE

Amplification of the gene for MDR has been reported for the 

mechanism of hypoxia induced adriamycin resistance in CHO (Rice 

et al., 1987) but not for a human bladder cancer cell line (Luk et al., 

1990). Overreplication of DNA was not associated with the 

induction of MDR for another subline of CHO (Wilson et al., 1989a) 

or EMTG/Ro (Luk et al., 1990). Cellular adriamycin was reduced in 

hypoxic CHO cells but the difference compared with aerobic cells 

was not sufficient to account for the difference in sensitivity to 

adriamycin (Born and Eicholtz-Wirth, 1981). Other studies have not 

observed hypoxia induced alterations in cellular adriamycin 

content (Smith et al., 1980) or efflux (Sakata et al., 1991), or an 

effect of verapamil (Jones et al., 1989), which is a potent inhibitor 

of P-glycoprotein.
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3) STRESS PROTEINS

Although hypoxia is associated with an overall reduction in 

macromolecular synthesis, enhanced synthesis of a set of stress 

proteins called the oxygen regulated proteins (ORP 33, 80,100,150 

and 260 kD) have been observed in EMTB/Ro (Heacock and 

Sutherland, 1986, 1990) and in two human cancer cell lines, HT-29 

colon adenocarcinoma and A431 squamous cell carcinoma (Heacock 

and Sutherland, 1986). It appears that ORP 80 and ORP 100 are the 

same as the glucose regulated proteins GRP 78 and GRP 94 induced 

by prolonged glucose deprivation or calcium ionophores (Subjeck 

and Shyy, 1986). The synthesis of these stress proteins is 

repressed following removal of the stress (Shen et al., 1987).

These stress proteins have been implicated in the mechanism of 

hypoxia induced drug resistance as the kinetics of synthesis of 

some of these proteins parallels the development of reversible 

resistance to adriamycin (Wilson et al., 1989a). The two GRP are 

ubiquitous in tissues and appear to be located in the endoplasmic 

reticulum suggesting a role in protein assembly (Kim et al., 1990). 

Resistance to etoposide in CHO following hypoxia was associated 

with post translational modification of DNA topoisomerase II (Shen 

et al., 1989). This enzyme allows decatenation of DNA during 

replication. By attaching to the enzyme-DNA complex, etoposide 

and adriamycin cause irreversible breaks in both strands of DNA 

(Ross, 1985).

ORP 33 induced in CHO is identical to heme oxygenase (Murphy et 

al., 1991). Heme oxygenase can be induced in a wide range of
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tissues, particularly liver and kidney by a large number of cellular 

stresses (Applegate et al., 1991). These stresses can be considered 

either as oxidants or agents that generate free radicals e.g. UVA, 

ionising irradiation, hydrogen peroxide; or agents that reduce 

cellular glutathione levels e.g. buthionine sulfoximine, heavy 

metals, prolonged hypoxia. It is part of an enzyme system involved 

in heme degradation and thus provides a defense against oxidant 

stresses as the iron in heme containing proteins (haemoglobin, 

cytochromes) can react with hydrogen peroxide in the Fenton 

reaction (Figure 1.4) to generate highly reactive hydroxyl radicals 

(OH*).

H2O2 + Fe2+ —> OH* + OH" + Fe^+ Figure 1.4

This may be a mechanism for protecting cells from free radicals 

released by adriamycin during redox cycling.

Not all the ORP have been identified and the molecular basis of 

hypoxia induced drug resistance is not clear. The mechanism of the 

induction of the ORP is not understood and is probably influenced 

by multiple stimuli as well as the type of cell.

1.3.8 HYPOXIA AND EGF

The effect of EGF may be enhanced in hypoxic cells since an 

increase in the binding affinity of EGFr has been observed during 

prolonged hypoxia (Wing et al., 1988). Hypoxic cells may be more 

susceptible to modulation of chemosensitivity by EGF (Amagase et 

al., 1989).
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1.4 AIMS AND OBJECTIVES

The objective of this thesis has been to evaluate the role of 3 ip  

MRS in monitoring therapy in human breast cancer, and explore new 

forms of treatment and ways of overcoming drug resistance with 

the aim of taking these into the clinic. To achieve this, the 

following questions were addressed.

1) Is there a relationship between the relative level of PME 

measured by NMR in vivo and proliferation? Patients with 

untreated breast cancer were studied with 3 ip  MRS the day before 

surgery and where possible, the PME composition of perchloric acid 

extracts of tumour were studied by high resolution 31P MRS. The 

proportion of cells in S phase of the cell cycle (SPF) was used as 

an index of proliferation. One may expect the level of PME to be 

higher in aneuploid tumours as they contain abnormal amounts of 

DNA and tend to have higher SPF than diploid tumours.

2) Is the level of PME in vivo or PC in vitro related to EGFr 

expression? In cultured fibroblasts stimulated with EGF, DAG is 

principally generated by PtdC hydrolysis (Raben et al., 1990, Fisher 

et al., 1991). Perchloric acid extracts of glioma and meningioma 

were also studied by high resolution 31P MRS. High grade gliomas 

express high levels of EGFr due to gene amplification (Libermann et 

al., 1985, Signer et al., 1987). As the receptor is often mutated 

(Malden et al., 1988, Yamazaki et al., 1988) the levels of the 

intermediates in the signalling pathways maybe altered. In 

contrast, meningiomas are benign tumours with low levels of EGFr 

and slow proliferation (Sanson et al., 1989).
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3) Does the predominant cell type affect the level of PC and PE? 

Comparison between breast and brain tumours was done.

4) Is the concentration of PC and PE related to the concentration of 

the parent phospholipids, PtdC and PtdE respectively?

5) Does breast cancer have abnormal phospholipid metabolism 

compared with normal breast tissue?

6) Are changes in the relative level of PME predictive of the 

response to tamoxifen?

7) Is PME a marker of prognosis?

8) Is EGFr a marker for proliferation? High levels of EGFr are 

associated with a high growth fraction (Toi et al., 1990) and a 

more aggressive clinical behaviour (Sainsbury et al., 1985) 

consistent with upregulated growth control.

9) Can EGF be used for treatment?

10) Does EGF modulate the response to chemotherapy?

12) Does hypoxia modify the response to EGF and/or chemotherapy?

13) Can new agents for tumour therapy be monitored by MRS?
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CHAPTER II 

MATERIALS AND METHODS

2.1 31P MRS BREAST IN VIVO

The study was approved by the local ethics commitee, and all 

patients and control subjects gave their informed consent for the 

magnetic resonance investigation. 3 groups of patients with breast 

cancer were studied using 3 ip  MRS.

1) Patients presenting with untreated, operable breast cancer 

(UlCC Stage T1-4, NO-1,MO) were studied the day before surgery.

2) Patients not considered fit for surgery were treated with 

tamoxifen 20mg twice a day. They were studied before starting 

treatment and then at intervals of 1 week, 1 month, 3 months, 6 

months and 1 year after starting treatment.

3) Patients not responding to tamoxifen were treated with surgery. 

They were studied the day before their operation.

3 ip  MR spectra of normal breast were obtained from volunteers 

with no known breast pathology.

Localised 3 ip  MR spectra of the breast were obtained on a Biospec 

spectrometer interfaced to a I.QTesla, 60cm clear bore 

superconducting magnet (Oxford Research Systems), operating at 

32.7MHz for phosphorus and 80.8MHz for proton. The probe was a 

double surface coil with the 4 cm diameter receiver coil
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electrically isolated from and positioned 1.5cm forward from the 

10cm diameter transmitter coil. A glass vial of 75mM 

diphenylphosphate (DPP) in chloroform was placed in the centre of 

the receiver coil as a reference for the position of the coil in the 

phosphorus image.

Subjects were positioned supine and slightly rotated to one side so 

that the tumour was within the homogenous region of the magnet. 

The back was supported by foam to maintain the position and for 

patient comfort. In all patients the tumour was located very easily 

by palpation. The coil centre was placed over the tumour ensuring 

that the plane of the coil was parallel to the chest wall, and that 

the coil axis and therefore the B i field were perpendicular to the 

Bo fie ld.

Both coils were tuned to the phosphorus frequency and the 

transmitter coil (receiver coil for later studies) for the proton 

frequency. The magnetic field homogeneity was optimised by 

observing the proton signal from the region of breast to be studied. 

A pulse and collect sequence (48 pulses, 150|is, 3s interpulse 

interval) was first recorded to select the appropriate centre 

frequency for obtaining depth resolved spectra.

Depth resolved spectra were obtained from the tumour separate 

from the underlying chest wall muscle using Phase Modulated 

Rotating Frame Imaging (PMRFI) as originally proposed by Hoult 

(1979) and implemented as described by Blackledge et al., (1987).

A total of 8 data accumulations were acquired, the pulse sequence 

comprising an incremented spatial encoding pulse (0) followed by a
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phase encoding pulse (A.). After a short delay, the free induction 

decay was collected

0 ±x - Xy - delay - acquire Figure 2.1

Each accumulation comprised 48 transients, collected with an 

interpulse delay of 3s and covering a spectral width of 2000Hz. 

Using 100 watts of transmitter power, a pulse length of IBOps for 

both incremental and phase encoding pulse produced an 

approximately 90° tip angle in the centre of the tumour. To remove 

the phase twist inherent in the 2-D fourier transformation, a 

second data set with the phase of the 0 pulse increased by IBOO 

was acquired in exactly the same way.

As there is an inverse relationship between spatial resolution and 

signal to noise ratio, the number of increments was the minimum 

required for adequate spatial discrimination. The phosphorus data 

was collected in 40 minutes. With positioning the patient and 

optimising the magnetic field, the total time of the study was 

about 1 hour, which was acceptable to all subjects.

The free induction decays were multiplied by an exponential line 

broadening of 15Hz in the chemical shift dimension (F2). 2-D 

Fourier transformation was performed after zero filling and 

applying apodisation with a Gaussian function in the spatial 

dimension (F I). The 2 images obtained with 0x and 0_x were then 

added after reversing the second data set 0_x about the origin to 

produce a phophorus image without a phase twist. From the 

resulting 2-D data set, tumour spectra were selected by the

73



presence of PME (undetectable In muscle) and summed to maximise 

signal to noise. The poor signal to noise in individual rows from the 

contour plot did not allow accurate assessment of intratumour 

variations in the 3 ip  m r  spectrum.

A frequency domain, Lorentzian line fitting routine (developed by 

Counsell 0., MRC Radiobiology Unit, Chilton) was used to measure 

the area of the peaks in the 3 ip  m r  spectrum after optimising the 

baseline fit using polynomial corrections. The spectrum has an 

underlying hump that is due to the relatively immobile phospholipid 

bilayer with short T2 relaxation ( Murphy et al., 1989), and field 

inhomogeneity. The baseline was fitted to the hump rather than 

removed by convolution difference so as not to degrade the signal 

to noise. A mean of three fits was used to calculate PME relative to 

ATP using the ATP y-P signal as off resonance effects cause the 

ATP p-P peak to be displaced forward in the ^ ip  m r  spectroscopic 

image (Styles, 1991). Consequently, the tumour spectrum contains 

a mixture of muscle and tumour ATP. The PDE peak was often 

difficult to quantitate due to poor signal to noise, and a broad, non- 

Lorentzian line shape. Corrections for partial saturation effects 

were not made.

Measurement of absolute concentration of tissue metabolite levels 

can be made by relating the area of the peak of interest to the area 

of the phosphorus reference of known concentration, with 

corrections for loss of signal intensity with depth. This was not 

possible as the tumour volume was not known and was often 

smaller than the sensitive volume detected by the receiver coil.
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2.2 HIGH RESOLUTION SPECTROSCOPY IN VITRO

Perchloric acid (PGA) extraction of tissue samples isolates the 

intermediates in phospholipid and energy metabolism and is 

therefore important for identification of the peaks in the 3 ip  m r 

spectrum in vivo. Composition of the membrane phospholipids can 

be examined by chloroform/methanol (C/M) extraction of the pellet 

produced after PC A extraction.

2.2.1 EXTRACTION PROCEDURES

Samples of breast and brain tumours were frozen in liquid nitrogen 

within 15 minutes of removal at surgery until the time of 

extraction. Samples of normal breast tissue were obtained from 

women undergoing reduction mammoplasty.

PERCHLORIC ACID EXTRACTION

All tissue samples were weighed and extracted with PCA followed 

by C/M to produce samples suitable for high resolution 3 ip  MR 

spectroscopy.

The tissue was ground to a powder in liquid nitrogen using a pestle 

and mortar cooled in dry ice. The powder was added to ice cold 6.5% 

PCA, approximately 4ml PCA per gramme of tissue. The mixture 

was then homogenised with an electric homogeniser for 30sec and 

centrifuged at room temperature for 10 minutes at 3500rpm on a 

MSE Centaur 2E centrifuge. The pellet was washed twice withlOmI
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of double distilled water to remove residual PCA and extracted 

with C/M as described below.

If there was excessive lipid in the sample of breast tissue causing 

cloudiness of the supernatant, it was centrifuged for a further 15 

minutes at 1500G on a Sorvall RC-5B refrigerated superspeed 

centrifuge.

3M potassium hydroxide was added dropwise to neutralise the 

supernatant, avoiding an overshoot of pH. If the pH was greater 

than 9, the tube was left on ice for an hour and the pH readjusted 

with PCA. Otherwise, storage in ice for 5 minutes was sufficient 

to allow equilibration of pH. The pH was measured on a PHM84 

research pH meter (Radiometer) with a combined electrode 

calibrated with buffer solutions at pH 4 and 9.2.

The resulting potassium perchlorate precipitate was removed by 

centrifugation at room temperature for 10 minutes at 3500rpm. 

(Neutralisation with potassium carbonate was not used for the 

later samples as the amino group of ethanolamine reacts with 

carbonate at alkaline pH producing 2 peaks for PE and GPE).

Approximately lOg of Chelex 100 (disodium salt) was added to 

remove the metal ions and sharpen the spectral lines, and the 

sample respun for 10 minutes at 3500rpm.

The supernatant was put in a round bottom flask and spun frozen in 

a large flask of liquid nitrogen by holding the glass flask with a
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pair of tongs. The frozen supernatant was then lyophilized to 

dryness overnight on a Chriss Alpha unit freeze dryer.

The resulting solid was resuspended in 3ml of double distilled 

water, respun to remove residual chelex 100, and sodium hydroxide 

added dropwise to adjust the pH to between 8.0 and 8.5 as there 

was little variation in chemical shift in this range of pH. Samples 

were stored in liquid nitrogen until the time of 3 ip  MRS.

CHLOROFORM/METHANOL EXTRACTION

The initial samples were extracted using a procedure adapted from 

that described by Folch et al. (1957). In a 50ml Falcon 

polypropylene test tube,10ml of chloroformimethanol (2 :1) solution 

was added to the washed pellet from PCA extraction. After 

homogenisation for 30 seconds, the mixture was filtered through a 

Buchner funnel using a Whatman no.1 filter, medium fast, 

qua lita tive .

To the filtrate, double distilled water was added for a final water 

volume of 20% and centrifuged for 10 minutes at 3200rpm.

The top aqueous phase was discarded and 0.2ml methanol added to 

the lower organic phase. The excess solvent was blown off with 

nitrogen gas within an hour. The resulting solid was resuspended in 

5% cholate buffer (5g cholate in 100ml double distilled water) 

mixed with 15mM EDTA, potassium salt, to bind the metal ions.
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As the filtration was slow and often unsuccessful due to tissue 

debris blocking the filter paper, an alternate method was used for 

extraction of the membrane phospholipids as described below.

There was better separation of the phases with this procedure 

w ithout filtra tion .

To the washed pellet, chloroform:methanol (2:5) solution, 3ml/g of 

original tissue and 1M ammonium carbonate, 1ml/g of original 

tissue, was added. The tube was left on ice for 30 minutes and then 

the phases separated by the addition of chloroform (0.2 ml/g of 

original tissue) and 2M ammonium carbonate (0.1 ml/g of original 

tissue). The mixture was then spun for 15 minutes at 3000rpm.

The upper aqueous layer was discarded and to the remaining two 

layers (middle : tissue residue and lower : organic) 15ml of 

chloroformimethanol (2:5) solution added. The mixture was respun 

for another 10 minutes and the upper organic layer transferred to a 

round bottomed flask.

The excess solvent was evaporated within 15 minutes with a 

rotary evaporator using ice cold water in the water bath to prevent 

lipid oxidation by heating. Any residual water was easily removed 

by spinning the glass flask in liquid nitrogen and lyophilisation. It 

was very important to remove excess solvent and water as both 

affect the chemical shift.

The resulting solid was resuspended in 5% cholate buffer with 

15mM EDTA. As the lipids are susceptible to oxidation they were
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stored in liquid nitrogen and analysed by 3 ip  MRS as soon as 

possible after extraction.

2.2.2 31P MRS IN VITRO

31P MR spectra from PCA and C/M extracts were obtained on a 

9.4Tesla Oxford Instruments Magnet operating at 161 MHz for 

phosphorus and 400MHz for protons. The home built 10mm probe 

consisted of a Helmholtz phosphorus coil surrounded by a separate 

saddle coil tuned to the proton frequency.

The sample along with a coaxial glass capillary containing 50mM 

methylenediphosphonic acid (MDP) for quantitation was placed in a 

10mm diameter glass tube. The position of the NMR tube was 

adjusted within the coil so that the full length of the coils were 

observing the sample.

The magnetic field homogeneity was optimised using the proton 

signal so that the proton peak was symmetrical with width at half 

height of less than 5Hz.

Fully relaxed, proton decoupled phosphorus spectra were obtained 

at room temperaturem using a 20|is pulse (60° tip angle), 

repetition time 10s, sweep width 8064Hz and 8K data points. 

Composite pulse proton decoupling was applied during acquisition 

(power 3 watts), and gated off during the relaxation delay to avoid 

distortion of spectral intensity by nuclear Overhauser effects. 

Proton decoupling simplifies the spectrum by eliminating the 1H- 

31P multiplets and allows accurate quantitation. The number of
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transients accumulated to achieve good signal to noise varied with 

the type and weight of the tissue examined.

Identification of peaks in the ^ ip  m r  spectrum from PCA extracts 

peak can be done with a variety of techniques and confirmed by 

classical biochemical assays such as HPLC. Initial peak assignment 

is made by spiking the extract with a small amount of the 

suspected compound and looking for an increase in the spectral 

peak. However compounds resonating at the same frequency may 

not be recognised.

This can be overcome by comparing the titration behaviour of the 

unknown resonance in response to changes in pH with that of known 

compounds under identical conditions as each compound has its 

own characteristic titration curve of chemical shift versus pH 

(Moon and Richards., 1973, Robitaille et al., 1991). It is important, 

however, to be aware that the chemical shift is not only pH 

dependent but also affected by the ionic strength of the solution, 

the presence of divalent cations such as Mg2+ and Ca^+, 

concentration of proteins and temperature due to lowering of the 

pKa.

The chemical shift of a compound can be referenced to PCr if 

present in the spectrum, or to GPC as both compounds have a low 

pKa (4.6 and 2 respectively) and so the resonance frequency is not 

affected by pH in the range of interest. Increasing Mg2+ and ionic 

strength produce an upfield shift for PCr and so it is not suitable 

for very concentrated samples. An alternative is an external 

phosphorus reference such as MDP in a glass capillary inserted into
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the NMR tube with the sample. The external reference and the 

extract solution, however, will experience different bulk 

susceptibility effects and an internal reference is preferred.

For the 3 ip  MR spectra of PCA extracts, peak assignments were 

initially made on the basis of data in the literature (Evanochko et 

al., 1984, Murphy, 1989) and confirmed by the addition of known 

compounds. The chemical shift of the external reference of 50mM 

MDP in a sample of pH 8.5 was at 20.65 ppm. The internal reference 

of PCr when present was at 0 ppm and of GPC at 2.90 ppm (Table 

2 .1).

The phospholipids in the 3 ip  MR spectra of the organic extracts 

were identified by the addition of known phospholipids and 

referenced to phosphatidylcholine at 1.95 ppm as this was always 

detected (Table 2.2), with the MDP reference at 20.65 ppm.

All spectra were processed with an exponential line broadening of 

2Hz. Peak integration was done using a frequency domain, 

Lorentzian line fitting routine called Glinfit (Bruker). Absolute 

concentration of metabolites per gramme of tissue was calculated 

with reference to the concentration of MDP.
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Table 2.1 Peak assignments for resonances in the MRS 
spectrum of a perchloric acid extract at pH=8.5 referenced to 
PCr=0 ppm and MDP reference=20.65 ppm (Murphy, 1989).

CHEMICAL SHIFT 5 (ppm)
7.49 
7.38 
7.33 
6.99 
6.90 
6.83 
6.80 
6.47 
6.37 
5.80
3.82 
3.45 
2.85
2.49 
0.00
-2.38, -2.54 
-2.42, -2.58 
-2.68, -2.85 
-2.75, -2.92 
-7.12, -7.29 
-7.64, -7.79 
-7 .85
-7.92, -8.09, -8.27, -8.43
- 8.02
-8 .23
-9.31, -9.48 
-9.48, -9.64 
-9.56, -9.73 
-17.77, -17.92, -18.08 
-17.88, -18.00, -18.15

METABOLITE
Glucose-6-phosphate
Glucose-3-phosphate
a-glycerophosphate
derivative of PE+CoA
PE
AMP
2,3DPG
2.3DPG
PC
Pi
derivative GPE
GPE
GPC
Phosphoenolpyruvate
PCr
y-ATP + y-GTP (doublet)
Y-CTP, 7-UTP+ y-TTP (doublet) 
P-ADP + p-GDP (doublet)
P-CDP, p-UDP + p-TDP (doublet) 
a-ADP + a-GDP (doublet) 
a-ATP + a-GTP (doublet)
UDPG (one of quartet)
NAD(P) (quartet)
UDPG (one of quartet)
UDP-GAL (one of quartet) 
UDP-GAL (two of quartet)
UDPG (two of quartet)
UDP-X (two of quartet) 
p-ATP + p-GTP (triplet) 
p-CTP, p-UTP + p-TTP (triplet)
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Table 2.2 Peak assignments for resonances in the 3 ip  MRS 
spectrum of chloroform/methanol extract referenced to PtdC=2.00 
ppm and MDP reference=20.65 ppm.

CHEMICAL SHIFT Ô (ppm) PHOSPHOLIPID

1.95 Phosphatidylcholine
2.04 P hosphatidy linos ito l
2.28 Phosphatidylserine
2.50 Lysophosphatidylcholine
2.57 Phosphatidylethanolam ine
2.69 Sphinghomyelin
2.82 C ard io lip in
2.96 Lysophosphatidylethanolamine
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2.3 CLASSIFICATION OF PRIMARY BREAST CANCER

2.3.1 UlCC TNM STAGING (APPENDIX 1)

The maximum tumour diameter (T) was measured from the resected 

tumour. The axillary lymph nodes were surgically sampled at the 

time of removal of the primary breast tumour and assessed 

histologically for tumour spread (N). To complete staging, distant 

spread (M) was assessed by chest X-ray and isotope bone scan for 

lung and skeletal secondaries respectively.

2.3.2 HISTOPATHOLOGY

Histopathological assessment of all breast tumours was performed 

by the Pathology Department, John Radcliffe Hospital, Oxford. 

Haematoxylin and eosin stained paraffin sections of tumour were 

examined by light microscopy for assessment of histological type. 

Histological grading of ductal tumours was based on nuclear 

pleomorphism, mitotic figures and tubule formation.

2.4 MEASUREMENT OF PROLIFERATION

The SPF is a measure of proliferative activity (Tubiana and 

Courdi,1989). For each breast tumour, the SPF was calculated from 

a DMA histogram obtained from flow cytometry of nuclear 

suspension prepared from paraffin-embedded tissue (Dr R.S. 

Camplejohn., Richard Dimbleby Department of Cancer Research 

Institute, St. Thomas' Hospital, London). This method was first 

described by Hedley et al (1983) and the results are comparable to 

those achieved using fresh tissue in lymphoma (Camplejohn et al..
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1985; 1989) and breast cancer (Wingren et al., 1988).

2.4.1 PRODUCTION OF NUCLEAR SUSPENSION

One 50^im thick section from each tumour was placed in a small 

biopsy cassette (pore size 300pm). Up to 12 cassettes were placed 

in a basket and the batch of samples run on a tissue processing 

machine (Histokinette) with the following programme. The samples 

spend 15 minutes being agitated in:

1 ) Xylene - X 3 changes

2) 100% alcohol - X 2

3) 90% alcohol - X 2

4) 70% alcohol - X 2

5) 50% alcohol - X 2

The basket of cassettes were then washed thoroughly, leaving them 

to soak, in two changes of distilled water. The water was then 

drained before opening the cassette carefully. Using fine forceps, 

the dewaxed section was transferred to a universal container with 

0.5% pepsin (Sigma 7012) in 0.9% saline, pH 1.5 (adjusted using 2M 

HOI). The batch of universal containers were placed in a 37°C water 

bath for 30 minutes. They were then centrifuged at room 

temperature for 3 minutes at 2000 rpm. The supernatant was 

discarded using a Pasteur pipette. The remaining tissue fragments 

and released nuclei were resuspended in 2ml of phosphate buffered 

saline and agitated vigorously using a vortex mixer. The resulting 

suspension was filtered through a 35pm pore size nylon filter.
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2.4.2 STAINING FOR DNA

The nuclear suspension was incubated with DAP! (4/6- 

diaminodino-2-phenylindoldihydrochloride, Boehringer) at a 

concentration of 1pg/ml for at least 30 minutes at room 

tem perature.

2.4.3 FLOW CYTOMETRY

The samples were analysed using a Becton Dickinson FACS analyser 

(Becton Dickinson, Mountain View, CA) powered by a mercury arc 

lamp. Immediately prior to running on the flow cytometer, the cell 

suspension was passed through a 25 gauge needle to reduce 

clumping. The fluorochrome was excited at 360nm, and blue 

fluorescence (490nm) was collected. 10® particles were scanned to 

construct a DNA histogram.

2.4.4 ANALYSIS OF DNA HISTOGRAM

The quality of the DNA histogram is represented by the coefficient 

of variation. This was calculated for the full DNA diploid G0/G1 

peak using the Becton-Dickinson software.

The DNA index represents the amount of DNA in nuclei from 

aneuploid cells relative to that contained in diploid nuclei. There is 

no satisfactory internal standard for determining the DNA index for 

samples from paraffin embedded tissue. Formalin fixation and 

enzyme digestion affects nuclear staining with DARI and this 

varies with cell type. For aneuploid samples, the DNA G0/G1 peak
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with the least DNA (on the left) was taken to be diploid. The DNA 

index was assumed to be 1.0 if only a single DNA G0/G1 peak was 

evident.

DNA measurement was combined with analysis of nuclear volume. 

This is particularly important for detecting a small population of 

tetraploid stem lines. They are often not recognised in the DNA 

histogram as the G0/G1 nuclei appear in the same position as the 

diploid G2/M nuclei and their S and G2/M phases are buried in the 

baseline.

The SPF for diploid tumours was measured using the method of 

Baisch et al, (1975). The number of cells in 8 phase was calculated 

from a rectangle fitted between the peak channels of the G0/G1 

and G2/M peaks. For the DNA aneuploid histogram, the percentage of 

aneuploid S phase cells as a percentage of the total aneuploid cells 

was estimated in a similar way. The height of the rectangle was 

measured in that part of the histogram not overlapped by the DNA 

diploid distribution as illustrated in Figure 2.2.
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Figure 2.2 Calculation of S phase fraction from DNA histogram for aneuploid tumours 
from that part of the histogram not overlapped by diploid cells.



2.5 EGFr AND ER ASSAYS

Following surgical excision, breast tumour samples were stored in 

liquid nitrogen at -70°C until the time of receptor assay 

(performed at ICRF Molecular Oncology, John Radcliffe Hospital, 

Oxford).

2.5.1 PREPARTION OF MEMBRANES FOR EGFr ASSAY

Tumour tissue was ground to a powder in liquid nitrogen using a 

pestle and mortar cooled in liquid nitrogen. The powder was 

transferred to a pre-weighed 50ml Falcon plastic tube and 

weighed. HE buffer (0.02 M HEPES pH 7.4 and 1.5 mM ethylene 

diamine tetraacetic acid, EDTA) plus protease inhibitors (O.SmM 

phenylmethyl sulphonyl fluoride, ImM benzamide and lOpg/ml 

ovomucoid) was then added to the tube (4ml buffer to 0.2g tissue). 

The mixture was homogenised with an Ultra Turrax at setting 6 for 

three lOsec bursts. The contents were continually immersed in an 

ice bath and 1 minute cooling periods were used between bursts. 

The resulting homogenate was centrifuged at 4°C for 10 minutes at 

SOOOrpm in a beckman GRR centrifuge. The nuclei pellet was stored 

at -70°C for other studies. The supernatant containing membranes 

and cytosol was further centrifuged at 2°C for 40 minutes at 

37,500rpm in a Beckman L8-M ultracentrifuge. The supernatant 

(tumour cytosol) was stored at -70°C until the time of ER assay. 

The membrane pellet was washed with Tris/NaCI buffer (0.05M 

Tris and 0.15M sodium chloride pH 7.5), 1-5ml (2ml for a pellet 

from 200-500mg tissue), to remove any residual cytosol. The 

washed pellet was resuspended in Tris/NaCI buffer (1.0ml for 90-
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200mg tissue, 1.5ml for 200-500mg tissue and 3.0ml for >500mg 

tissue), first using a plastic Pasteur pipette followed by a glass- 

glass homogeniser. Aliquots were stored at -70°C prior to EGFr 

assay and measurement of membrane protein concentration.

2.5.2 EGFr ASSAY

The two-point screening radioligand binding assay was performed 

in triplicate in Eppendorf tubes for each tumour where there was 

sufficient membrane preparation. Total binding was estimated by 

incubating ISOpg tumour membrane with ‘•25|-e g f  ( inM  final 

concentration) in a reaction volume of 400pl made up with 

phosphate buffered saline plus bovine serum albumin 0.2% (to 

reduce non-specific binding). Non-specific binding was estimated 

with the same mixture as above with the addition of unlabelled EGF 

in 100-fold excess concentration (20|il of 0.1 mg/ml). Incubation 

was for 60 minutes at 25°C with a single mixing using a vortex 

after 30 minutes. The reaction was slowed by the addition of SOOpI 

of ice cold PBS plus 0.2% bovine serum albumin. The bound and free 

components were separated by centrifugation at 4°C for 8 minutes 

at 14,000rpm. The supernatant was discarded and the pellet 

resuspended in 1ml ice cold phosphate buffered saline plus 0.2% 

bovine serum albumin and vortexed. The mixture was centrifuged 

again as above and the supernatant discarded. The sample was 

centrifuged for a final time for 5 - lOsec and the remaining few pi 

of buffer removed using a small Gilson pipette. The tips of the 

Eppendorf tubes were cut off and counted in a Beckman Gamma 

5500B Spectrometer with a counting efficiency of 76%. Specific
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binding was calculated by subtracting non-specific binding from 

total binding.

A431 human vulval carcinoma cells expressing high levels of EGFr 

were used as a positive control.

2.5.3 ER ASSAY

ER was measured by the dextran charcoal method using the 2 point 

screening assay in triplicate. Dithiothreitol was added to tumour 

cytosol to give a final concentration of 2nM. Aliquots (200pl) of 

cytosol were incubated at 4°C with 3H-oestradiol-17p (1nM final 

concentration, a concentration sufficient to saturate ER binding 

sites) in the presence and absence of a 100-fold excess of 

unlabelled diethylstilboestrol (to correct for non specific binding). 

After 18 hours, the mixture was incubated with 900pL HE buffer 

and 500|iL charcoal dextran suspension (stirring in an ice bucket) 

for 15 minutes on ice. The incubation mixture was vortexed every 5 

minutes. The receptor bound hormone was separated from free 

hormone bound to the charcoal by centrifugation at 4°C for 5 

minutes at 2000rpm. ER binding was determined by counting the 

radioactivity in a lOOpI aliquot using a Beckman LS 5000 CE p 

Counter. As for EGFr measurement, ER specific binding was 

calculated by subtracting non-specific binding from total binding 

and the ER levels normalised to cytosol protein content.

MCF-7/WT human breast cancer cells expressing ER were used as a 

positive control.
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2.5.4 MEASUREMENT OF MEMBRANE PROTEIN

EGFr and ER values were normalised to total protein of membrane 

and cytosol respectively. A standard curve using bovine serum 

albumin (0 - 20pg/ml plus sodium hydroxide (1M final 

concentration) for EGFr; and 0 - S^ig/ml for ER) was generated for 

each batch of tumour samples using a Beckman DU-62 

Spectrophotometer operating at 595nm. 50|il sample of tumour 

membrane solubilised in sodium hydroxide (1M final concentration) 

was used. Tumour cytosol was measured again after a 1 in 2 

dilution in double distilled water.

2.6 TISSUE CULTURE METHODS

2.6.1 CELL LINES

MURINE

V79 : Lung fibroblasts isolated from the Chinese hamster 

Cricetulus grisens. The sub-line V79-379A obtained from the 

Institute of Cancer Research, Sutton, Surrey was used.

HUMAN BREAST CANCER

MCF-7/WT : Adenocarcinoma derived from the pleural effusion from 

a patient with metastatic breast cancer. The cells express ER, PgR 

and low levels of high affinity EGFr. They are responsive to 

oestrogen with stimulation of proliferation and the production of
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PgR (Lippman and Bolan, 1975, Lippman et al., 1976, Horowitz and 

McGuire, 1978).

MCF-7/AdrR : MCF-7 selected for resistance to adriamycin with 

overexpression of P-glycoprotein due to gene amplification 

(Fairchild et al., 1987) as well as changes in the drug metabolising 

enzymes : glutathione-S-transferase, cytochrome P450-IA1 and 

UDP-glucuronyl transferase (Batist et al., 1986). These cells have 

lost ER and express high levels of EGFr (Vickers et al., 1988).

MDA-468 : Adenocarcinoma derived from pleural effussion from a 

patient with metastatic breast cancer with high levels of EGFr due 

to gene amplification (Filmus et al., 1985).

All the breast cancer cell lines were obtained from the National 

Cancer Institute, Bethseda, Maryland, U.S.A.

2.6.2 STORAGE OF CELLS

Fresh cells were obtained from a liquid nitrogen tissue bank every 

three months or earlier if there was an infection of the stock 

cultures. Cells were prepared for freezing down by resuspending a 

cell suspension in 10% dimethyl sulphoxide in medium + 10% foetal 

calf serum (FCS) at a cell concentration of 10® cells/ml. The cells 

were pipetted into 2ml plastic ampoules which were frozen 

slowly, initially in the freezer for 1 hour, then at the top of the 

liquid nitrogen bank to -75°C at a rate of 2-5° a minute, prior to 

storage in the liquid nitrogen. Cells were recovered by rapid 

thawing at 37°C and subsequently cultured as described below.
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set up for hypoxia of suspension cultures



2.6.3 MAINTENANCE CULTURE 

GROWTH OF CELLS IN SUSPENSION

Stock cultures of V79 cells were grown as a spinning culture in 

suspension Minimal Essential Medium (SMEM described in appendix

2) supplemented with Earles salts, 2mM glutamine and 10% FCS. 

The cell suspension was stirred by a rotating magnet (200rpm) in 

250ml conical glass flasks fitted with glass stoppers. The vessels 

were weighted down in a water bath containing circulating 

distilled water with disinfectant cleaner, Roccal concentrate (1% 

benzalkonium chloride BP). The temperature was thermostatically 

controlled by a heater at 37°C. The cell culture was diluted with 

fresh medium every day to maintain cell concentration between 

1.5-6 X 10^ cells/ml to ensure logarithmic growth as the doubling 

time was 11-12 hours.

GROWTH OF CELLS IN MONOLAYER

Stock cultures of all three breast cancer cell lines were grown as 

a monolayer in RPMI 1640 (given in appendix 2) supplemented with 

2mM glutamine and 10% FCS in 75ml plastic flat bottomed flasks 

(Nunc). The bottles with loosened tops were kept at 37°C in a 

humidified incubator gassed with a mixture of 95% air and 5% 

carbon dioxide (BOC Ltd). Cells were subcultured once or twice a 

week to maintain exponential growth. To subculture the cells, 5ml 

of trypsin-EDTA (Gibco) was added to the flask after removing the 

culture medium. After several minutes, the cells were detached 

from the flask by gentle agitation. The trypsin-EDTA was
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neutralised with an equal volume of culture medium and the cells 

transferred to 20ml universal containers. The cells were spun at 

room temperature for 6 minutes at lOOOrpm on a lEC CENTRA-3 

centrifuge and then resuspended in fresh culture medium. 1- 5 x 

10^ cells were reseeded into a fresh flask containing 20ml culture 

medium.

2.6.4 PREPARATION OF HYPOXIC CELLS

SUSPENSION CULTURE FOR V79 AND BREAST CANCER CELLS

About 6 to 8 hours before an experiment, a suspension of 

exponential cells at a concentration of 1.5-2.0 x 10^ cells/ml in 

50-100ml culture medium (SMEM + 10% FCS for V79 cells; 7.5% FCS 

for breast cancer cells as this reduced clumping without affecting 

viability) was placed in a 250ml conical glass flask with a 

magnetic stirrer. The flask was fitted with a glass inlet/outlet 

system for gassing the cells with a mixture of 95% nitrogen and 5% 

carbon dioxide (BOC < 1 0  mm oxygen). Gassing was performed for 1, 

3, 6,16 or 24 hours. The gas mixture was bubbled through copper 

sulphate solution for sterilisation before entering the flask. A 

separate flask was set up for the experiments with cells 

reoxygenated following hypoxia. The glass flasks were kept in a 

water bath at 37°C. The pH of the cell suspensions was constant 

throughout the gassing period. The apparatus and set-up is 

illustrated in Figure 2.3.

The aerobic cells were gassed in exactly the same way with a 

mixture of 20% oxygen, 75% nitrogen and 5% carbon dioxide.
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MONOLAYER CULTURE FOR BREAST CANCER CELL LINES

5 X 10^ cells from an exponential culture were suspended in 1ml of 

culture medium and allowed to attach to the bottom of each glass 

well of a specially designed 24 well plate (Stratford and Stephens, 

1989). After 3 hours the plates were then placed in a gas-tight 

perspex box and gassed in an incubator with a mixture of 95% 

nitrogen and 5% carbon dioxide for 16 hours at 37°C.

There was no change in pH during the period of hypoxia. There was 

slowing of proliferation as there was little change in cell number 

during hypoxia. It was unlikely that cell survival was compromised 

at the cell density used as marked reduction of survival after 16 

hours of hypoxia was only noted for cell densities greater than 10® 

cells/ml (Smith, 1981).

The aerobic cells were placed in a 24 well plastic plate (Falcon) 

and gassed with a mixture 20% oxygen, 75% nitrogen and 5% carbon 

dioxide, in a humidified incubator at 37°C for the duration of the 

experiment.

2.6.5 MEASUREMENT OF HYPOXIA 

SUSPENSION CULTURE

The optimal conditions and time for achieving very low oxygen 

concentrations for suspension cultures gassed with a mixture of 

95% nitrogen and 5% carbon dioxide as described in the earlier 

section has already been determined (Smith, 1981).

97



MONOLAYER CULTURES

Very low levels of oxygen (less than 0.1% oxygen in solution) have 

been confirmed in V79 cells using a biological assay based on the 

resistance of hypoxic cells to X-irradiation. It is known that that a 

marked change in radiation sensitivity occurs over the range of 

1.0%-0.1% oxygen in solution (Alper and Howard-Flanders, 1956). 

The maximum oxygen enhancement ratio (OER) or the ratio of the 

dose required for equivalent cell kill for hypoxic cells compared to 

aerobic cells varies between 2.5 and 3.5 (Heilman, 1985).

The experimental procedure is outlined in Figure 2.4. 10^ cells 

from an exponential culture were suspended in 1ml of culture 

medium and allowed to attach to the bottom of each glass well 

along the long axis of a 24 well plate. After 3 hours, each plate 

was placed in a gas-tight perspex box and gassed in an incubator 

with a mixture of 95% nitrogen and 5% carbon dioxide at 37°C.

After 3 hours, the hypoxic cells were X-irradiated in the incubator. 

To ensure the same dose of X-irradiation for all the cells in a 

particular plate the long axis of plate was placed parallel to the 

side of the incubator that was X-irradiated. The plates of cells 

were removed one at a time from the top of the incubator after 

each period of X-irradiation so that the plate of cells received an 

increasing dose of X-irradiation with depth. The cells were 

detached from each well by adding 0.5ml trypsin-EDTA after 

removing the culture medium. An equal volume of culture medium 

was added to neutralise the trypsin-EDTA and the cells transferred 

to a universal container. The cells were centrifuged at room 

temperature for 6 minutes at lOOOrpm on a lEC CENTRA-3
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Figure 2.4 Bioloaicai assay for confirmina 
hypoxia of monolayer cultures
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PLATE CELLS AND ALLOW TO ATTACH
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HYPOXIA FOR 3 HRS 
AEROBIC CONTROL

RADIOTHERAPY OF HYPOXIC CELLS

CLONOGENIC CELL SURVIVAL ASSAY

COUNT COLONIES AFTER ONE WEEK
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centrifuge and then resuspended in fresh culture medium. Survival 

following each dose of X-irradiation was measured using the 

clonogenic cell survival assay as described in Section 2.3.8.

The aerobic cells were placed in a 24 well plastic plate and X- 

irradiated in air after being gassed with a mixture of 95% air and 

5% carbon dioxide for 3 hours in a humidified incubator at 37°C.

2.6.6 CHEMOTHERAPY

DRUGS

ADRIAMYCIN (Farmatalia Carlo Erba)

Stock solution of 10mg/ml was prepared by dissolving the freeze- 

dried powder in normal saline.

ETOPOSIDE (Bristol-Myers Squibb)

Stock solution of etoposide was prepared by dissolving the powder 

in dimethyl sulphoxide to give a concentration of 17mM. For the 

control cells, the dilution of dimethyl sulphoxide for the highest 

etoposide concentration was used.

The stock solution was sterilised by filtering with a millipore 

filter and then stored as appropriate. Subsequent drug dilutions 

were made in culture medium.
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EXPERIMENTAL DETAILS

Figure 2.5 illustrates the experimental procedure. Following 

hypoxia the cells were incubated with the cytotoxic drug for one 

hour in air at 37°C. For suspension cultures, 2 or 3ml of culture 

medium containing the cells was added to an equal volume of drug 

in a universal container. For monolayer cultures, the culture 

medium was replaced with drug in 0.5ml of culture medium. After 

drug exposure, the cells were washed twice with medium and 

survival assessed using the clonogenic cell survival assay or the 

MTT colorimetric assay as described in section 2.6.8. The response 

to adriamycin in previously hypoxic cells was compared with the 

response in aerobic cells. All experiments were performed at least 

in trip licate.

2.6.7 EGF

Mouse EGF, receptor grade (Sigma) was obtained as a 10ml vial 

containing lOOpg lyophilised powder and was dissolved in 10ml of 

normal saline for preparation of the stock solution.

EXPERIMENTAL DETAILS

The experimental procedure is outlined in the flow diagram in 

Figure 2.6. Monolayer cell cultures were gassed with 95% nitrogen 

or 95% air mixed with 5% carbon dioxide for 24 hours. At the same 

time the cells were incubated with EGF alone, adriamycin alone or 

adriamycin and EGF. The cells were then washed twice with 

medium and survival assessed 3 days later using the MTT
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Fiçure 2.5 Protocol for studying 
chemosensitivitv following hvooxia

SUSPENSION CULTURE MONOLAYER CULTURE

HYPOXIA FOR 
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Y
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ASSAY CELLULAR RESPONSE

CLONOGENIC CELL SURVIVAL ASSAY MTT ASSAY
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Figure 2.6 Protocol for experiments with

DRUG EXPOSURE (24HR) 
DURING HYPOXIA

DRUG EXPOSURE (72 HR) 
FOLLOWING HYPOXIA
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a) EGF
b) ADRIAMYCIN
c) EGF+ADRIAMYCIN

HYPOXIA FOR 24 HRS 
AEROBIC CONTROL

REMOVE DRUG

MTT ASSAY AFTER 3 DAYS

HYPOXIA FOR 24 HRS 
AEROBIC CONTROL

ADD DRUG
a) EGF
b) ADRIAMYCIN
c) EGF+ADRIAMYCIN

MTT ASSAY AFTER 3 DAYS
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colorimetric assay. Following gassing of monolayer cultures for 24 

hours, the culture medium was replaced with 0.5ml of fresh 

culture medium containing either EGF, adriamycin or adriamycin 

and EGF. The 24 well plates were placed in a humidified incubator 

at 37°C gassed with 95% air and 5% carbon dioxide. After 72 hours, 

survival was assessed using the MTT colorimetric assay. All 

experiments were performed at least in triplicate.

2.6.8 ASSAYS OF CELLULAR RESPONSE

CLONOGENIC CELL SURVIVAL ASSAY (Figure 2.7)

This is an assay of cell survival based on the ability of viable cells 

to divide and form colonies (Puck and Marcus, 1955).

Several concentrations of cells for each drug concentration were 

plated in 25ml petri dishes (Nunc) with 2ml of culture medium. The 

number of colonies larger than 50 cells were counted after 

removing the culture medium, fixing with 70% absolute alcohol and 

staining with methylene blue. This was done a week after drug 

exposure for the V79 cells and two weeks for the human breast 

cancer cells. The plating efficiency was calculated from the 

number of colonies relative to the number of cells plated. The 

surviving fraction for each drug concentration was determined by 

dividing the specific plating efficiency by the plating efficiency 

for the control cells.
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Fiçure 2.7 Protocol for 
clonogenic cell survivai assay
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MTT (TETRAZOLIUM) COLORIMETRIC ASSAY (Figure 2.8)

This is a growth assay and is based on the ability of viable cells to 

convert a soluble tétrazolium salt, 3-4, 5 dimethylthiazol-2, 5 

diphenyl tétrazolium bromide (MTT), into purple formazan crystals 

(Mossman 1983). The optical density of the dissolved crystals is 

proportional to the number of live cells although the absolute 

amount of absorbance varies with cell line as the assay depends 

upon the activity of mitochondrial dehydrogenase (Carmichael et 

al.. 1987).

Growth curves for each cell line were generated by plating an 

increasing number of cells from 500 to 100,000 per well in a 24 

well plate for up to 7 days. The cells in 0.5ml of culture medium 

were incubated with 0.5ml MTT (Sigma) (1 mg/ml) for 4 hours at 

370c . The culture medium and unconverted MTT was then removed 

by gentle aspiration using a Pasteur pipette. After dissolving the 

formazan crystals in 1ml of dimethyl sulphoxide per well, the 

optical density was measured on a multiwell spectrophotometer 

(Titertek Twin reader, ELIZA, Flow Lab.) using a 550nm filter with 

blanking at 700nm.

As the growth rates varied between the cell lines used, the optimal 

conditions in terms of cell number and duration of the MTT assay 

were determined for each cell line before measuring the response 

to chemotherapy and/or EGF. The number of cells and the duration 

of the assay was adjusted so that the untreated cells were in 

exponential growth phase at the time of adding the MTT dye, and 

there was sufficient time for adriamycin induced cell death to
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occur. In view of the rapid doubling time of the V79 cells, 5000 

cells plated for 72 hours were considered optimal. As the human 

breast cancer cells have longer doubling times, 50,000 cells were 

plated for 72-96 hours.

For the MTT assay, equal numbers of cells (in 0.5ml culture 

medium) were plated into a 24 well plate after 1 hour drug 

exposure in universal containers, and before addition of drug for 

the 24 - 96 hour exposure times. The cells were incubated with 

MTT as described above, 72 hours after 1 or 24 hour drug 

exposures. For longer exposure times, MTT was added at the end of 

the 72 or 96 hour period.
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Figure 2.8 Protocol for MTT assay

DRUG EXPOSURE

i
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2.7 STATISTICAL ANALYSIS

For the in vivo breast studies, linear regression analysis was used 

to assess the relationship between PME/yATP and SPF, tumour size 

and growth factor expression (EGFr and ER). The Mann-Whitney non 

parametric test was used for comparing median values of 2 groups 

of data for PME/yATP and histological grade and axillary lymph 

node status.

For all the in vitro breast and brain studies, the Mann-Whitney non 

parametric test was used for comparing median values of 2 groups 

of data as there the data did not appear to have a normal 

d is tr ib u tion .

The Chi squared test was appropriate for discrete or discontinuous 

data and was used for all data analysis with DMA ploidy. The 

Kendall Rank test was used for assessing the relationship between 

two variables where the data did not have a normal distribution. It 

was used to assess the relationship between EGFr and ER status. 

For comparing median SPF the Mann-Whitney non parametric test 

was used.

The Student's t test was used in all the analyses for the cell 

culture studies.

109



CHAPTER III 

PHOSPHORUS MRS OF HUMAN BREAST CANCER

3.1 INTRODUCTION

MR spectra of a wide range of human tumours in comparison 

with normal tissue demonstrate raised PME. Preliminary reports of 

a few cases of breast cancer, using a surface coil for localisation, 

have observed greater levels of PME and PDE compared with normal 

breast (Negendank et al., 1988, Ng et al., 1989, Sijens et al., 1989). 

These results have been supported in a larger series of 33 patients 

with breast tumours greater than 4cm diameter (Twelves et al., 

1991). The exception (Redmond et al., 1991) found no difference in 

PME in 9 breast tumours compared with 46 normal breast studies.

Serial 3 ip  MRS studies of locally advanced human breast cancer 

have detected a reduction in the level of PME in response to 

tamoxifen and cytotoxic chemotherapy (Table 3.1). In 3 women with 

large tumours of the breast (UlCC Stage T4, NO-3, MO-1) treated 

with sequential or concomitant combination chemotherapy and 

radiotherapy, serial 3 ip  MRS revealed progressive reduction in the 

PME to ATP ratio with tumour regression (Ng et al., 1989). There 

was also a reduction in the PDE to ATP ratio to a lesser extent. In 

one patient the change in metabolite ratio preceded reduction in 

clinical assessment of tumour size. For another case of locally 

advanced breast cancer, resistance to tamoxifen was associated 

with progressive increase in tumour volume measured from MR 

imaging and PME concentration, with a larger change in the PME
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Table 3.1 Review of in w V o^ip  MRS studies of human breast cancer treated with chemotherapy (CT) and/or 
radiotherapy (RT), or tamoxifen (Tx). (% change relative to tumour size before starting therapy, ^decrease ; 
Tincrease ; o  no change in tumour size).

31P MRS 
PROTOCOL

CASE THERAPY TIMING 
31P MRS

PME PDE Pi or PCr TUMOUR
SIZE

FIRST
AUTHOR
(YEAR)

PULSE AND 
COLLECT

Responder
Responder
Responder

CT+RT
CT+RT
RT

During
During
During

iPME/ATP
iPME/ATP
iPME/ATP

iPDE/ATP
iPDE/ATP
iPDE/ATP

iÎP i /A T P
iP i/A T P

i
I
EARLY i

Ng (1989)

ISIS Non
responder
Responder

Tx first 

CT second

During

During

TpME170% 

iPM E 25%

Î  39%

4.10%

Glaholm
(1989)

PULSE AND 
COLLECT

Responder

Responder

RT

RT

A f te r

A f te r

PCr
detected
PCr
detected

4.50%

4.50%

Sijens
(1989)

ISIS Responder

Responder

Responder

RT

RT

RT

During
A f te r
During
A f te r

During
A f te r

TpME300%
iPM E 25%
iPME 60%
TpME250%
iPME40%
iPME85%
iPME40%

T io%
4.50%
4.5%
Î25%
i3 0 %
4.20%
4.60%

Glaholm
(1991)



concentration (Glaholm et al., 1989). By 14 weeks after the start 

of tamoxifen, the tumour volume had increased by 39% and the PME 

by 170%. Soon after the start of combination chemotherapy the 

PME concentration fell sharply accompanied by a small decrease in 

tumour volume. Serial ^ ip  MRS in 3 patients with breast cancer 

demonstrated dramatic changes in the phosphomonoester signal 

during and following radiotherapy (Glaholm et al., 1991). In another 

report of radiotherapy for 2 patients with breast cancer, the 

appearance of PCr in the 3 ip  MR spectrum was associated with 

tumour regression. There are no comments about PME or PDE 

(Sijens et al., 1989).

The biochemical basis for therapy induced changes in the 3 ip  m r  

spectrum is not clear. PME are intermediates for biosynthesis of 

the major membrane phospholipids (Radda et al., 1989) and can also 

be generated by growth factor signalling (Fisher et al., 1991). PME 

may therefore reflect the rate of cell membrane synthesis and 

rapid cellular proliferation. The alteration in PME with anti-cancer 

therapy could be explained by changes in the rate of proliferation 

but could also be due to changes in cellularity, particularly as in 

most cases there was an associated change in tumour size. Genetic 

differences between subclones of tumour cells could also be an 

important factor as there could be large differences in the level of 

PME between responding and resistant cells within the tumour. 

Hypoxia can also affect pH and hence phospholipid metabolism, and 

response to radiotherapy and chemotherapy. Alterations in T1 

relaxation during therapy could occur and contribute to the change 

in the PME signal.
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To be able to interpret serial ^ ip  MRS studies for monitoring 

therapy, it is extremely important to establish the biochemical 

processes controlling phospholipid metabolism and to identify the 

factors affecting the level of PME in cancer. Therefore the 

following studies were performed using 3 ip  MRS.

1) Patients with untreated breast cancer were studied with 3 ip  

MRS the day before surgery with the aim of assessing the 

relationship between PME and proliferative activity as measured by 

SPF from flow cytometry of paraffin embedded tumour tissue.

2) To aid interpretation of the in vivo ^ ip  MR spectra, perchloric 

acid extracts of tissue from large breast tumours were studied by 

high resolution 3 ip  MRS.

3) PME was related to the expression of EGFr as signalling by EGF 

could involve hydrolysis of PtdC and therefore an increase in the 

pool size of PC measured in vitro or PME in vivo.

4) PC and PE were related to PtdC and PtdE respectively, to assess 

whether the levels of PME compounds were dependent upon the 

levels of their parent phospholipids.

5) Comparisons were made between malignant and normal breast 

tissue obtained from reduction mammoplasty cases, to determine 

whether cancer was associated with abnormal phospholipid 

metabolism .
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6) Comparisons between in vitro 3 ip  MR spectra from breast 

cancer were made with brain tumours to determine the importance 

of cell type in determining the level of PME. Brain tumours also 

differ in the expression of EGFr. High grade gliomas express high 

levels of EGFr whereas meningiomas are benign tumours with low 

levels of EGFr.

7) Serial studies were performed in patients with operable breast 

cancer treated with tamoxifen, as they were considered medically 

unfit for surgery, with the aim of assessing the predictive value of 

PME in monitoring therapy. The series reported in the literature 

contain large tumours where necrosis and cellular heterogeneity 

could profoundly affect interpretation of the p MR spectra.

8) The clinical role of PME as a marker of prognosis was evaluated.

9) EGF stimulates proliferation of cultured human breast cancer 

cells (Osborne et al., 1980) by interacting with EGFr expressed on 

the cell surface. Thus, EGFr was related to SPF to evaluate its role 

as a marker for proliferation.

The methodology has been outlined in the previous chapter.
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3.2 RESULTS

3.2.1 MEASUREMENT OF PROLIFERATION 

BREAST CANCER

147 patients with operable breast cancer had paraffin embedded 

sections from the primary tumour sent for DMA flow cytometry. 

These patients were serially selected from patients presenting to 

the Breast Unit at John Radcliffe Hospital. Normal breast tissue, 

confirmed by histological examination, was obtained from 

reduction mammoplasty specimens in 8 patients.

A typical DMA diploid histogram is shown in Figure 3.1a. The 

fluorescence intensity representing the DMA content is plotted on 

the horizontal axis, versus the number of nuclei on the vertical 

axis. The DMA content of cells in G2 and M phase was twice that of 

G0/G1 cells with a range of intermediate values for cells in S 

phase. For aneuploid tumours there were 2 or more G0/G1 peaks as 

shown in Figure 3.1b. The left hand peak was assumed to represent 

diploid cells (due to nuclei from normal cells, such as lymphocytes 

and endothelial cells, within the tumour). External DMA standards 

were not reliable due to variability in staining of nuclear DMA as a 

result of differences in fixation and processing of the paraffin 

embedded sections between samples. This means that a few cases 

could have been erroneously classified as hyperdiploid when they 

were hypodiploid.

115



Figure 3.1 Typical a) diploid DNA histogram and b) aneuploid DNA 

histogram with 2 G0/G1 peaks. The fluorescence intensity representing the 

DNA content is plotted on the horizontal axis, versus the number of nuclei on 

the vertical axis. The DNA content of cells in G2 and M phase is twice that of 
cells in GO and G1, with a range of intermediate values for cells in S phase.
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21 of the 147 (14.3%) DNA histograms from breast cancer could not 

be analysed due to poor quality (coefficient of variation : mean 

10.9%, range 8.1 to 11%). The mean coefficient of variation for 126 

tumours analysed was 5.5% with a range of 2.6 - 9.5%. The patient 

characteristics are listed in Table 3.2. The excluded cases did not 

differ significantly from these and are not considered in any of the 

analyses presented below.

40 of the 126 (31.8%) tumours were diploid and 86 (68.2%) 

aneuploid. The majority of the aneuploid tumours (73.3%) were 

simple hyperdiploid (1.0 < DNA index < 1.9) and 15.1% of the 

tumours had a DNA index between 2.0 and 3.0. In 11.6% there were 

multiploid with 2 aneuploid peaks.

SPF could not be calculated in 28 DNA aneuploid histograms with 

the following features :

1) DNA index less than 1.3, particularly when there was a large 

coefficient of variation and therefore the peaks were broad. This 

was due to overlap of all phases of the diploid DNA with the 

aneuploid population.

2) Multiploid tumours due to overlapping DNA histograms.

3) Aneuploid nuclei representing less than 10% of the total 

population. The SPF was felt to be unreliable in some tumours with 

10 - 20% aneuploidy.

The median SPF for the remaining 98 tumours was 5.5% with a 

range of 0.6 to 28%. The median SPF for the aneuploid tumours 

(n=58) was significantly higher than that of the diploid tumours 

(n=40) (SPF : aneuploid = 9.7%, diploid = 3.0%; p=0.0001). ER and
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Table 3.2 Clinical details for breast cancer cases (n=126) with 

interpretable DNA histograms obtained from flow cytometry of 

paraffin embedded tumour tissue.

Tumour diameter

H isto logy

Axillary nodes

m

EGFr

DNA Index

SPF
median (range)

<2 cm 
2<5 cm 
> 5cm

Invasive 
grade I 
grade II 
grade III 
unknown 
Invasive 
Other

negative
posit ive
unknown

ductal

lobular

54 
61 
1 1

118
8
32
37
41
6
2

63
51
12

<10 fmol/mg protein 61 
>10 fmol/mg protein 60 
unknown ^

<20 fmol/mg protein 
>20 fmol/mg protein 
unknown  ̂^

d ip lo id
aneuploid 1.1-1.9 

2.0-3.0
m ult ip lo id

diploid
aneuploid

40
63
13
10

5.5% (0.6%-33%) 
3.0% (1.2%-14%) 
9.7% (0.6%-28%)
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EGFr values were both available on 104 tumours. There was an 

inverse relationship between the level of ER and EGFr (Kendall Rank 

p = 0.04) as shown in Figure 3.2.

Tumours with ER values greater than 10 fmol/mg cytosol protein 

were taken as positive and for EGFr, values greater than 20 

fmol/mg receptor protein was taken as positive.

Table 3.3 shows the relationship between growth factor receptors 

(ER and EGFr) and flow cytometry data. ER was available on 121 of 

the 126 (96.0%) tumours. There was no relationship between ER 

status and DNA ploidy (Chi squared = 0.71, 1 degree of freedom, 

p=0.40). The median SPF for ER negative tumours (6.9%) was 

greater than that for ER positive tumours (4.3%) (p=0.08) and the 

difference in aneuploid tumours was highly significant (SPF : 11% 

ER negative versus 6.8% ER positive, p = 0.01). There was no 

significant relationship between SPF and ER status for the diploid 

tumours (median SPF : ER negative = 2.6%, ER positive = 3.4%, 

p=0.42).

EGFr was recorded on 104 of the 126 (82.5%) tumours with 

interpretable DNA histograms. There was no relationship between 

EGFr status and DNA ploidy (Chi squared = 0.20, 1 degree of 

freedom, p=0.66). For EGFr positive tumours, the median SPF (7.4%) 

did not differ significantly from the EGFr negative tumours 

(6.3%)(p=0.64 using Mann Whitney Test). Within the aneuploid 

subgroup there was no relationship between EGFr status and SPF 

(9.2% (EGFr negative) versus 12.0% (EGFr positive), p=0.46). 

Similarly, for the diploid tumours there was no significant
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Figure 3.2 Inverse re lationship  between EGFr and ER for human breast cancer
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Table 3.3 Relationship between growth factor receptors, and DNA pioidy (D=dipioid; A=aneupioid; n=number of 

cases) and S phase fraction (m=median).

DNA PLO DY SPF : ALL SPF : DIPLOID SPF : ANEW PLOID 1

EGFr n= 104
D(n) A (n) P n m range n m range n m range

EGFr <20 neg 20 40 49 6.3% 1.3%- 
28.0%

20 3.3% 1.3%-
6.6%

29 9.2% 2.4%-
28.0%

EGFr >20 pos 12 32 33 7.4% 0.6%-
25.0%

12 2.9% 2.4%-
28.0%

21 12.0% 0.6%-
25.0%

0.66 P= 0.64 P= 0.33 P= 0.46

m n= 121

m <10 neg 17 44 45 6.9% 1.6%-
28%

17 2.6% 1.3%-
7.4%

28 11.0% 2.4%-
28.0%

m >10 pos 22 38 49 4.3% 0.6%-
23%

22 3.4% 1.2%- 
14%

27 6.8% 0.6%-
23%

0.40 P= 0.08 P= 0.42 P= 0.01



Table 3.4 Relationship between histological grade, tumour size (T) and axillary lymph node status (LN), 
and DNA ploidy (D=diploid; A=aneuploid; n=number of cases) and S phase fraction (m=median).

DNA PLO! DY SP F : ALL SPF : DIPLOID SPF : ANEUPLOID

D(n) A (n) P n m range n m range n m range
Grade 1 4 4 8 6.1% 1.8%-

12.0%
4 3.2% 1.8%- 

5.4%
4 8.7% 6.8%-

12.0%
Grade II 8 23 21 6.5% 1.3%-

21.0%
8 2.6% 1.3%-

6.5%
13 9.6% 2.5%-

28.0%
Grade III 10 27 29 5.0% 1.2%-

25.0%
10 4.4% 1.2%- 

14.0%
19 9.3% 2.4%-

25.0%
0.38 P> 0.80 P> 0.48 P> 0.72

T cm 21 29 44 5.4% 1.5%- 
28.0%

21 3.5% 1.5%-
14.0%

16 7.5% 3.7%-
25.0%

T cm >2<5 16 32 40 4.4% 1.2%- 
23.0%

16 1.9% 1.2%- 
7.4%

15 6.9% 2.4%-
23.0%

T cm >5 3 13 14 7.7% 0.6%-
24.0%

3 3.8% 2.5%-
5.4%

1 1 9.2% 0.6%-
24.0%

0.21 P= 0.94 P= 0.13 P= 0.90
LN neg 23 40 46 4.2% 0.6%-

22.0%
23 2.7% 1.3%-

14.0%
23 9.8% 0.6%-

22.05
LN pos 15 36 42 6.5% 1.2%- 

28.0%
15 3.5% 1.2%.

7.4%
27 9.9% 2.4%-

28.0%
0.55 P= 0.54 P= 0.39 P= 0.70



difference between the median SPF for EGFr negative tumours 

(3.3%) versus the EGFr positive tumours (2.9%)(p=0.33). As an 

inverse relationship between EGFr and ER was observed cut off 

values above and below 20 fmol/mg membrane protein for defining 

EGFr status were also studied. There was also no significant 

relationship between EGFr status and SPF (10 fmol/mg: p = 0.92; 25 

fmol/mg protein: p = 0.14).

Table 3.4 shows the relationship between tumour size, histological 

grade and axillary lymph node status and flow cytometry data.

There was no relationship between the T stage (UlCC classification 

as in appendix 2) and ploidy (Chi squared = 3.14, 2 degrees of 

freedom, p = 0.21). No significant relationship was observed 

between the maximum tumour diameter and SPF (Kendall Rank Test, 

all tumours : p = 0.93, diploid : p = 0.13, aneuploid : p = 0.90).

Histological grade was documented for 77 invasive ductal 

carcinomas and axillary lymph node status for 114 breast tumours 

(Table 3.2). DNA ploidy was available on all these cases. SPF was 

calculated on 58 with histological grading and 102 with nodal 

status. There was no relationship between histological grade and 

DNA ploidy (Chi squared = 1.94, 2 degrees of freedom, p = 0.38) and 

SPF (Mann Whitney test, grade I vs grade II : p = 0.81; grade II vs 

grade III : p = 0.98; grade I vs grade III : p = 0.94). Similarly, nodal 

status was not associated with DNA ploidy (Chi squared = 0.36, 1 

degree of freedom, p = 0.55) or SPF (Mann Whitney Test, all 

tumours : p = 0.54, diploid : p = 0.39, aneuploid : 0.70).
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To summarise, of all the variables studied, a significant 

relationship between SPF and negative ER status was observed for 

the aneuploid breast tumours.

NORMAL BREAST

2 of the 8 (25.0%) DNA histograms from normal breast could not be 

analysed due to poor quality (coefficient of variation 11% for both 

samples). The mean coefficient of variation for the other 6 

samples was 6.6% (range : 4.9% - 8.1%). All normal breast samples 

were diploid and the median SPF was 1.4% with a range of 1.0% to 

1.8%. The median SPF for normal breast was significantly lower 

than both the diploid (3.0%, p = 0.007) and the aneuploid tumours 

(9.7%, p = 0.0005).

3.2.2 31P MRS BREAST !N VIVO

57 patients (median age 55 years, range 3 5 - 7 1  years) with 

untreated breast cancer (UlCC Stage T1-4, NO-1, MO) were studied 

the day before surgery using 3 ip  MRS.

Figure 3.3 shows the 3 ip  MR spectroscopic image as a contour plot 

where the contour lines represent intensity levels of the signal. 

The tumour in the middle of the image contains high levels of PME 

and PDE. In contrast, the muscle at the back of the image contains 

high levels of PCr, ATP and P|. There is good localisation of the 3 ip  

MR spectra from tumour superficial to muscle. In contrast, the 3 ip  

MR spectrum obtained by 'pulse and collect' from the same patient 

is shown in Figure 3.4. The PCr is prominent due to significant
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Figure 3.4 Companson of P MR spectrum from breast cancer obtained 
by a) PMRFI and b) pulse and collect.
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contribution of signal from muscle, demonstrating that 

localisation is required for the correct interpretation of tumour 

spectra.

Some studies were difficult to analyse due to poor spatial 

localisation of tumour spectra and/or inadequate signal to noise as 

discussed below. A total of 57 patients were studied and 

interpretation of the MRS study possible in 31 (54%). It was 

neccessary to develop the protocol for the MRS study in patients 

with breast cancer as normal volunteers or experimental models 

were not appropriate. The same patient could not be studied again 

as the tumour was resected the following day. Consequently, many 

of the early studies were unsuccessful whereas the success rate 

was greater for the later patients.

1. SPATIAL LOCALISATION

Where good localisation was achieved, it was difficult to detect 

PCr in the tumour spectrum. Similarly, PCr was not detected in 

breast cancer studied using conformai ISIS for localisation 

(Glaholm et al., 1989). 3 ip  MRS studies of whole breast 

demonstrated that the intensity of PCr was related to patient 

position, pulse length and coil to chest wall distance (Twelves et 

al., 1990), suggesting that the presence of PCr in vivo was due to 

muscle contamination. Where PCr was detected in the tumour 

spectrum, it was therefore attributed to muscle contamination.

Figure 3.5 shows an example of where there was considerable 

overlap between the 3 ip  m r  spectra from tumour and chest wall
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muscle in the contour plot. Consequently the yATP peak in the 

tumour 31P MR spectrum represented signal from both muscle and 

tumour. The proportion of muscle contamination was calculated 

from the tumour yATP/PCr ratio using a muscle yATP/POr ratio of 

0.25. The tumour PME/yATP ratio was then corrected as 

appropriate. Empirically, cases with greater than 40% muscle 

contamination were excluded from analysis the large correction 

required was likely to introduce large errors in the value for the 

PME/yATP ratio.

The contour plot represents phosphorus signal from a bell shaped 

volume approximately 3.5cm deep and diameter increasing from 

4cm to 8.5cm. Localisation was poor for tumours in small breasts, 

or tumours in the inner half or high in the axillary tail where there 

was little breast tissue superficial to the muscle. There was also 

inadequate separation between tumour and muscle when the plane 

of the coil was not parallel to the chest wall.

The prone position was explored to improve spatial localisation by 

increasing the distance between breast and chest wall muscle. 

However this was unacceptable due to pressure on the tumour 

causing marked discomfort.

2. SIGNAL TO NOISE

Poor signal to noise observed in some breast tumours could be due 

to several factors.

1) Magnetic field inhomogeneity across the volume of interest.
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In the early MRS studies, the volume used to optimise the magnetic 

field homogeneity was often too large as the 10cm transmitter 

coil was used. Respiratory movement of the chest wall within the 

sensitive volume produced fluctuations in the intensity of the 

proton signal and therefore it was very difficult to judge the 

quality of shimming. Shimming was much improved by using the 4 

cm receiver coil which detected signal predominantly from the 

breast in most studies.

Width of the water peak at half height greater than 50 - 60 Hz was 

usually associated with poor signal to noise in the 3 ip  MR 

spectrum of tumour. However at values less than this, the fat peak 

was more useful in predicting the ^ tp  MR spectral quality, 

particularly when the sensitive volume contained both normal and 

malignant breast tissue.

2) T 1 relaxation.

There was some loss of signal due to incomplete recovery of T1 

relaxation during the interpulse interval of 3 seconds. In human 

brain in vivo, T1 of PME was approximately 2 seconds (Pettegrew 

et al., 1987) and of ATP was 1.2 seconds (Blackledge et al., 1989). 

Similar values would be expected in breast but it was very 

difficult to measure in vivo due to poor signal to noise. For a given 

time, however, greater gain in signal to noise is achieved by 

increasing the number of scans than by allowing full recovery of T1 

re laxation.
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3) T2 relaxation.

Fine needle aspiration for diagnosis was usually performed in the 

Breast Clinic in the week preceding surgery. Extensive bruising 

within the tumour resulting in deposition of paramagnetic iron 

products would reduce T2 relaxation time and degrade signal.

4) Number of scans.

It was not practical to increase the number of scans to improve the 

signal to noise as the increase in the time for the study would have 

been unacceptable for patient comfort. To double the signal to 

noise would require quadrupling the number of scans as the signal 

to noise is a function of the square root of the number of scans.

5) Tumour size.

The signal to noise was very poor in 10 out of 17 patients with 

tumours less than or equal to 2 cm diameter (UlCC Stage T1).

6) Poor cellularity.

This could be due to a) tumour consisting of islands of tumour cells 

infiltrating adjacent fat rather than a solid sheet of cells; b) 

fibrotic reaction within the tumour; c) necrosis; d) small tumour 

volume; d) combination of any of these.

The characteristics of the patients with evaluable ^ ip  m r  spectra 

are listed in Table 3.5. The excluded cases contained a greater
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proportion of tumours less than or equal to 2cm in maximum 

diameter (UlCC Stage T1) (38.5% (10/26) vs 19.4% (6/31) but 

otherwise there was no difference.

18 breast tumours, including 7 cases studied in vivo using 31 p 

MRS, were examined by high resolution spectroscopy. The patient 

characteristics are presented in Table 3.6.

3.2.3 31 p MRS BREAST IN VIVO VERSUS IN VITRO

Figure 3.6 shows 3 ip  MR spectra from a human breast cancer In 

vivo and in vitro. The signal to noise in the in vitro spectrum was 

much better as this was obtained at a much higher field strength 

and a greater number of scans could be collected. There are 

prominent PME and PDE peaks in the 3 ip  MR spectrum in vivo. The 

presence of PCr is attributed to muscle contamination. ATP and P| 

are also observed. The 3 ip  MR spectrum in vitro shows that ATP is 

less prominent while Pj is increased due to hydrolysis of the high 

energy compounds during the inevitable delay (up to 15min) 

between surgical excision and storing the tumour in liquid 

nitrogen. It has been shown that PME and PDE are stable in tissue 

samples left at room temperature for up to 90 minutes for human 

breast cancer (Smith et al., 1991a) and rat liver (Murphy, 1989).

The pATP peak contains the resonance from the middle p phosphate 

of the nucleoside triphosphates, principally ATP. The aATP 

contains resonances from the a esterified phosphates of ATP and 

ADP. There is also a contribution from nicotinamide adenine 

dinucleotides (NADP, NADPH). Diphosphodiester is present upfield

132



Table 3.5 Clinical details for breast cancer cases with interpretable

in vivo 3 ip  MR spectra (n=31).

Age (years) 

Menopausal status 

Tumour diameter

H isto logy

Axillary nodes

m

EGFr

DMA Index

SPF
median (range)

median
range

pre-menopausal
post-menopausal

< 2  cm 
2<5 cm 
> 5 cm

Invasive ductal 
grade I 
grade II 
grade III 
Invasive lobular

negative
pos itive
unknown

<20fmol/mg
>20fmol/mg
unknown

protein
protein

d ip lo id
aneuploid 1.1-1.9

2.0-3.0

all (n=29) 
diploid (n=11) 
aneuploid (n=18)

54
35-71

9
22

3
24
4

24
0
12
12
5

Mixed ductal+lobular 2

16
14
1

<10fmol/mg protein 14 
>10fmol/mg protein 17

16
13
2

12
15
4

5.3% (0.6%-28%) 
3.8% (1.3%-6.5%) 
9.4% (0.6%-28%)
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Table 3.6 Tumour characteristics fer breast cancer extracts studied

by/n vitro 3 ip MRS (n=18).

Age (years) 

Tumour diameter

H isto logy

Axillary nodes

EGFr

DMA Index

SPF
median (range)

median
range

<2 cm 
2<5 cm 
> 5 cm

Invasive ductal 
grade I 
grade II 
grade III 
unknown 
Invasive lobular

52
38

12
5
1

12
2
5
5
1
4

66

Mixed ductal+lobular 1

negative
pos itive
unknown

<10fmol/mg protein 
>10fmol/mg protein 
unknown

dip lo id
aneuploid 1.1-1.9

2.0-3.0

all (n=17) 
diploid (n=6) 
aneuploid (n=11)

9
7 
2

8 
8 
2

<20fmol/mg protein ® 
>20fmol/mg protein ® 
unknown ^

4.3% (1.5%-22.4%) 
3.2% (1.5%-5.4%) 
7.1% (2.2%-22.4%)
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Moure 3.6 p mr spectrum of breast cancer a) in vivo and b) in vitro.
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(to the right) of the aATP peak. In human breast cancer, 

diphosphodiester has been shown to consist primarily of nucleoside 

diphosphosugars e.g. uridine diphosphoglucose (UDPG) (Merchant et 

a!., 1988). The yATP peak consists of the resonances from the 

terminal y phosphate of ATP and the terminal p phosphate of ADP.

The PME peak in vitro consists predominantly of PE and PC with a 

greater contribution from PE (n = 18, PE/PC : median 3.02, range 

1.13 - 5.09). Resonances from phosphorylated sugars, glycerol-3- 

phosphate and glycerol-6-phosphate have been observed downfield 

(to the left) of PE in some 3 ip  MR spectra in vitro. Resonance from 

AMP, due to ATP hydrolysis, has also been observed between PE and 

PC in some samples.

The percentage of PME in the 31P MR spectra in vivo were much 

lower than in the 3 ip  MR spectra in vitro. In human brain in vivo,

T1 relaxation of PME has been recorded as greater than 2 seconds 

(Pettegrew et al., 1987). Therefore, reduction of PME intensity will 

have occured due to partial saturation effects as the interpulse 

delay was 3 seconds for the in vivo study whereas the interpulse 

delay was 10 seconds for the in vitro study .

The PDE peak in vitro consists of GPC and GPE (n = 12 , GPC/GPE 

mean = 1.18, range 0 - 2). Two peaks from GPE are observed due to 

the amino group reacting with the carbonate from K2CO3 used for 

neutralising the PCA extract (see chapter 2). The relative 

contribution from PDE was much lower in the 3 ip  m r spectra in 

vitro  than in the 3 ip  MR spectra in vivo due to significant 

contribution from phospholipids in vivo. This has been
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demonstrated in human and rat mammary tumours (Lowry et al., 

1992), rat liver (Bates et al., 1989, Murphy et al., 1989) and dog 

brain (Cerdan et al., 1986) and account for as much as 45% of the 

PDE peak (Murphy, 1989).

3.2.4 31P MRS BREAST : CANCER COMPARED WITH NORMAL 

IN  VIVO

14 volunteers (median age 44 years, range 25 - 82 years) with no 

known breast pathology were studied using the same MRS protocol 

as for patients with breast cancer. Figure 3.7 shows a typical 3 ip  

MR spectrum of normal breast in vivo. In all cases, there was very 

poor signal to noise indicating that the total level of phosphorus- 

containing metabolites was much lower than in breast cancer. This 

was confirmed in the stack plots by comparison with the signal 

from the coil reference.

PME was detected in 5 of 7 premenopausal volunteers and in none 

of the post menopausal women. Although the poor signal to noise 

did not allow accurate quantitation, there was no apparent 

relationship with the menstrual cycle. Low levels of PDE were 

detected in all cases.

The 31P MR spectra of small breasts were dominated by PCr from 

the underlying chest wall muscle. This was often more marked in 

the 31 p MR spectra from normal breast than from breast cancer, 

due to a smaller contribution of signal from normal breast tissue.
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Maure 3.7 Typical in vivo MR spectrum from normal breast obtained by 
PMRFI. The signal to noise is very poor due to the low level of phosphorus 
containing metabolites.
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ATP has been detected in normal breast in some of the 3 ip  MR 

spectra in vivo where there was no PCr contamination, and in all of 

the 3 ip  MR spectra in vitro.

To summarise, the main difference between breast cancer and 

normal breast was the large difference in signal to noise. 

Comparison of relative levels of metabolites was not, therefore, 

possible.

IN VITRO

Normal breast tissue was obtained from 12 cases of reduction 

mammoplasty. Figure 3.8 shows that the ^ ip  MR spectrum from 

normal breast in vitro is similar to breast cancer. PE was greater 

than PC (median PE/PC = 3.02), and GPE was only detected in one 

sample (Table 3.7). Good signal to noise was achieved by extracting 

large quantities of tissue (mean±sd :15.58±11.12g) rather than 

increasing the number of scans, so that a ^ ip  MR spectrum could be 

obtained within 6 to 8 hours.

Table 3.7 shows that in breast cancer, the median total extractable 

phosphorus (4.12 pmol/g wet wt, range 0.72 - 17.90 jimol/g wet 

wt) was about 5 times greater than in normal breast (0.81 pm ol/g 

wet wt, range 0.52 - 2.73 pmol/g wet wt) due to the difference in 

cellular density with a greater proportion of fat in normal breast 

tissue. Thus, the concentration of PE, PC, GPE and GPC were 

significantly greater in breast cancer. Comparison of the relative 

levels to total acid extractable phosphorus shows that breast 

cancer contains significantly higher amounts of PE and PC but
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Figure 3.8 31 p MR spectrum of perchloric add extract from a) breast cancer and 

b) normal breast (reduction mammoplasty).
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Table 3.7 Phospholipid metabolites in perchloric acid extracts of 

human breast cancer (n=18) and normal breast (n=12) expressed as 

pmol/g wet wt and relative to total extractable phosphorus (Mann 

Whitney non parametric test comparing breast cancer with normal 

breast *p<0.05, **p=0.0001).

M etabolite

pmol/g wet wt

Total phosphorus

PC

PE

GPC

GPE

Breast cancer 

median (range)

4.12 (0.72-17.90) 

0.29 (0.11-2.21) 

1.07 (0.23-2.91) 

0.13 (0-0.46)

0.07 (0-0.50)

Normal breast 

median (range)

0.81 (0.52-2.73)** 

0.05 (0-0.13)** 

0.16 (0.10-0.64)** 

0.03 (0.01-0.08)* 

0.01 (n=1)

% Total phosphorus

PC

PE

GPC

GPE

9.1% (2.5-27.5%) 

24.6% (10.8-34.0%) 

2.8% (0-8.3%)

1.3% (0-6.2%)

6 .1% (0 - 10.1%)* 

18.8% (14.6-25.9%)* 

3.7% (1.5-7.0%)

1.3% (n=1)

PE/PC

GPC/GPE

3.02 (1.13-5.09) 

1.46 (0-2.00)

3.00 (2.21-11.20)
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similar amounts of GPC and GPE suggesting that the balance of 

phospholipid metabolism is in favour of membrane biosynthesis.

3.2.5 PHOSPHOLIPID METABOLITES AND PROLIFERATION

IN  VIVO

For 31 patients with evaluable 3 ip  MR spectra, median PME/yATP 

was 1.48 (range : 0.57 - 3.78). DMA histograms were available for 

all tumours and SPF was measured for 29 tumours. 12 (39%) were 

diploid and 19 aneuploid. The median SPF was 5.3% (range : 0.6% - 

28%). The median SPF for aneuploid tumours (9.3%) was 

significantly higher than for diploid tumours (3.8%)(p = 0.007). 

There was no association between the DNA ploidy and the PME to 

yATP ratio (Mann Whitney Test, p = 0.39).

Figure 3.9 shows the relationship between PME/yATP and SPF. For 

the 29 tumours with SPF values, there is an increase in PME/yATP 

with SPF (Regression analysis y=1.16 + O.OBx, r=0.53, p<0.01).

Figure 3.9b shows a significant relationship between PME/yATP and 

SPF for the 18 aneuploid tumours with SPF values. (Regression 

analysis y=1.05 + 0.07x, r=0.61, p<0.01). For the 11 diploid tumours 

shown in Figure 3.9c there was no significant relationship between 

PME/yATP and SPF (Regression analysis y=2.03 - 0.16x, r=0.55, 

p=0.08). The diploid tumours all have low values for SPF with a 

range between 1.3% and 6.5%. Some diploid tumours with SPF 

values less than the median 3.8% have moderate PME/yATP ratios.
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Figure 3.9
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Linear regression analysis is appropriate for dealing with the 

relationship between two continuous variables. Regression looks at 

the dependence of one variable, the dependant variable on another, 

the independent variable. The independent variable does not need to 

have a normal distribution (Campbell and Machin, 1990). In this 

analysis the question asked is whether the PME/yATP ratio in 

breast cancer is influenced by proliferative activity as measured 

by SPF.

!N VITRO

There was marked variation in the concentration of PE 

(median : 1.07 pmol/g wet wt, range : 0.23 - 2.91 pmol/g wet wt) 

and PC (median : 0.29 pmol/g wet wt, range : 0.11 - 2.21 pmol/g 

wet wt) between tumours. This was also seen for the relative 

levels of PE (median : 24.6%, range : 10.75 - 34%) and PC (median : 

9.05%, range : 2.5 - 27.5%) to total acid extractable phosphorus.

The concentration of PE increased with PC (p = 0.0001) reflecting 

tum our cellu larity.

Similarly, the concentration of GPE (median 0.07 pmol/g wet wt, 

range : 0 - 0.5 pmol/g wet wt) and GPC (median 0.13 pmol/g wet 

wt, range : 0.46 |imol/g wet wt) were variable between tumours 

but much lower than PE and PC. The median level relative to total 

extractable phosphorus was less than 5% ( GPE median : 1.30%, 

range : 0 - 6.16% and GPC median : 2.8%, range : 0 - 8.34%).

DNA ploidy and SPF was measured in 17 tumours. 6 (35.3%) were 

diploid and 11 aneuploid. The median SPF for all tumours was 4.3%;
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Figure 3.10 Concentration of PC and PE relative to total phosphorus 
versus S phase fraction for a) 11 aneuploid tumours and b) 6 diploid tumours.
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and was higher for aneuploid (7.1%) than for diploid (3.2%) tumours, 

although this did not reach statistical significance 

(p = 0.07).

There was no relationship between DNA ploidy and the 

concentration or relative levels of PE, PC or PE plus PC. For all 

tumour extracts no relationship was observed between SPF and the 

concentration of PE (p = 0.62), PC (p = 0.45) or PE plus PC (p =

0.45). Similarly there was no significant association between SPF 

and the relative levels of PE (p = 0.49), PC (p = 0.34) or PE plus PC 

(p = 0.34). This was also the case for analyses of aneuploid and 

diploid tumours (Figure 3.10). No association was observed 

between GPE or GPC (pmol/g wet wt or % total acid extractable 

phosphorus) and ploidy or SPF.

3.2.6 PME AND EGFr IN BREAST CANCER

IN  VIVO

EGFr was recorded for 29 breast cancer and 8 normal breast. The 

median value for breast cancer was 17.2 fmol/mg membrane 

protein with a range from 0 to i48 fmol/mg membrane protein. 16 

(55.2%) tumours had levels greater than 20 fmol/mg membrane 

protein and were therefore positive. All normal breast samples 

were positive for EGFr with levels ranging from 33 to 235 fmol/mg 

membrane protein (median : 109.5 fmol/mg membrane protein).

No relationship was found between PME/yATP and the level of EGFr
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(Linear Regression r=0.03, p = 0.88) or EGFr status (Mann Whitney 

Test p = 0.14).

IN VITRO

EGFr was measured in 16 of the 18 tumours studied by high 

resolution spectroscopy. The median value was 20.9 fmol/mg 

membrane protein (range 0 - 123.7 fmol/mg membrane protein). 

Equal numbers were positive and negative.

There was no relationship between EGFr level or status and PE or 

PC (|imol/g wet wt and relative to total extractable phosphorus).

3.2.7 PME AND TUMOUR TYPE

MENINGIOMA

All 8 meningiomas extracted were benign tumours with low 

proliferative activity as few mitotic figures were seen in the 

histological sections. The median PE to PC ratio was 2.41 (range 

1.81 - 4.73). There was marked variation in the the levels of PE 

(median 3.39 pmol/g wet wt, range 1.87 - 22.51 p,mol/g wet wt) 

and PC (median 1.39 pmol/g wet wt, range 0.83 - 10.06 pmol/g wet 

wt) between tumours (Table 3.8). The concentration of PE increased 

with PC (r = 0.93), reflecting tumour cellularity.

The median concentrations of PE (p = 0.0001) and PC (p = 0.0007) 

were significantly greater in meningioma than breast cancer 

probably reflecting a difference in cellular density between the
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Table 3.8 Phospholipid metabolites in perchloric acid extracts of 

human menigioma (n=8) and glioma (n=3) expressed as pmol/g wet 

wt and relative to total extractable phosphorus.

M etabolite Meningioma 

median (range)

High grade glioma 

range

pmol/g wet wt

Total phosphorus

PC

PE

GPC

GPE

25.49 (9.83-73.91)

1.39 (0.83-10.06)

3.39 (1.87-22.51) 

0.16 (0-2.04)

0.19 (0-1.39)

5.87-28.90

0.16-0 .96

0.64-3.84

0 - 2.20

0-1 .67

% Total phosphorus

PC

PE

GPC

GPE

6.7% (3.4-13.6%) 

17.5% (12.9-30.5%) 

0.7% (0-2.8%)

1.2% (0-1.9%)

2.7-4.8%

10.8-13.3%

0-7.6%

0-7.7%

PE/PC

GPC/GPE

2.41 (1.81-4.73) 

0.48 (0-1.47)

2.25-4 .09

0-1 .32
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two types of tumours as the relative levels of the phospholipid 

metabolites were similar. This is further supported by the 

significantly (p = 0.0003) greater median concentration of total 

extractable phosphorus for meningioma (25.49 pmol/g wet wt, 

range 9.83 - 73.91 pmol/g wet wt) compared with breast cancer 

(4.12 pmol/g wet wt, range 0.72 - 17.90 pmol/g wet wt).

ASTROCYTOMA

Only a few astrocytomas were available for extraction. With the 

development of stereotactic surgery allowing removal of small 

amounts of tissue from the brain there has been a reduction in 

surgical resection for diagnosis. All 3 tumours were high grade 

gliomas (Kernohan grade 11 I/I V). There were no major differences 

in phospholipid metabolites (Table 3.8) compared with breast 

cancer (Table 3.7).

3,2.8 PME AND PHOSPHOUPIDS

BREAST

Figure 3.11 demonstrates the phospholipid composition of 

malignant and normal breast tissue. PtdC and PtdE represent the 

major membrane phospholipids with contributions from 

phosphatidylserine (PtdS), cardiolipin (CL), phosphatidylinositol 

(Ptdl), sphingomyelin (Sp), lysophosphatidylcholine (LysoPtdO) and 

lysophosphatidylethanolamine (LysoPtdE) (Table 3.9). For some 

samples it was difficult to quantitate phosphatidylinositol and
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Figure 3.11 31 p m r  spectrum from chloroform/methanol extract of

a) breast cancer and b) normal breast

PtdC

LysoPtdC

PtdE
LysoPtdE

Ptdl

PtdSCL

I
2

I
3

PtdC

PtdE

LysoPtdC

PtdSLysoPtdE
Ptdl

CL

23
PPM

150



Table 3.9 Phospholipid profile of human breast cancer (n=6) and 

normal breast (n=9) expressed as pmol/g wet wt and relative to 

total phospholipids. (Mann Whitney non parametric test comparing 

breast cancer with normal breast *p<0.05).

Phospholipid

pmol/g wet wt

Total phospholipid

PtdC

PtdE

PtdS

Ptd l

CL

LysoptdC

LysoptdE

Breast cancer 

median (range)

6.86 (2.12-9.71) 

2.96 (1.34-4.35)

1.12 (0.82-1.93) 

0.67 (0.21-3.13) 

0.95 (n=1)

0.48 (0.28-1.10) 

0.67 (0-1.28) 

0.05 (0-1.03)

Normal breast 

median (range)

0.41 (0.03-1.33)* 

0.24 (0.10-0.66)* 

0.08 (0.01-0.24)* 

0.04 (0-0.12)*

0.06 (0.02-0.12,n=4) 

0.03, 0.04 (n=2)

0.02, 0.23 (n=2)

0.02 (0-0.16)*

% Total phospholipid

PtdC

PtdE

PtdS

CL

LysoptdC

LysoptdE

44.1% (33.9-46.7%) 

15.0% (2.9-19.9%) 

7.6% (6.1-13.6%) 

4.6% (3.0-6.2%) 

14.3% (4.4-18.7%) 

10.0% (6.3-11.6%)

49.1% (37.5-70.5%) 

23.2% (13.2-31.1%) 

8.0% (0-13.3%) 

2.1%, 3.5% (n=2) 

13.6%, 17.6% (n=2) 

4.0% (0-16.1%)

PtdC/PtdE 2.29 (1.63-2.87) 2.36 (1.57-3.96)
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sphingomyelin as there was inadequate separation from the 

adjacent peaks in the 3 ip  m r  spectrum.

In comparison with normal breast, breast cancer contains about 10 

times the concentration of phospholipid (normal breast median : 

0.41 pmol/g wet wt, range 0.03 - 1.33 pmol/g wet wt; breast 

cancer median : 6.86 pmol/g wet wt, range 2.12 - 9.71 pmol/g wet 

wt), with a similar distribution. There was no difference in the 

median ratio of PtdC/PtdE (normal breast : 2.36, range 1.57 - 3.96; 

breast cancer : 2.29, range 1.63 -2.87). Figure 3.12 shows that for 

malignant and normal breast, there was no relationship between PC 

and PtdC, and PE and PtdE. Although PtdC was the predominant 

membrane phospholipid the level of PC was less than PE.

BRAIN

The phospholipid composition and concentration for meningioma 

(n=6) and astrocytoma (n=4) (Table 3.10) were similar to breast 

cancer (Table 3.9). For meningioma, the levels of the phospholipid 

precursors, PE and PC, were independent of the levels of the 

respective membrane lipids. This could not be assessed for 

astrocytoma due to small numbers for the PCA extracts.

3.2.9 PME AND PROGNOSTIC MARKERS IN BREAST CANCER

IN  VIVO

Patient characteristics are presented in Table 3.5. Median 

maximum tumour diameter was 3.0cm (range 1.5 - 15cm). 25
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Figure 3.12 Concentration (nmol/g wet wt) of a) PC vs PtdC in breast cancer (p=0.57) and normal breast (p=0.43) and b) 
PE vs PtdE in breast cancer (p=0.85) and normal breast (p=0.67).
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Table 3.10 Phospholipid profile of human meningioma (n=6) and 

glioma (n=4) expressed as pmol/g wet wt and relative to total 

phospholipids.

Phospholipid 

fimol/g wet wt

Meningioma 

median (range)

High grade glioma 

range (n=4)

Total phospholipid 6.02 (2.93-7.78) 3 .78-23.79

PtdC 2.41 (1.60-3.23) 0.83-7 .35

PtdE 1.06 (0.61-1.71) 0 .58-3.09

PtdS 0.60 (0.57-0.83) 0.52-2.12

P td l 0.47 (0.37-0.66) 0.16, 0.31 (n=2)

CL 0.31 (0.20-0.80) 0.32-3.12

LysoptdC 0.74 (0.18-0.90) 0.36-1 .98

LysoptdE 0.57 (0.28-0.74) 0.27-1.25

% Total phospholipid

PtdC 40.6% (28.8-54.5%) 22.1-31.9%

PtdE 19.5% (9.7-29.6%) 12.8-22.7%

PtdS 10.3% (8.9-11.1%) 7.6-22.1%

P td l 7.4% (4.7-10.5%) 4.4%, 4.7% (n=2)

CL 5.0% (3.4-10.3%) 4.7-13.7%

LysoptdC 10.5% (6.3-15.8%) 7.8-9.6%

LysoptdE 9.1% (6.1-13.6%) 3.7-18.5%

PtdC/PtdE 1.92 (1.54-4.44) 1.41-2.38
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(80.6%) tumours were classified as invasive ductal carcinoma, 4 

(12.9%) invasive lobular carcinoma, and 2 (6.5%) were mixed ductal 

and lobular carcinoma. Histological grade was documented for 

24/25 (96%) invasive ductal carcinomas. Equal numbers were 

described as moderately well and poorly differentiated. Lymph node 

métastasés were documented for 30 tumours and were present in 

14 (45.0%).

Median (range) follow-up time was 15 months (12-33 months). 3 

patients developed distant métastasés within 5 months of 

presentation and 2 have died as a result (at 5 and 12 months). 

Another patient, who presented with a large primary tumour in the 

breast, relapsed locally at 28 months. The follow-up time was too 

short to evaluate the role of PME/yATP as a marker of adverse 

prognosis and therefore the levels have been related to the well 

recognised prognostic markers. Although there was a significant 

relationship between PME/yATP and SPF for the aneuploid tumours 

as discussed earlier, there was no relationship between PME/yATP 

and the other prognostic markers, tumour size, histological grade, 

axillary lymph node status, ER and EGFr status.

IN VITRO

Similarly, no relationship was observed for PE or PC and prognostic 

markers.
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3.2.10 MONITORING TREATMENT WITH TAMOXIFEN

18 patients (median age 78.5 years, range 7 1 - 8 6  years) with 

early stage breast cancer treated with tamoxifen were studied 

using 3 ip  MRS. Median maximum tumour diameter measured with 

calipers was 4 cm (range 1 . 5 - 8  cm). The diagnosis of breast 

cancer was made by fine needle aspirate cytology of the primary 

tumour. All patients had locoregional disease on clinical 

examination and there was no evidence of metastatic tumour on 

chest X-ray or isotope bone scan. Treatment was with tamoxifen 

20mg twice a day.

No signal was detected in the 3 ip  MR spectra for 4 tumours. 3 of 

these tumours were less than 3cm in diameter. Although the other 

tumour was very large (8 by 8cm), there was probably little viable 

tissue present as there was skin infiltration and ulceration.

For one tumour, serial assessment was not possible as the signal 

to noise was very poor in the first 3 ip  MR spectrum due to sub 

optimal shimming. The quality of the shimming for the second 

study one week later was much better and excellent signal to noise 

was observed in the 3 ip  MR spectrum. Resistance to tamoxifen was 

diagnosed at 4 months but the patient refused a repeat MRS when 

admitted to hospital for a mastectomy. 2 other patients were also 

reluctant to repeat MRS after the initial study.

For 2 cases, signal to noise did not allow interpretation of the 3 ip  

MR spectra from the second study, one week after starting
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tamoxifen. One tumour had responded to treatment with a reduction 

in size.

It was not possible to assess serial studies in 5 cases due to 

marked contribution from muscle in the 3 ip  m r  spectra of tumour.

For one case, the second MRS study was unsuccessful due to 

technical failure, as no signal was observed from the coil 

reference in the 3 ip  MR spectrum. The next MRS study was also 

unsuccessful as the tumour was considerably smaller.

To summarise, the reasons for the unsuccessful studies were :

1) Poor signal to noise in 7.

2) Inadequate localisation in 5.

3) Poor compliance in 2.

4) Technical failure in 1.

It was possible to interpret serial MRS studies for 3 cases.

CASE 1

A 84 year old woman presented with tumour in the upper part of 

the right breast measuring 5 x 7cm. There were no palpable 

axillary lymph nodes. The first 2 studies were performed using a 

larger double surface coil (15cm diameter transmitter and 6cm 

diameter receiver coil) than described in section 2.1. The signal to 

noise was poor in the baseline tumour spectrum but good 

localisation was achieved. The calculated contribution from muscle 

to the tumour yATP peak was 11%.
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At day 7 there was excellent localisation of the tumour spectrum. 

The PME and PDE peaks were more prominent and the levels relative 

to yATP had increased (PME/yATP : 0.29 - 0.59; PDE/yATP : 1.07 - 

1.47) whereas there had been no change in tumour size.

At day 241, the signal to noise in the tumour spectrum was very 

poor and resonances from PDE and Pj could just be detected, 

although a large mass measuring 6 x 6cm was palpable in the 

breast. The resonance in the region of the aATP peak was due to a 

bleeding artefact from the coil reference. As the quality of the 

shimming was similar to the previous MRS studies, the 

deterioration in the signal to noise was probably due to a reduction 

in viable tissue within the breast tumour.

CASE 2

A 71 year old woman presented with tumour localised to the upper 

outer quadrant of the right breast measuring 5 x 4cm. 5 MRS 

studies were performed at intervals over 17 months, during which 

time tumour size was stable. There was progressive reduction in 

PME/yATP from 2.35 at day 0, to 2.06 at day 86, and 1.27 at day 

198. Relative level of PME could not be calculated at day 14 as no 

yATP was detected in the tumour. Localisation was very bad for the 

study at 17 months. The calculated contribution from muscle to the 

tumour yATP peak was 64%. The ratio of PDE/yATP fluctuated from 

3.85 at day 0 to 4.90 at day 86, to 1.63 at day 198.
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CASE 3

A 82 year old woman presented with tumour in the upper part of 

the right breast measuring 6 x 6cm. There was attachment to skin 

and no sign of fixation to pectoralis major. A 3cm diameter node 

was palpable in the right axilla. Progressive tumour not responding 

to tamoxifen was documented 42 days after starting treatment. 

The tumour had increased in size to 7 x 6cm and there were 

multiple skin deposits in the outer part of the breast.

Serial 3 ip  MRS studies detected progressive increase in tumour 

PME/yATP from 0.52 at day 0 to 0.80 at day 7 (Figure 3.13), and

1.13 at day 32, although tumour size at these times had not 

changed. In addition to a progressive increase in the relative level 

of PME, there was an improvement in signal to noise which could 

not be explained by the quality of shimming. There was little 

change in PDE/yATP. Excellent localisation was observed in all 3 ip  

MRS studies and there was no consistent alteration in the energy 

status.

Mastectomy for tumour resistant to tamoxifen was performed at 

78 days but the patient refused further examination using MRS.

SUMMARY

The phospholipid metabolite ratios in response to tamoxifen are 

shown in Table 3.11. In all 3 cases serial 3 ip  MRS studies detected 

alterations in tumour metabolic activity which appear to be useful 

in assessing the response to tamoxifen. The relative level of PME
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Figure 3.13 In vivo p MR spectra from tamoxifen resistant breast tumour 
(case 3) a) day 0 (PME/yATP=0.52) and b) day 7 (PME/yATP=0.80).
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Table 3.11 Phospholipid metabolites for patients with breast 

cancer treated with tamoxifen measured from in vivo 3 ip  MR 

spectra.

Time PME/yATP Tumour (cm)

Case 1

(Stable

disease)

Day 0 

Day 7 

Day 241

0.29 

0.59 

No PME

5 x 7

5 x 7

6 x 6

Case 2

(Stable

disease)

Day 0 

Day 14 

Day 86 

Day 198

2.35 

No yATP 

2.06 

1.27

5 x 4

5 x 4

5 x 4

5 x 4

Case 3

(Resistant to 

tam oxifen )

Day 0 

Day 7 

Day 32 

Day 42

0.52

0.80

1.13

Refused MRS

6 x 6  

6 x 6  

6 x 6  

7 x 6  plus 

skin nodules
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was the most important. There were no consistent changes in the 

energy status.

It was not possible to assess tumour pH. The method based on the 

chemical shift of Pi from PCr was not appropriate as either PCr 

was not detected or was due to contamination from muscle. The 

aATP was broad and the peak was poorly defined resulting in a 

large range of possible pH values. The water peak from the proton 

spectrum was also unreliable probably due to magnetic field 

homogeneity causing peak broadening.

3.2.11 TAMOXIFEN RESISTANCE

5 patients with breast cancer resistant to tamoxifen were studied 

the day before mastectomy using 3^P MRS . Surgery was performed 

after 6 weeks to 4 months of therapy. The median PME/yATP ratio 

(1.13, range 0.74 - 3.20) was similar to that observed for 

previously untreated patients (1.48, range 0.57 - 3.78)(Mann 

Whitney Test, p = 0.71).

3.3 DISCUSSION

3.3.1 MEASUREMENT OF PROLIFERATION

Tumour cell cycle kinetics and growth fraction have been 

classically calculated from a percent labelled mitosis curve 

obtained from serial autoradiographs of tumour tissue following 

incorporation of injected ^H-thymidine into DMA (Steel, 1977). The 

ethical consideration of administrating a radioactive precursor of
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DNA has been overcome with the development of monoclonal 

antibodies recognising halogenated pyrimidines. Flow cytometry 

can detect the incorporation of bromodeoxyuridine (BUdR) into DNA 

simultaneously with the measurement of total DNA content. The 

duration of S phase (Ts) as well as the SPF or labelling index (LI) 

can be estimated (Wilson., 1991). The potential doubling time 

(Tpot) is calculated from the relationship: Tpot = X (Ts)/LI, where X 

is a correction factor for the age distribution of the cell 

population. It can vary between 0.69 and 1.38, but a value of 0.80 is 

assumed based on experimental tumour systems.

The development of preparation and staining techniques along with 

flow cytometry to extract a DNA profile from paraffin embedded 

tissue for measurement of SPF (Medley et al., 1983, Wingren et al., 

1988, Camplejohn et al., 1989), allows the use of archival material 

for measurement of human tumour proliferation. Compared with 

BUdR, flow cytometry could overestimate SPF due to the inclusion 

of cells arrested in S phase (Mauro et al., 1986). This has been 

estimated to be up to 5% in an experimental tumour in mouse 

(Frindel et al., 1969). Comparisons between tumours measured with 

the same method, though, is valid. Although Ts is variable (Wilson 

et al., 1988, Wilson., 1991), SPF provides an index for proliferation 

and prognostic information (Merkel and McGuire., 1990, O'Reilly et 

al., 1990). Aneuploid tumours with high SPF were more aggressive 

with a poorer prognosis (Kallioniemi et al., 1986).

Measurement of SPF can be difficult for aneuploid stem lines due 

to overlap with the diploid subpopulation. However the precision of 

flow cytometry has been been shown to be very good by comparing
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the results for repeated measurements for the same tumour sample 

(personal communication, Camplejohn).

Intratumour variations for SPF as high as 25% has been reported 

(Lambert., 1986) but usually are much smaller (Malaise et al.,

1973). DNA ploidy can be variable within a tumour in about 10% of 

breast cancers (Kallioniemi et al., 1988).

For 98 breast tumours (Table 3.2), SPF varied between 0.6 - 33% 

with significantly greater median SPF in aneuploid (9.7%) than 

diploid (3.0%) tumours. Similarly in a group of 1084 breast 

cancers, median SPF was 10.3% in aneuploid tumours and 2.6% in 

diploid tumours (Dressier et al., 1988). These differences are too 

large to be due to errors in measurement from dilution by normal 

cells. Furthermore, in comparison with diploid tumours, the median 

SPF (1.4%) in normal breast was significantly lower.

The proportion of diploid tumours (31.8%) is comparable with that 

reported by other centres (Moran et al., 1984, Kute et al., 1985, 

O'Reilly et al., 1990). The distribution of SPF is also similar to 

other series of breast cancer (Kallioniemi et al., 1986, Dressier et 

al., 1988, O'Reilly et al., 1990). These studies have also shown 

significantly higher SPF for aneuploid tumours than for diploid 

tumours.

Cellular DNA content was not found to be associated with adverse 

prognostic markers although other studies have observed 

aneuploidy to be significantly more frequent in ER negative 

tumours and those that are poorly differentiated (Merkel and
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McGuire., 1990). Proliferative activity in aneuploid tumours was 

greater for ER negative tumours and other series have also 

reported a relationship between SPF and negative ER status (Merkel 

and McGuire., 1990). A relationship between SPF and poor 

histological grade was not observed as shown in other studies 

(O'Reilly et al., 1990), possibly as histological grading was done by 

several different pathologists and the quality of grading appears to 

be observer dependent. However, it is clear from the literature that 

aneuploid tumours are biologically more aggressive than diploid 

tumours (Coulson et al., 1984, Medley et al., 1987, Kallioniemi et 

al., 1986,1987, Clark et al., 1989).

3.3.2 31P MRS BREAST CANCER

The development of wide bore, superconducting magnets with high 

field homogeneity has allowed 3 ip  MRS to be applied to the study 

of human tumours in vivo (Griffiths et al., 1983, Maris et al., 1985, 

Cadoux-Hudson et al., 1989). Several methods have been utilised 

for obtaining 3 ip  MR spectra from the human breast. Accurate 

interpretation of spectral information from breast tumours 

requires a method of localisation in order to minimise spectral 

contamination from the underlying chest wall muscle. Localisation 

methods have used Bo (Glaholm et al., 1989) or Bi (Oberhaensli et 

al., 1986) magnetic field gradients. The phase modulated rotating 

frame imaging (PMRFI) technique has been used to obtain spatially 

resolved 3 ip  MR spectra from brain (Cadoux-Hudson et al., 1989, 

Moorcraft et al., 1991), liver (Dixon et al., 1991) and heart (Conway 

et al., 1991). Spectral information was obtained from a large 

breast tumour that was involving the entire breast (Oberhaensli et
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al., 1986). However the majority of patients with breast cancer 

present with much smaller tumours. It has therefore been 

necessary to adapt the methodology of the PMRFI technique for 

studying breast cancer. The protocol has been developed from the 

initial studies of breast cancer patients. Healthy volunteers were 

not suitable due to low concentration of phosphorus metabolites in 

normal breast. The aim was to obtain localised 3 ip  m r  spectra 

from the breast tumour with sufficient signal to noise for 

quantification. The pulse sequence was also influenced by time as 

we felt it was extremely important to perform the MRS study 

within an hour to maintain patient comfort and to achieve 

compliance for serial studies.

The initial studies explored patient position and coil size. Patients 

preferred to lie supine as this avoided breast discomfort due to 

pressure on the tumour. As a result, some large women could not be 

studied as the height of the couch could not be lowered sufficiently 

to position the tumour in the small homogenous centre 

(approximately 5cm) of the magnet. The supine position reduced the 

coil to chest wall distance, which in some studies, compromised 

localisation of spectral information to the tumour, separate from 

the chest wall muscle.

The large coil (15cm transmitter and 6cm receiver) was abandoned 

in favour of the smaller coil (10cm transmitter and 4cm receiver) 

as most tumours were between 2-4cm in diameter. The spectral 

quality was worse due to greater noise generated by the coil itself 

and the larger volume of breast with its own electrical 

conductiv ity .
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The signal to noise is dependent upon a wide range of factors 

including the magnetic field strength (Bo), magnetic field 

homogeneity, coil design, volume of the sample, concentration of 

metabolites, number of pulses, and relaxation times T1 and T2. To 

maximise signal to noise, therefore, great attention was paid to 

optimising the magnetic field homogeneity by shimming.

Distortion of the free induction decay of tissue protons by 

respiratory movement of the chest wall was reduced by using the 

smaller receiver coil instead of the larger transmitter coil. Fat 

suppression to simplify the free induction decay, so that only 

tissue water was visualised during shimming, did not improve the 

quality of shimming. Due to a high proportion of fat in the breast, 

the width of the fat peak was of greater value for assessing the 

quality of shimming. For very large tumours, the water peak was 

larger and more useful.

Tumour size was an important factor influencing spectral quality. 

The signal to noise was generally very poor for tumours less than 

or equal to 2cm in maximum diameter. PME was rarely detected. 

PDE was sometimes observed but this could have been from normal 

breast tissue. Histological grade was also influential as there 

were no well differentiated tumours in the group of tumour spectra 

that could be analysed. Histological differentiation could be 

related to cellular content or proliferation.

Profiling of the free induction decay, to remove the broad signal 

associated with the relatively immobile phospholipid bilayer, was 

not done as this did not completely flatten the baseline. It also
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degraded the signal to noise. A computer program that allowed 

integration of peak areas on an asymmetrical curved baseline was 

therefore used (as described in section 2.3.1). The main source of 

error in the measurements was due to fitting of the baseline 

position and therefore the mean of 3 fits (baseline and peaks) was 

used. Unfortunately repeat measurements of metabolite levels was 

not possible in any patient as surgery was performed the following 

day.

Absolute quantitation was not possible as the volume of tumour 

could not be calculated. Consequently, metabolite levels relative to 

yATP were calculated. However, this may be more useful than 

absolute metabolite concentration as the large variation in 

concentration of PE and PC in tumour extracts indicate that 

cellularity in breast tumours is highly variable. Metabolite levels 

relative to ATP are likely to indicate the intracellular 

concentration. The cellular level of ATP is tightly regulated. There 

is a balance between ATP production and utilisation maintaining a 

steady state concentration (Neeman and Degani, 1989). In areas of 

reduced oxygen and glucose supply, ATP levels will suffer but this 

will not influence the overall level detected by NMR if it 

represents a small proportion of the tumour.

Localised 3 ip  m r  spectra were obtained from many early stage 

breast tumours. The median tumour diameter for the evaluable 

studies was 3 cm, considerably smaller than reported by others 

(Glaholm et al., 1989, Majors et al., 1989, Ng et al., 1989). 

Characteristically, PME and PDE were prominent with undetectable 

PCr. The paucity of phosphorus signal from normal breast suggests

168



that there was negligible contribution from normal tissue to the 

tumour spectra.

ISIS (Image Selected In vivo Spectroscopy) localised spectra from 

breast cancer show barely detectable or undetectable PCr (Glaholm 

et al., 1989). Furthermore, 3 ip  MRS of the whole breast 

demonstrated that the intensity of PCr was related to patient 

position, pulse length and coil to chest wall distance (Twelves et 

al., 1990), suggesting that the presence of PCr In vivo was due to 

muscle contamination. Therefore, it was assumed that PCr in the 

tumour spectrum in vivo was due to muscle contamination and the 

metabolite levels relative to yATP were corrected as appropriate 

(as discussed in section 2.2.1). Although PCr has been detected in 

some tumour spectra in vitro, the levels were low and would 

probably be barely detected in vivo.

Spectral resolution of breast cancer in vivo was poor due to a wide 

range of factors : a) low cellular density and metabolite 

concentration; b) low magnetic field strength (Bo); c) poor 

shimming associated with the whole body magnet; d) limited 

number of pulses due to time constraints. Using a higher field 

spectrometer greatly enhances peak separation, signal to noise, 

and thus allows more accurate quantitation. The PME and PDE peaks 

can be resolved into their component resonances and therefore aids 

interpretation of the in vivo spectra. Analysis of extracts of 

tumour ensures no muscle contamination. Perchloric acid 

extraction isolates the water soluble metabolites and the 

membrane phospholipids are isolated by chloroform methanol 

extraction. In comparison with conventional biochemical methods
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utilising thin layer or gas-liquid chromatography, 31 p m r S allows 

rapid and accurate quantitation of the distribution of phospholipids 

in biological samples without prior separation.

The PME peak in vivo was composed primarily of PE and PC with a 

greater contribution from PE (PE/PC range 1.13 - 5.09). The 

presence of high concentrations of PE have been observed in a range 

of tumours of human (Maris et al., 1985, Smith et al., 1991c, Dixon 

et al., 1991) and rodent origin (Smith et al., 1991b). RIF-1 cells in 

culture, the level of PC was greater than PE (Evanochko et al.,

1984). This could be related to substrate supply as standard 

culture medium contains choline but not ethanolamine.

The PDE peak in vivo contains resonances from GPE, GPC and 

membrane phospholipids, the latter demonstrated in the 31P MR 

spectra of chloroform methanol extracts.

3.3.3 RELATIONSHIP BETWEEN PME AND PROLIFERATION

For breast cancer with evaluable 31P MR spectra, there was a 

strong relationship between tumour proliferation and the level of 

PME relative to yATP due to a significant correlation for aneuploid 

tumours. No relationship was observed for diploid tumours. It is 

unlikely that there are differences in phospholipid metabolism 

related to DNA ploidy as there was no significant difference 

between the median SPF for diploid and aneuploid tumours. The 

range of values for diploid tumours (1.6 - 6.5%) suggests that the 

majority of cells in these tumours are not proliferating. The 

predominant cell population will determine the composition of the
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31 p MR spectrum. Therefore, a relationship between PME and 

proliferation would not be detected if the PME content of 

proliferating cells was not greatly elevated. In support, actively 

growing human breast cancer cells in culture contained 

approximately twice the amount of PE and PC than quiescent cells 

(Daly et al., 1987).

For the breast cancer extracts, no relationship between PE, PC or 

PE plus PC with SPF was observed, posssibly due to the smaller 

number of samples (aneuploid n = 11, total n = 18).

The in vitro values for the phospholipid metabolites are not 

strictly comparable with the in vivo measurements but it was not 

possible to calculate the level of PE or PC relative to yATP due to 

ATP hydrolysis to Pj during the inevitable delay between excision 

of tumour and storage in liquid nitrogen. Calculation of total 

phosphorus in vivo was not appropriate as the signal to noise often 

prevented detection of all the ATP peaks and also because the PDE 

peak contains resonances from membrane phospholipids.

Aneuploid tumours have been found to be associated with high SPF 

and aggressive clinical disease indicative of rapid proliferation. 

The majority of cells may be actively proliferating as SPF values 

of up to 30% have been observed. To further explore the 

relationship between proliferation and PME, it would be interesting 

to study a model with rapid growth rate. The oestrogen sensitive 

rat mammary tumour exhibited SPF values between 20.1% to 43.3% 

depending upon the presence or absence of oestrogen and the sex of 

the animal. An increase in the percentage of cells in S phase was

171



associated with an increase in PC and a decrease in GPC (Smith et 

a!., 1991b). PtdC represents the major membrane phospholipid and 

these observations support a shift in phospholipid metabolism to 

biosynthesis. Similarly, the level of PC in human breast cancer 

spheroids was greater in the outer layer containing actively 

proliferating cells compared with the inner layer of quiescent 

cells (Ronen et al., 1990).

The presence of PE and PC in tumours may reflect their role as 

membrane phospholipid precursors. Increased levels of PC 

paralelled increased activity of choline kinase in exponentially 

growing cells (Warden and Friedken., 1984,1985). In ras- 

transfected mouse fibroblasts, an increase in PC was consistent 

with almost doubling of the activity of choline kinase and a 50% 

reduction in CTP:phosphocholine cytidylyltransferase (Teegarden et 

al., 1990). PE and PC can also be produced by hydrolysis of PtdE and 

PtdC respectively by phospholipase C. In each case diacylglycerol 

is produced which can activate protein kinase C as part of a 

pathway stimulating cellular proliferation. The choice of substrate 

for phospholipase C may depend upon the growth factor and the cell 

type. In human breast cancer, however, no relationship was 

observed between expression of EGFr or ER and the pool size of PE 

or PC measured by 3 ip  MRS. The role of phospholipid metabolites in 

cellular signalling is not excluded as the change in pool size is 

likely to be small, or absent as the fluxes of metabolites in and out 

of the pool are in balance. It would be revealing to study the fluxes 

of metabolites in cultured cells where there is cellular 

homogeneity, and culture conditions and proliferation can be 

controlled. This could be done by high resolution spectroscopy of
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cellular extracts following growth factor stimulation. The time 

course of changes would be better observed with perfusion of cells 

in the magnet or with pulse labelling and chase studies.

3.3.4 PHOSPHOLIPID METABOLISM

As PE and PC are biosynthetic precursors of the phospholipids PtdE 

and PtdC respectively, it has been suggested that increased 

membrane synthesis in proliferating cells leads to an increase in 

the precursor compounds. However in all the tumour extracts, the 

proportion of PtdC was about twice that of PtdE, but there was 

more PE than PC. In some breast tumours, this could in part be due 

to PE rich lymphocyte or macrophage infiltration as part of an 

inflammatory response. This was not the case in normal breast 

tissue.

The CDP choline and ethanolamine pathways (Figure 3.14) for 

phospholipid synthesis seem to be under independent control. The 

enzymes catalysing the reactions are specific to each pathway 

(Pelech and Vance, 1984). Under optimal conditions, the rate 

limiting step in the synthesis of PtdC appears to be the enzyme 

CTP:phosphocholine cytidyltransferase appears (Wright et al.,

1985), but it is not clear if the corresponding enzyme for PtdE 

synthesis is the rate regulating step. The incorporation of 

ethanolamne into PtdE is not directly related to the activity of the 

enzymes involved (Greener et al., 1979).

The predominant route of PtdC biosynthesis in eucaryotic cells is 

via the CDP-choline pathway (Pelech and Vance, 1984).
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Biosynthesis from stepwise méthylation of PtdE only appears to be 

significant in liver, where it can account for 20-40% of PtdC 

(Vance and Vance, 1985). The contribution from the CDP- 

ethanolamine pathway to the production of PtdE seems to depend 

upon the supply of ethanolamine in cultured cells. At physiological 

levels (about 30mM) this route contributes 30% of the PtdE (Miller 

and Kent., 1986). An important source of PtdE is from 

decarboxylation of phosphatidylserine in mitochondria (Bishop and 

Bell, 1988, Tijburg et al., 1989). This generates ethanolamine. 

Ethanolamine can also be produced in the synthesis of 

phosphatidylserine by base exchange of free serine with the polar 

head group of PtdE. It is proposed that this is the major route for 

phosphatidylserine production in eucaryotic cells (Bishop and Bell, 

1988). High concentrations of ethanolamine are toxic in cellular 

systems (Kaiho and Mizuno, 1985) and could therefore be disposed 

of by conversion to PE in the CDP-ethanolamine pathway.

3.3.5 CLINICAL APPLICATON OF 31P MRS

PROGNOSTIC MARKER

Breast cancer has a long natural history with relapse occuring up 

to 20 or 25 years after presentation, although the majority of 

relapses are detected within 10 years. Therefore, follow-up was 

inadequate for evaluating the role of PME/yATP as an independent 

prognostic marker.

Although PME/yATP was associated with SPF, there was no 

association with the other well established markers of adverse
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prognosis. Clinical outcome of breast cancer correlates with 

proliferative activity as measured by ^H-thymidine labelling and 

autoradiography (Meyer et al., 1983, Tubiana et al., 1984) or flow 

cytometry (Kallioniemi et al., 1987, Medley et al., 1987, Toikannen 

et al., 1989, Tubiana and Courdi,1989, O'Reilly et al., 1990). 

Patients with breast cancer die from metastatic disease rather 

than local tumour in the breast. Rapid proliferation is independent 

of metastatic capacity but may be related to recurrence rate and 

the rate of dying from métastasés as some of the markers of 

adverse prognosis, such as EGFr or axillary lymph node status, 

were not associated with SPF. The metastatic capacity of cultured 

cells has been linked to elevated expression of various proteases 

(Denhardt et al., 1987), cell-cell adhesion molecules (Johnson et 

al., 1989, Fearon et al., 1990). The development of métastasés is a 

complex process and may be regulated by the activation and 

repression of a number of specific genes (Hart and Easty., 1991).

MONITORING THERAPY

Interpretation of sequential MRS studies was not possible for the 

majority of patients studied (15/18). The factors contributing to 

poor spectral quality have been discussed earlier. However, there 

were difficulties specific to the group of patients studied.

1) The older women were less comfortable lying slightly rotated 

and tended to move during the study. Some had marked respiratory 

movement of the chest wall and therefore movement of the tumour 

in and out of the homogenous centre of the magnet. Consequently, 

shimming was more difficult and time consuming.
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2) Post menopausal glandular atrophy meant that many women had 

small breasts. Thus coil to chest wall distance was small, 

adversely affecting spatial resolution. The predominance of fatty 

tissue (Negendank et al., 1988), however, contributed negligible 

signal to the tumour spectrum.

3) Reduction of tumour size during therapy resulted in inadequate 

signal to noise for spectral interpretation in some cases.

4) Compliance for repeat MRS studies was poor particularly if the 

patient was uncomfortable in the first study, anxious or had to 

travel a long distance to the hospital.

A higher success rate may have been achieved with a magnet with a 

larger bore and better magnetic homogeneity allowing the patient 

to lie supine and therefore to be more comfortable.

For monitoring tamoxifen, the change in PME/yATP rather than the 

absolute level appeared to indicate drug sensitivity. Stable disease 

for one tumour was associated with reduction in PME only one week 

after starting treatment, before any change in size was measured. 

For the other patient with stable disease, PME initially increased 

with subsequent reduction in total phosphorus signal. This could 

represent tumour flare due to the weak oestrogenic activity of 

tamoxifen or possibly infiltration with PE rich cells such as 

lymphocytes or macrophages (Smith et al., 1991c). An early 

transient increase in PME has also been reported during 

radiotherapy of breast cancer (Glaholm et al., 1990), The increase
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in PME/yATP for the tumour not responding to tamoxifen is 

consistent with the observed significant association between 

PME/yATP and proliferation.

The in vivo results contrast with those reported for ER positive 

human breast cancer cells. Oestrogen produced an increase in PC at 

1 hour and at 3-5 days the pool size was 30% lower than in the 

presence of tamoxifen (Neeman and Degani, 1989). The same 

authors have also observed that PC and PE was reduced with 

increasing cellular density and hence the cell culture studies may 

not reflect the mechanisms in tumours.

No change was reported in phospholipid metabolism with tamoxifen 

in the oestrogen sensitive rat mammary tumour (Baluch et al.,

1991) and human breast cancer xenograft (Furman et al., 1991). The 

most marked change in responding tumours was a reduction in Pj 

before any alteration in size. Other reports of human breast cancer 

treated with tamoxifen (Table 3.1) document similar changes in 

PME as reported here but obviously 3 cases is only suggestive of 

the metabolic response to tamoxifen. The underlying mechanism for 

the spectral changes appears to be mediated by an effect on 

proliferation and therefore the spectral alterations observed with 

chemotherapy and radiotherapy are similar.

The current MRS technology has limitations for the study of small 

tumours. Large tumours can invade muscle and skin. There is a 

tendency towards ulceration and necrosis. Localised 31P MRS in 

areas of viable tissue identified by imaging may overcome the 

difficulties in spectral interpretation due to tumour heterogeneity
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and necrosis. Contrast between viable tissue, necrotic areas and 

fibrosis on imaging has been observed for MCF-7 human breast 

cancer xenografts implanted in nude mice (Furman et ai., 1991).

The sensitivity of ^ ip  MRS could be improved by proton decoupling 

taking advantage of the nuclear Overhauser effect. A modest 

improvement in signal to noise is likely without increasing the 

time of study. The higher sensitivity associated with an increase 

in Bo field strength to 4.0 Tesla improved the peak resolution in 

MR spectra of brain tumours (Langkowski et ai., 1989) but there are 

no reports, as yet, of 3 ip  MRS of human cancers at 4.0 Tesla.

Currently, low sensitivity and difficulties in spatial resolution for 

3 ip  MRS limits its use for routine cancer diagnosis or management, 

it could have an important role in clinical trials, particularly in 

phase i toxicity and phase il efficacy trials where patients with 

end stage disease and large tumours are studied, it could be of 

value in assessing the activity of new agents for endocrine therapy 

where tumour size would be slow to change. The detection of 

metabolic events could lead to an improved understanding of drug 

action and resistance mechanisms. Agents targetting the signal 

transduction pathway may inhibit growth or stimulate 

differentiation. This could be associated with alterations in 

phospholpid metabolism and the level of PME, or intracellular pH, 

and be detected by ^ ip  MRS. Drug induced alterations in energy 

metabolism could be monitored by 3 ip  MRS and may reduce 

multidrug resistance due to the ATP dependent P-glycoprotein.
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CHAPTER IV 

THERAPEUTIC MODULATION

4.1 INTRODUCTION

There is substantial evidence for the presence of hypoxia in solid 

tumours of both rodents and humans. As a result of vascular 

structural abnormalities, there are arteriovenous shunts and 

capillary flow may be sluggish and possibly intermittent (Vaupel 

et al., 1989). Due to cellular metabolism, oxygen typically diffuses 

150pm in normal and malignant tissue. Beyond this distance, there 

are necrotic cells where the oxygen tension is zero or near zero. 

Hypoxic, yet viable cells, are situated between the aerobic and 

necrotic cells at about 150-200 pm from the nearest capillary 

(Thomlinson and Gray, 1955). Acute hypoxia due to transient 

fluctuations in perfusion has been described in transplanted mouse 

tumours (Chaplin et al., 1986). It appears that in small tumours, 

almost all the hypoxia is chronic or diffusion limited, whereas in 

large tumours, considerable hypoxia results from intermittent 

changes in blood flow and is acute or cycling hypoxia (Chaplin et 

al., 1986).

Micro-electrode measurements of the partial pressure of oxygen in 

human breast has demonstrated lower median values in breast 

cancer compared with normal breast (Vaupel et al., 1991). There is 

considerable variation between tumours and the presence of 

hypoxia is not related to tumour size, stage or histology. Although 

the existence of acute hypoxia in human tumours is not known.
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reoxygenation of previously hypoxic cells is likely in a tumour 

responding to chemotherapy as has been demonstrated during 

radiotherapy (Howes, 1969, Hall, 1978). These cells could be 

resistant to chemotherapy, proliferate and lead to treatment 

fa ilu re .

Adriamycin is the single most active drug in breast cancer. The 

development of adriamycin resistance following recovery from 

hypoxia has mainly been observed in rodent cell lines and in a 

human bladder cancer cell line but not in two other human cancer 

cell lines. Human breast cancer cells have not been studied. 

Therefore, the effect of prolonged hypoxia on adriamycin 

cytotoxicity has been evaluated in a panel of human breast cancer 

cell lines with different biological properties, reflecting in vivo 

heterogeneity in human tumours :

a) The MCF-7 pair : MCF-7/WT, which expresses ER and low levels 

of high affinity EGFr and the multidrug resistant variant MCF- 

7/AdrR, which expresses high levels of EGFr and low levels of ER.

b) MDA-468 with high levels of EGFr due to gene amplification and 

overexpression.

The Chinese hamster lung fibroblasts (V79) were used as a positive 

control (Smith et al., 1980). The response to etoposide was studied 

in addition to adriamycin to determine if hypoxic induced drug 

resistance was important for other drugs. An outline of the 

protocol for the experiments is shown in Figure 2.5, Section 2.6.6.
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To explore the role of EGF in modulating chemosensitivity, the 2 

human breast cancer cell lines with high levels of EGFr have been 

used. The MCF-7/AdrR cells also have gene amplification for P- 

glycoprotein. The following questions have been asked :

1) Does EGF affect growth in aerobic cells?

2) Is the effect of EGF enhanced by hypoxia?

3) For therapeutic modulation, what dose of EGF is required?

4) Does EGF modulate the response to adriamycin?

5) Are hypoxic cells more sensitive to therapeutic modulation by 

EGF?

6) Is EGF more effective in modulating chemosensitivity in hypoxic 

or previously hypoxic cells?

The protocol for these experiments is outlined in Figure 2.6,

Section 2.6.7.

4.2 RESULTS

4.2.1 OPTIMAL CONDITIONS FOR M IT  COLORIMETRIC ASSAY

The growth curves in Figure 4.1 show that for each cell line, the 

optical density increased with number of cells plated in each well. 

The growth curves for the MCF-7 cells plateau for plating density 

of 10^ and greater after 4 to 7 days of growth. For MDA-468 cells, 

a plateau in growth is observed with a higher plating density of 

5.1Q4 after 7 days of growth. The range of optical density varied 

with cell line (Table 4.1) indicating differences in mitochondrial 

succinate dehydrogenase activity. The maximum absorbance was
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Figure 4.1a Growth Curve for MCF-7/WT cells
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Figure 4.1c Growth Curve for MDA-468 cells
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Table 4.1 Optimal conditions for the M IT colorimetric assay 

based on growth curves illustrated in Figure 4.1.(0.D. = Optical 

Density)

CELL LINE V79 MCF-7 MCF7 MDA-468

WT AdrR

MAX. O.D. 2.0 1.8 1.1 2.6

MTT ASSAY

CELL NO 5,000 50,000 50,000 50,000

TIME (days) 3 3 3 4

O.D. 1.0 1.0 0.7 1.3
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observed for MDA-468 cells (2.6) with lower values for MCF-7/WT 

cells (1.8) and MCF-7/AdrR cells (1.1).

As the doubling time varied between the cell lines, it was 

neccessary to determine the optimal conditions for the MTT 

colorimetric assay for each cell line to avoid erroneous 

measurement of cell survival following treatment. The combination 

of cell number and duration of assay was selected so that the 

optical density of the control cells was at the top of the linear 

portion of the growth curve. However, values greater than 2 were 

avoided to minimise errors due to very low transmission of the 

incident light (less than 1%).

Therefore, the optical density of cells killed by chemotherapy 

would be lower down the linear portion of the growth curve 

although the plot would be shifted to the right of that for 

untreated cells. For assessing growth stimulation by EGF, a lower 

cell number was selected so that changes in cell number and hence 

optical density were still within the linear portion of the growth 

curve. In addition, to minimise errors for the MDA-468 cells, an 

optical density greater than 2 was avoided to minimise errors as 

less than1% of the incident light is transmitted.

4.2.2 MEASUREMENT OF HYPOXIA

Hypoxia of monolayer cultures for the experiments with adriamycin 

and/or EGF was confirmed in V79 cells using a biological assay 

based on the difference in sensitivity of aerobic and hypoxic cells 

to ionising irradiation. The cell survival curve in Figure 4.2
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Figure 4.2 Radiation response of monolayer V79 cells
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demonstrates that hypoxic cells are resistant to ionising 

irradiation compared to aerobic cells. The oxygen enhancement 

ratio (OER) or the radiation dose to achieve equivalent cell kill for 

hypoxic cells is about 3 times that for aerobic cells. 7 Gy was 

required to reduce the surviving fraction to 0.1 for aerobic cells 

and 22 Gy for hypoxic cells. This is consistent with the variation 

of the maximum OER between 2.5 and 3.5 reported in the literature 

for a range of cell types (Heilman, 1985). The maximum OER was 

achieved within 3 hours of commencing gassing.

Using an oxygen electrode to chart changes in oxygen concentration 

in V79 suspension cultures, hypoxia was demonstrated after 25 

minutes of commencing gassing (Smith, 1981).

4.2.3 ADRIAMYCIN TOXICITY IN AEROBIC CELLS

Figure 4.3 shows the toxicity of 1 hour adriamycin in aerobic V79 

cells in exponential growth phase using the clonogenic cell 

survival assay. The response was biphasic with an initial 

exponential portion up to 1 pg/ml followed by a shallower slope for 

higher doses. Similar change in cell survival with increasing 

concentration of adriamycin was observed using the MTT assay 

(Figure 4.4). In the MTT assay for V79 cells, the optical density 

was directly proportional to the number of viable, metabolising 

cells within the range of 1.5 to 0.15. Therefore, the optical density 

was approximately proportional to the surviving fraction over the 

first order of magnitude of cell survival (1 to 0.1).
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Figure 4.3 Adriamycin in V79 ceils (clonogenic assay)
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Figure 4.5 Adriamycin toxicity in V79 ceils
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_J 1.2 -1

i ■

1 . 0 -

Ü
0 . 8 -

Î 0 . 6 -

S ■
Q 0.4 -

0 . 2 -

O
0 . 0 -

.C

1 HR 
24 HR 
72 HR

0.0 r ■ I I I iii|'
.1 1 1 0 100 1000 

LOG ADRIAMYCIN CONCENTRATION (ug/ml)
10000

Figure 4.7 Adriamycin (1 hr) toxicity in MCF-7 cells

_J 1.2-7

§ ■

ë 1 . 0 -

8 •

0 . 8 -

è
(0 0 . 6 -

g
Q 0.4 -

0 . 2 -

O
0 . 0 -

.0

MCF-7/WT
MCF-7/AdrR

I I I I II ii| - ' r I I I mil I I I I iiiii'"—I--I "I I i iii| I I I I ini r  ' i iiiiii
.1 1 10 100 1000 10000 

LOG ADRIAMYCIN CONCENTRATION (ug/ml) 1 HOUR

189



Table 4.2 Adriamycin toxicity expressed as the dose to  reduce 

cell survival to  50% (IC50) related to contact time.

CELL LINE V79 MCF-7/WT MCF-7/AdrR MDA-468

Contact t

0.5 |ig/m l 

0.05 ^ig/ml

0.04 \ig/tn\

1 |ig/m l 

0.04 pg/ml

200 ^ig/ml

3 pg/m l 

8 pg/m l 

6 pg/m l

0.05 pg/ml

1 Hour 

17 Hours 

24 Hours 

72 Hours 

96 Hours
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Adriamycin toxicity depends upon drug concentration and contact 

time (Table 4.2). In V79 cells, the concentration of adriamycin 

required to reduce the cell survival by 50% or the IC50 was 0.5 

mg/ml for 1 hour compared with 0.05 pg/ml for 17 hours (Figure 

4.5). There was no further reduction for 72 hour drug treatment. 

Similarly, in MCF-7/AdrF cells the IC50 was reduced from 200 

|ig/ml for 1 hour to 3 pg/pl for 24 hour, with no significant change 

for 72 hour drug exposure (Figure 4.6).

The toxicity of adriamycin was also dependent upon the cell line 

(Table 4.2). MDA-468 cells were equally sensitive to 24 hours of 

adriamycin (IC50 0.05 pg/ml) as V79 cells (17 and 72 hours). In 

comparison to V79 cells (IC50 0.5 pg/ml), MCF-7/WT cells were 

less sensitive for 1 hour adriamycin (IC50 1 pg/ml) and MCF- 

7/AdrR cells were highly resistant (IC50 200 pg/m l).

There was a large difference in adriamycin (1 hour) sensitivity 

between MCF-7/AdrR cells and the parent MCF-7AA/T cells (Figure 

4.7). Adriamycin 1 pg/ml had little effect on the survival of MCF- 

7/AdrF cells, whereas in MCF-7/WT cells, survival was reduced by 

50%. A reduction of cell survival to 20% required only 10 pg/ml in 

the parent ceils and over 500 pg/ml in the resistant MCF-7/AdrR 

ce lls .

4.2.4 THE EFFECT OF HYPOXIA ON CHEMOSENSITIVITY

The survival curves for V79 cells in Figure 4.8 show that 

previously hypoxic ceils were more resistant to 1 hour treatment 

with adriamycin in air compared with cells which had been
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continuously aerobic. The differential toxicity obtained using the 

MTT assay compares well with that observed with the clonogenic 

assay. Cell survival measured by the clonogenic cell survival assay 

for previously hypoxic cells was reduced to 0.2% with adriamycin 

1.0 pg/ml whereas the same dose produced 100 fold greater cell 

kill in the aerobic cells (Figure 4.8a). For adriamycin 5 pg/m l, the 

difference in chemosensitivity was 1000 fold. Table 4.3 shows 

that the IC50  of adriamycin was increased 10 fold from 0.5 pg/m l 

for aerobic cells to 5 pg/ml for previously hypoxic cells (Figure 

4.8b).

Figure 4.9 shows that V79 cells were also more resistant to 

etoposide (1 hour) following hypoxia. Resistance was less marked 

than for adriamycin with a 5 fold increase in IC50 to 25 pM from 5 

pM. For etoposide 50 pM, there was approximately 30 fold 

difference in cell survival between aerobic and previously hypoxic 

ce lls .

It has been shown in V79 cells, that drug resistance starts to 

develop after 3 hours of hypoxia with maximal resistance by 6 

hours (Smith, 1981). Resistance to adriamycin and etoposide in 

V79 cells was observed after 6 hours with maximal resistance 

after 16 to 24 hours of hypoxia. Release from hypoxia resulted in a 

gradual return of normal drug sensitivity as shown in Figure 4.10 

for etoposide. There was no change at 6 hours of reoxygenation but 

by 24 hours sensitivity to etoposide was similar to aerobic cells.

In contrast, hypoxia of both human MCF-7 breast cancer cell lines 

did not affect toxicity of adriamycin. There was no difference for
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Figure 4.8a Clonogenic assay In V79 cells
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Figure 4.9 Etoposide in previously hypoxic V79 ceils
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Table 4.3 The effect of hypoxia on chemosensitivity of V79 cells 

expressed as IC 5 0  or the dose to  reduce cell survival to  50% of 

untreated cells.

ADRIAMYCIN ETOPOSIDE

AEROBIC 0.5 ^ig/ml 5 p,M

HYPOXIA 5.0 ^ig/ml 25^M
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Figure 4.11 Hypoxia in suspension MCF-7 celis
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Figure 4.13 Adriamycin In hypoxic MCF-7/AdrR cells
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hypoxia of suspension (Figure 4.11) or monolayer cell cultures 

(Figure 4.12). For MCF-7/AdrFi cells, hypoxia did not alter 

sensitivity to continous adriamycin for 72 hours (Figure 4.22). 

Good correlation between the MTT assay and the clonogenic cell 

survival assay was also observed for MCF-7/AdrR cells. Therefore, 

the MTT assay was used for all subsequent experiments with the 

human breast cancer cell lines as the duration of the assay was 

shorter and therefore more convenient.

In subsequent experiments, adriamycin was present during hypoxia 

of monolayer cultures to explore the influence of metabolic 

adaptation to hypoxia on chemosensitivity. Adriamycin toxicity 

was similar in aerobic and hypoxic MCF-T/Adr^i cells (Figure 4.13) 

and MDA-468 cells (Figure 4.14).

4.2.5 THE EFFECT OF EGF IN AEROBIC CELLS

For MDA-468 cells, increasing EGF from 0.1 to 1000 ng/ml for 24 

hours produced a decrease in the optical density relative to the 

untreated cells (Figure 4.15) consistent with growth inhibition 

(Filmus et al., 1985). Maximal growth inhibition to about 40% of 

untreated cells was observed for EGF 100 ng/ml. There was no 

further inhibition of growth with higher doses, or with longer 

exposure (96 hours) of EGF.

Although MCF-7/AdrR cells also express high levels of EGFr, 

increasing concentration of EGF from 0.1 to 1000 ng/ml did not 

alter growth (Figure 4.16). This may reflect maximal occupancy of 

EGFr by endogenous production of ligands (TGFa or EGF) so that
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exogenous EGF had no further effect on growth. Maximal 

stimulation by endogenous EGF as part of an autocrine loop is also 

likely for the MCF-7/WT cells as 96 hour EGF had no effect on 

growth.

4.2.6 THE EFFECT OF EGF IN HYPOXIC CELLS

The presence of EGF during hypoxia (24 hours) had little effect on 

the response to EGF in both MDA-468 cells (Figure 4.17) and MCF- 

7/AdrF cells (Figure 4.18). Previously hypoxic (24 hours) MCF- 

7/AdrR cells were not sensitised to subsequent EGF (72 hours) 

(Figure 4.19).

4.2.7 MODULATION OF ADRIAMYCIN TOXICITY BY EGF

As EGF 100 ng/ml caused maximal growth inhibition of MDA-468 

cells, this concentration was selected for subsequent experiments 

evaluating the role of EGF in modulating adriamycin sensitivity.

The presence of EGF for aerobic or hypoxic cells did not modify the 

response to adriamycin (Figure 4.20). Similarly, no alteration in 

the response to adriamycin with the addition of EGF 100 ng/ml was 

observed in aerobic or hypoxic MCF-7/AdrR cells (Figure 4.21), and 

previously hypoxic MCF-7/AdrR cells (Figure 4.22).
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Figure 4.15 EGF in MDA-468 ceiis
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Figure 4.17 Hypoxic MDA-468 cells
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Figure 4.18 Hypoxic MCF-7/AdrR cells
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Figure 4.19 Previously hypoxic MCF-7/AdrR cells
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Figure 4.20 Hypoxic MDA-468 cells
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Figure 4.21 Hypoxic MCF-7/AdrR ce lls
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4.3 DISCUSSION

4.3.1 ASSAYS OF CELLULAR RESPONSE

Clonogenic assays (Puck and Marcus, 1955) have been used 

extensively for assessment of chemosensitivity of both 

established cell lines (Hill, 1983) and freshly biopsied tumour 

tissue (Hamburger and Salmon, 1977). Measurement of cellular 

response is based on the ability of viable cells to divide and form 

colonies. Low plating efficiencies, clumping artifacts and 

prolonged duration of the assay (2-4 weeks) with increased risk of 

contamination are technical problems for working with human 

tumour tissues particularly when large numbers of samples need to 

be processed. In an attempt to overcome some of these problems, 

short term assays based on specific biochemical processes have 

been developed e.g. tritiated thymidine uptake (Twentyman et al., 

1984), radiolabelled glucose utilisation (van Hoff et al., 1985),

MTT assay (Mossman, 1983). The MTT assay is semi automated and 

provides a rapid method for screening drug sensitivity of cell lines. 

It has been used in a number of laboratories and various 

modifications have been used.

In the original study by Mossman (1983), MTT was added in lOpI of 

medium and the resultant formazan crystals solubilised by the 

addition of acidified isopropranol to the mixture in the well. The 

method has been adapted in a number of ways including removal of 

the MTT containing material before adding the solvent (Denizot and 

Lang, 1986). Mineral oil is satisfactory if complete removal of the 

medium is possible (Carmichael et al., 1987). This, however, can be
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difficult without also disturbing and aspirating some of the cells. 

The formazan can be rapidly solubilised with dimethylsulphoxide 

and there is little variation in the optical density provided there is 

only a small volume of residual medium (Twentyman and Luscombe, 

1987).

Good agreement between the clonogenic cell survival assay and the 

MTT assay was observed for assessing adriamycin toxicity in both 

V79 cells and MCF-7/AdrR cells. The clonogenic assay does not 

measure alterations in treatment induced changes in growth rate 

(which would show as a reduced mean size of colonies). The MTT 

assay which provides information on cell number is, therefore, 

very useful for evaluating the effect of EGF.

4.3.2 ADRIAMYCIN

The single most active drug in breast cancer is adriamycin with 

response rates of up to 40% (Henderson, 1991). It has been used 

clinically since 1969 and has a wide spectrum of activity In solid 

tumours (e.g. ovary, lung, stomach, thyroid, sarcoma), lymphoma 

and leukaemia. Adriamycin is an antibiotic produced from the 

Streptomyces species. It has a planar anthraquinone nucleus 

attached to an amino sugar.

MECHANISM OF ACTION

Adriamycin is cytotoxic for actively proliferating cells. The 

mechanism of action of adriamycin is not completely understood 

but several cellular targets have been identified :
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1) Damage to DNA and interference with DNA, RNA and protein 

synthesis can result from distortion of the double helix due to 

intercalation of the drug (Neidle, 1979). The planar anthracycline 

ring inserts between the opposing strands of DNA and the amino 

sugar appears to add stability by binding to the sugar-phosphate 

backbone of the DNA.

2) Irreversible breaks in both strands of DNA are caused by 

stabilisation of the 'cleavable complex' formed between DNA and 

topoisomerase II during DNA replication (Tewey et al., 1984).

3) DNA and other important cellular macromolecules are damaged 

by free radicals generated by redox cycling of the quinone molecule 

in adriamycin (Bachur et al., 1979). Microsomal NADPH cytochrome 

P450 reductase can catalyse the reduction of adriamycin to a 

semiquinone radical. In the presence of oxygen, the semiquinone 

donates its electron to form superoxide and cycles back to the 

stable quinone form. This mechanism is unlikely to be important as 

short periods of hypoxia did not alter adriamycin sensitivity in 

V79 cells. In addition, there was no difference in adriamycin 

toxicity between aerobic and hypoxic human breast cancer cells.

4) Alteration of membrane fluidity and function may result from 

intercalation of adriamycin in the hydrocarbon region of the plasma 

membrane bilayer (Tritton, 1991). Adriamycin has a positive 

charge and therefore has an affinity for negatively charged 

phospholipids (Duarte-Karim et al., 1976). It appears that the drug 

inserts itself at an angle of 55° and disrupts the orderly packing of 

the phospholipid molecules (Adler and Tritton., 1988).
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5) Increased protein kinase C activity due to phosphatidylinositol 

turnover has been implicated in adriamycin cytotoxicity, since 

activation of the enzyme with phorbol esters enhances adriamycin 

induced DNA damage (Tritton, 1991). Likewise, down regulation of 

protein kinase C by prolonged exposure to phorbol ester partially 

protects against adriamycin cytotoxicity.

The cytotoxic action of adriamycin cannot be explained by any one 

mechanism and it is possible that several parallel actions are 

operating.

4.3.3 ADRIAMYCIN SENSITIVITY IN AEROBIC CELLS

Survival of cultured cells following adriamycin depends upon the 

cell line, drug concentration and contact time. For one hour 

exposure to adriamycin, the survival curve for V79 cells was 

biphasic with an initial exponential portion followed by a 

shallower slope reflecting the cell cycle distribution of the 

sensitive cells.

4.3.4 HYPOXIA AND ADRIAMYCIN SENSITIVITY

V79 cells exposed to hypoxia developed resistance to subsequent 1 

hour exposure to adriamycin in air. In agreement with earlier 

reports (Smith et al., 1981), previously hypoxic cells were 1000 

fold resistant to adriamycin 5 pg/ml. Resistance to etoposide was 

less marked with a 100 fold difference in cell survival for 25 pM . 

For OHO, up to 200 fold resistance to etoposide was induced by 

hypoxia and for glucose deprivation by 2-deoxyglucose, there was
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100 fold resistance (Hughes et a!., 1989). For EMT6, hypoxia 

induced marked etoposide resistance with 1000 fold difference in 

sensitivity compared with aerobic cells (Teicher et al., 1985).

Gene amplification for P-glycoprotein membrane pump associated 

with adriamycin resistance has been observed following hypoxia in 

CHO (Rice et al., 1986) and in KHT-LP1 (Luk et al., 1990). The 

induction of MDR is unlikely in the V79 cells studied as adriamycin 

resistance following hypoxic stress was not reversed by verapamil 

at a concentration capable of blocking the activity of the P- 

glycoprotein pump (Jones et al., 1989).

Extreme hypoxia inhibits cell cycle progression and consequently 

proliferation (Shrieve and Begg, 1985, Wison et al., 1989b, Wilson 

and Sutherland, 1989, Heacock and Sutherland, 1990). Proliferation 

resumes on reoxygenation with a lag period dependent upon the 

duration of hypoxia. The delay increases to a maximum for 12 or 

more hours of hypoxia (Wilson et al., 1989b, Wilson and Sutherland, 

1989). The development of drug resistance following severe 

hypoxia could be attributed to the differential chemosensitivity of 

cycling and non-cycling cells. However, drug resistance following 

hypoxia would be expected in all cell lines and for all cycle 

specific drugs. This has not been reported in the literature and 

exposure to hypoxia had no effect on adriamycin sensitivity in both 

MCF-7 cell lines.

Extreme hypoxia in CHO produced etoposide resistance and 

selective depletion of nuclear topoisomerase II before a decline in 

tritiated thymidine incorporation (Shen et al., 1989). The nuclear
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enzyme, topoisomerase M is a major target for etoposide and other 

drugs including adriamycin (Ross, 1985). This enzyme allows 

decatenation of DNA for replication. The covalent enzyme-DNA 

complex (cleavable complex) is stabilised by drug binding, leading 

to irreversible breaks in the DNA. The time course for the loss of 

topoisomerase II was seen to correlate with the time for 

appearance of etoposide resistance (Shen et al., 1989). As similar 

changes were noted for agents inducing the glucose regulated 

proteins, it appears that these stress proteins are involved in the 

mechanism of drug resistance.

It would be valuable to study the pattern of protein expression 

following hypoxia in V79 cells and the human breast cancer cell 

lines to determine if drug sensitivity is always related to the 

expression of the glucose regulated proteins. The presence of 

glucose regulated proteins in a tumour may provide a useful marker 

for hypoxia induced drug resistance and allow appropriate 

selection of treatment for an individual patient. These stress 

proteins could be detected in vivo by imaging monoclonal antibodys 

linked to a radio-isotope.

4.3.5 EGF AND PROLIFERATION

In the breast cancer cell lines with high levels of EGFr, EGF 

inhibited the growth of MDA-468 cells but had no effect in the 

MCF-7/AdrR cells although growth inhibition of MCF-7/AdrR cells 

has been described (Vickers et al., 1988). The loss of response to 

exogenous EGF could be due to maximal stimulation of protein 

kinase C by an autocrine loop within the cell so that additional EGF
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has no effect. It appears that growth Inhibition by EGF in MDA-468 

cells is partly due to enhanced glucose consumption leading to 

glucose deficiency (Kaplan et al., 1990). MCF-7/AdrR cells may be 

less dependent on glycolysis for ATP production and therefore not 

growth inhibited by EGF.

4.3.6 EGF AND ADRIAMYCIN

The molecular basis for potentiation of cytotoxicity of antitumour 

drugs by EGF is not known. Enhancement of adriamycin sensitivity 

by EGF in vitro does not appear to be related to the effect of EGF on 

growth (Kwok and Sutherland., 1991). Therapeutic modulation by 

EGF may be mediated by protein kinase C stimulating 

topoisomerase II activity (Sayhoun et al., 1986). An increase in a 

major target for adriamycin action would lead to greater 

cytotoxicity. In multidrug resistant cells, increase in protein 

kinase 0  activity is coupled to P-glycoprotein function (Posada et 

al., 1989) and in cells expressing MDR, EGF could promote drug 

resistance by enhancing drug efflux.

Continuous exposure to EGF may be required for enhancing 

adriamycin sensitivity as maximal enhancement in cultured A431 

cells was obtained by the presence of EGF throughout the 

experiment (i.e. 2 day growth period, 1 hour drug exposure, and 2 

weeks for colony formation) (Kwok and Sutherland, 1991).

However, an effect was not observed in MCF-7/AdrR cells even 

when both EGF and adriamycin were present for 72 hours. It is 

likely that in these cells, there was already maximal activation of 

protein kinase 0  by endogenous EGF.
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EGF has a range of metabolic effects including increased glycolysis 

with activation of phosphofructokinase (Diamond et al., 1978, 

Schneider et al., 1978). Continuous stimulation with EGF might lead 

to glucose deficiency and reduce cellular ATP. This could alter 

cellular chemosensitivity by compromising ATP dependent 

resistance mechanisms such as MDR. This, however, appears 

unlikely as the presence of hypoxia which also impairs ATP 

production (Heacock and Sutherland, 1990) did not alter adriamycin 

sensitivity in MCF-7/AdrR cells and MDA-468 cells.

Cytotoxicity of a range of drugs (adriamycin, 5-fluorouracil, 

tegafur, cisplatin, mitomycin C and cyclophosphamide) with 

different mechanisms of action can be potentiated by EGF in vivo 

(Amagase et al., 1989). Sensitisation by EGF appears to be related 

to the level of EGFr expression both in vivo and in vitro.

Enhancement of drug sensitivity in vitro was greatest for the A431 

subline with the maximum number of EGFr and no effect was 

observed in the human squamous cell carcinoma cell line SiHa, 

which expresses about 10^ EGFr/cell (Kwok and Sutherland, 1991). 

Similar levels of EGFr are expressed by the human breast cancer 

cell lines, MCF-7/AdrR (Vickers et al., 1988) and MDA-468 (Filmus 

et al., 1985), and EGF did not potentiate adriamycin cytotoxicity. 

EGF binding to EGFr is followed by internalisation of the receptor 

complex involving endocytosis (Todderud and Carpenter, 1989).

This could increase drug uptake if the drug is bound to the cell 

membrane adjacent to the EGFr.
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In vivo, potentiation of cytotoxicity of antitumour drugs by EGF 

was observed for xenografts with moderate levels of EGFr 

(Amagase et al., 1989) suggesting that the molecular basis for the 

interaction between EGF and cytotoxic drugs in vivo is not 

identical to that in vitro. Studies in vitro in the presence of 1% FCS 

would be useful to evaluate the importance of suboptimal cellular 

conditions present in vivo. It would also be important to study the 

effect of EGF on adriamycin sensitivity in the human breast cancer 

cell lines implanted as xenografts.

4.3.7 IN VITRO VERSUS IN VIVO STUDIES

Studies with cultured cells are very important for understanding 

the molecular basis for drug resistance and therapeutic 

modulation. The ability to induce drug resistance in vitro and 

select highly resistant variants has allowed the identification of 

mechanisms of drug resistance (Borst, 1991). It is, however, 

necessary to establish whether the same mechanism are operative 

in vivo. In several major tumours, increased levels of P- 

glycoprotein did not seem to contribute to clinical resistance (Lai 

et al., 1987, Merkel et al., 1989).

Another advantage of in vitro studies is that the cellular 

environment can be carefully manipulated to elucidate the 

influence of factors such as hypoxia on drug sensitivity. The in 

vitro  results relate to drug cytotoxicity but other properties of 

drugs such as activation, lipophilicity and tumour distribution are 

relevant to the response in vivo. Nevertheless, the effect of the 

level of oxygen on cellular sensitivity In vitro was predicitve for

211



in vivo efficacy for some drugs (Teicher et a!., 1990). In the murine 

sarcoma FSallC, the Hoechst dye 33342 was used to separate cells 

according to their distance from blood vessels. The 10% brightest 

cells were classified as oxygenated and the 20% dimmest as 

hypoxic. The drugs that were preferentially toxic to oxygenated 

cells In vitro (thiotepa, procarbazine, bleomycin, actinomycin D, 

vincristine and etoposide) were more cytotoxic in the bright cells. 

Similarly, the drugs that were selectively toxic to hypoxic cells in  

vitro (mitomycin C, misonidazole and etanidazole) were more toxic 

in the dim cells. However, drugs unaffected by oxygenation in vitro 

(melphalan, BCNU, cisplatin and 5-fluorouracil) had greater 

toxicity to the bright cells in vivo.

The depth or duration of hypoxia in a particular tumour in vivo may 

not be sufficient to induce drug resistance (Young and Hill, 1990). 

Hypoxic cells recovered from the murine KHT sarcoma did not 

demonstrate resistance to either adriamycin or methotrexate 

although marked resistance to both drugs did develop when the 

cells were cultured and exposed to hypoxic conditions entirely in  

v itro .

Thus, it is important to establish if mechanisms identified in vitro 

are operative in vivo. Human tumour xenografts are useful for 

evaluating new drugs and agents for therapeutic modulation as they 

generally retain not only the histological, biochemical and 

antigenic characteristics but also the chemosensitivity patterns of 

the tumour tissue of the donating patient (Winograd et al., 1987, 

Boven et al., 1988). By providing information on tumour metabolism 

and intracellular pH, 3 ip  MRS has the potential for evaluating
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tumour response or physiological manipulation for therapeutic 

modulation in both experimental tumour models and in human 

tumours.
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CHAPTER V 

SUMMARY

This thesis has shown that depth resolved 3 ip  m r  spectra can be 

obtained from early stage breast cancer using PMRFI. Spectral 

quality is limited by the low level of phosphorus containing 

metabolites in breast cancer and poor magnetic field homogeneity 

associated with the whole body magnet. As there is an inverse 

relationship between spatial resolution and the signal to noise 

ratio, the number of increments was the minimum required for 

adequate spatial discrimination. Inadequate spatial resolution was 

obtained where there was little breast tissue between the surface 

coil and chest wall muscle due to a) small breast size, particularly 

in elderly women who have post menopausal glandular atrophy; b) 

tumour in the inner part of breast; and c) tumour high in the 

axillary tail.

Accurate interpretation and quantitation of spectral information 

from breast tumours requires a method of localisation in order to 

minimise spectral contamination from adjacent tissue. Signal from 

the underlying chest wall muscle can be distinguished from tumour 

as 31 p MR spectra can be selected from planar slices of tissue 

parallel to the plane of the surface coil. The paucity of phosphorus 

signal from normal breast suggests that there is negligible 

contribution from normal tissue to the tumour spectra.

An important advantage of phase modulated rotating frame imaging 

(PMRFI) compared to methods utilising the Bo field is that spatial
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misregistration due to respiratory movements is minimised. As the 

coil is taped over the breast, it moves with the breast during 

respiration and the strength of the Bi field at any point within the 

breast is constant.

Tumour proliferation is an important determinant of the relative 

level of PME in human breast cancer as there was a significant 

association between PME/yATP ratio and SPF for aneuploid 

tumours. No relationship was observed for diploid tumours possibly 

due to a low growth fraction. PC and PE are intermediates in the 

biosynthetic pathway of the major membrane phospholipids. An 

increase demand for membrane synthesis in proliferating cells 

could lead to an increase in the precursor compounds (Radda et al., 

1987, 1989), particularly if there is also an alteration in activity 

of the enzymes in the biosynthetic pathway (Warden and Friedken, 

1985, Teegarden et al., 1990).

The source of PME in breast cancer is unlikely to be due to growth 

factor signalling as there was no relationship between the pool of 

PME and EGFr content or status. The role of phospholipid 

metabolites in cellular signalling, however, is not excluded. The 

change in the PME pool size is likely to be small, or absent as the 

fluxes of metabolites in and out of the pool would be in balance.

Serial 3 ip  MRS in patients receiving tamoxifen demonstrated 

changes in PME/yATP in the 3 evaluable long term studies. The 

increase in PME/yATP for the tumour resistant to tamoxifen is 

compatible with an association between PME/yATP and 

proliferation. Tamoxifen was associated with stable disease for
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the other 2 cases. The progressive reduction of PME/yATP for the 

second case is consistent with the cytostatic action of tamoxifen. 

Replacement of viable cells by fibrosis could explain marked 

reduction of intensity of 3 ip  m r  signal detected by 3 ip  MRS for the 

third case. The initial increase in PME/yATP may represent an 

initial tumour flare due to the weak oestrogenic activity of 

tamoxifen. More cases need to be studied but the low success rate 

here, reflects the small numbers of cases in published accounts.

31P MRS may only be applicable for monitoring therapy in large 

tumours, assessing novel agents and their metabolic effects.

High resolution 3 ip  MR spectroscopy of perchloric acid extracts of 

tissue samples greatly enhances the signal to noise and peak 

separation and is, therefore, important for interpretation of the in  

vivo spectra. 3 ip  MR spectra of both malignant and normal breast 

tissue show that a large contribution to the PME peak in vivo is 

from PE and to a lesser extent from PC. As the concentration of PE 

and PC varied markedly between tumours, PME relative to yATP may 

be indicative of intracellular levels. In breast cancer, PE and PC 

relative to total extractable phosphorus were greater compared 

with normal breast tissue, whereas GPC and GPE were similar 

suggesting that the balance of membrane turnover was in favour of 

membrane synthesis.

The phospholipid profile of breast cancer was similar to normal 

breast in the 3 ip  MR spectra of chloroform/methanol extracts.

PtdC is the major membrane phospholipid followed by PtdE. There 

was no relationship between the concentration of PE and PC and the 

parent phospholipids PtdE and PtdC respectively.
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Studies with human breast cancer cell lines were performed to 

explore factors influencing the response to adriamycin and EGF and 

the role of EGF in therapeutic modulation. Transient adriamycin 

resistance induced by hypoxia in Chinese hamster V79 was not 

observed in both human breast cancer MCF-7 suggesting that this 

stress response is not a generalised phenomenon and that it does 

not influence chemosensitivity in human breast cancer cell lines.

The response to EGF differed for the two human breast cancer lines 

expressing high levels of EGFr. EGF inhibited the growth of MDA- 

468 but not MCF-7/AdrR possibly due to maximal occupancy of EGFr 

by endogenous EGF as part of an autocrine loop. The response to EGF 

was not altered by the presence of hypoxia for both cell lines.

EGF can enhance adriamycin sensitivity in human tumour 

xenografts expressing high levels of EGFr (Amagase et al., 1989) 

and human cancer cell lines in vitro (Kwok and Sutherland, 1991). 

Sensitisation by EGF appears to be related to the level of EGFr 

expression. Adriamycin sensitivity in vitro was not altered by the 

presence of EGF in both MDA-468 and MCF-7/AdrR and it would be 

valuable to perform studies with xenografts.

Studies with cultured cells, where the cellular environment can be 

tightly controlled, allows identification of factors that may be 

important in determining sensitivity to cytotoxic drugs in solid 

tumours. The biological heterogeneity of human breast cancer is 

reflected in the range of human breast cancer cell lines and they 

are useful models for studying chemosensitivity. Discrepancies 

between the response of tumour cells in vitro and tumours in vivo
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have been reported and therefore it is important to establish if 

mechanisms identified in vitro are operative in vivo. Human tumour 

xenografts are useful models as they often retain many of the 

biological properties including the chemosensitivity patterns of 

the tumour tissue of the donating patient.

Ultimately, however, novel approaches for therapeutic modulation 

as suggested in Chapter 4 must be tested in the clinical situation 

which is the most relevant. ^ ip  MRS has the potential for 

monitoring anti-cancer therapy in experimental tumour models and 

in humans and would be invaluable in assessing the response to 

new agents inhibiting growth such as those targetting EGFr or 

protein kinase 0.

The observation of the relationship between PME/yATP and SPF in 

this thesis is new. Cell proliferation before and following 

treatment is known to be important. Changes in PME following 

tamoxifen has been correlated with treatment response. Thus, it is 

important to follow these observations in prospective studies 

using better magnets, improved spatial localisation and 

bromodeoxyuridine for cell kinetics in breast cancers of 

appropriate size.
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APPENDIX 1 

PRINCIPLES OF NMR

An understanding of the basic principles cf NMR is important for 

the correct interpretation cf the information provided by MR 

spectra. Quantum theory provides an accurate description of the 

physical theory of NMR but a description using classical physics is 

useful for understanding certain aspects. A detailed discussion of 

the physical theory of NMR can be found in a number of texts 

including Gadian, 1982; Sanders and Hunter, 1987; and Harris,

1986.

A1.1 MAGNETISATION

Some atomic nuclei possess angular momentum or spin determined 

by the combination of neutrons and protons within the nucleus. 

According to the principles of quantum mechanics, the nuclear spin 

is restricted to well defined values characterised by the spin 

quantum number I. The spin quantum number can be in multiples of 

1/2. As the nucleus has a net positive charge, it also has a 

magnetic moment m.

The interaction between the magnetic moment of the nucleus and 

an external magnetic field (Bo) results in the nucleus having a 

discrete energy. The number of different energy levels is (21+1). 

The energy values are determined by the magnetic quantum number, 

mi, which can have values of I, 1-1, ... , -(1-1), -I. For the commonly 

used nuclei in biology (3ip, ^H, isp , i^N ) , the spin quantum 

number is 1/2 and there are, therefore, 2 energy levels. The higher
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energy level corresponds to mj = -1/2 and the lower level m; =

+ 1/2.

The separation of these two energy levels is proportional to Bo and 

is given by the equation

AE = yh Bo/27: Equation 1

where y is the gyromagnetic ratio and is unique to each nucleus and 

h is Planck's constant.

At thermal equilibrium, the population of each energy level is 

determined statistically by the Boltzmann equation.

N -1/2/N + 1/2 = exp(-AE/kT) Equation 2

where k=Boltzmann constant and T=absolute temperature (Kelvin).

Substituting equation 1 for AE gives

N -1/2/N + 1/2 = exp(-yhBo/27ckT) Equation 3

Therefore the population difference between the 2 energy levels 

increases with Bo. The population distribution can be altered by 

applying an oscillating magnetic field (B i), perpendicular to the 

static Bo field, at a frequency

0) = AE/h = yBo/27: Equation 4
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where \> is the resonance or Larmor frequency. The net change 

between the two energy levels is determined by the ratio of 

populations in the two energy levels. Even at very high magnetic 

fields (Bo) and low temperature, the difference between the two 

populations is small. For biological systems, the ratio is in the 

order of 1000,001 in the low energy level to 1000,000 in the high 

energy level and is one factor contributing to the low sensitivity 

of NMR.

The Bi field, generated by an oscillating current in a coil of wire, 

is applied as a short pulse of a few microseconds duration. As the 

excited system returns to thermal equilibrium, energy is emitted 

which induces a current in the receiver coil. This signal is referred 

to as the free induction decay (FID). A Fourier transform is used to 

analyse this time varying signal into frequency components and 

generates the conventional spectrum.

A.1.2 EFFECT OF RADIOFREOUENCY PULSES

As the duration of the Bi pulse is increased, the amplitude of the 

received signal is found to change sinusoidally with frequency yBi. 

The flip angle of a pulse (0) of duration tp is therefore defined as

0 = yBitp Equation 5

The duration of the pulse that generates the maximum signal is 

referred to as a 90° pulse. This is explained in the classical model 

in terms of a net magnetisation vector (Figure A.1). At equilibrium.
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the nuclei precess around the static magnetic field Bo at the 

Larmor frequency and the bulk magnetisation vector is aligned with 

Bo (z-axis). When a Bi pulse is applied, the nuclei now precess 

around the Bi field. Initially, the magnetisation vector lies along 

the z-axis and is not observed as only the components of the 

magnetisation vector that lie in the x-y plane can be detected. As 

the Bi pulse length is increased, the magnetisation vector is tipped 

away from the z-axis, the components in the x-y plane increase and 

so the amplitude of the detected signal increases. If the pulse 

length continues to increase beyond a 90° flip angle, the x-y 

components decrease and the z-component increases but with 

negative sign until eventually the z-magnetisation is completely 

inverted by a 180° pulse. With increasing pulse length, therefore, 

the intensity of the detected signal varies sinusoidally.

A.1.3 RELAXATION TIME CONSTANTS

Two time constants are used to characterise the return to 

equilibrium of the system following a Bi pulse.

T i : Spin-Lattice Relaxation Time Constant

The excited spin system returns to complete equilibrium by 

releasing excess energy into the surroundings or 'lattice' as heat 

with an exponential time constant, T i . The time for full relaxation 

is 5 times T i . Repetition of the radiofrequency pulse before 

complete relaxation leads to loss of signal intensity as the spin 

system is partially saturated.
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T2-  Spin-Spin or Transverse Relaxation Time Constant

Magnetisation in the x-y plane decays to the equilibrium value of 

zero with loss of the detected NMR signal with a time constant, T2 

T 2 is always less than or equal to T i.  The factors contributing to 

the signal decay may be intrinsic to molecular configuration, 

motion and the chemical environment e.g. membrane phospholipids 

are relatively immobile and have a short T2. External factors such 

as poor magnetic field homogeneity accelerate dephasing of the 

spins and shorten T2. The intrinsic relaxation time constant is 

denoted T2 and the actual time constant of the decay seen in the 

FID is T2*. The linewidth of a spectral peak is inversely 

proportional to T2*

Ad 1/2 = 1/tcT2* Equation 6

where A d i/2 is the full width at half height of the peak.

Thus, the two relaxation time constants are important 

determinants of NMR sensitivity and spectral quality.

A.1.4 CHEMICAL SHIFT

From equation 4, it is seen that the resonance frequency for a given 

nucleus is determined by Bo, but it is also affected by the chemical 

environment. The electrons surrounding the nucleus generate their 

own magnetic field so that the effective magnetic field 

experienced by the nucleus is altered such that
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Beff = (1-a)Bo Equation 7

where s is the shielding constant with typical values between 

10-6 to 10-3. Equation 1 should be rewritten as

AE = yhBeff/27c Equation 8

Therefore nuclei in different chemical environments give rise to 

signal at different frequencies e.g. the phosphorus nuclei in ATP 

produce three clearly separated peaks in the 3 ip  m r  spectrum 

which can be attributed to the a, p and y phosphate groups.

The separation of the resonance frequencies from an arbitrary 

reference frequency (PCr for the 3 ip  m r  spectrum) is called the 

chemical shift. Chemical shift d is measured in relative units of 

'parts per million' independent of Bo and defined as

Ô =  (D o b s  - D r e f ) /D r e f  X 10^ Equation 9

A.1.5 SPIN-SPIN COUPLING OR J COUPLING

The resonance frequency can be split into two or more components 

due to an interaction between neighbouring nuclear spins in a 

molecule. This interaction is transmitted through the electronic 

bonds and the magnitude of the splitting is independent of Bq. 

Consider two nuclei, A and X, both of spin quantum number 1/2, in 

atoms joined by a covalent bond. Each nucleus may be in one of two
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energy levels and for both nuclei there are, therefore, four possible 

energy levels as shown in Figure A.2.

Spin-spin interaction energy

LOW LOW HIGH HIGH

A X A X A X A X

4. T Î  I i  i T T

( i) ( i i ) ( i i i ) ( iv )

Figure A.2

The low energy level is represented by (T) and the high energy level 

by (4). The spin-spin interaction energy level for (ill) and (iv) is 

higher than (i) and (ii).

With a radiofrequency pulse there is net movement from the low 

energy level (Z ) to the high energy level (V). For nucleus A, this 

involves a transition from (iv) to (i), or from (ii) to (iii) and 

therefore the resonance frequency of nucleus A is split into two 

components separated by J ax  Hz or the spin-spin coupling constant. 

As each transition can occur with equal probability, the two 

components are of equal intensity. Similarly for nucleus X, 

transition can occur with equal probability from (iv) to (ii), or 

from (i) to (ii) resulting in splitting of the resonance frequency 

into two components of equal intensity. Typical values for J a x  are 

in the region of 1-200 Hz and are independent of Bq.
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Spin-spin coupling can occur when the nuclei are separated by one 

or more bonds but can be expected to decrease with increasing 

number of bonds between the nuclei. When there are more than two 

magnetic nuclei in a molecule, coupling occurs between each pair 

of nuclei and the splitting pattern can become very complicated. A 

nucleus coupled to n equivalent nuclei of spin I gives rise to 2nl + 1 

lines with relative intensities given by the binomial distribution. 

For a 3 ip  MR spectrum of ATP, the signal from the terminal y-P is 

split into two due to the interaction with the adjacent p-P. The p-P 

is split into a doublet of doublets by the y-P and a-P. Since 

coupling to both these nuclei is the same, a triplet of relative 

intensities 1:2:1 is observed. For the inner a-P, the signal is split 

into two components due to the interaction with the adjacent p-P. 

These splittings for ATP can be observed at 1.9 Tesla if there is 

very good magnetic field homogeneity.

Spin-spin coupling may occur between nuclei of the same 

(homonuclear), or different (heteronuclear) chemical elements.

A.1.6 SPIN DECOUPLING

Spin decoupling is used to simplify the MR spectrum to aid peak 

identification and quantification. For nucleus A, during acquisition 

a second radiofrequency field (62) is applied at the resonance 

frequency of nucleus X where

yB2 » n J  Equation 10
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n = number of lines in the multiplet; J = coupling constant. As a 

result of 02 irradiation, the population difference between the 

energy levels for nucleus X is effectively zero due to rapid 

transitions between the energy levels.

This is most useful for experiments where the second 

radiofrequency field B2 irradiates the whole of the spectral 

range. This can be done by 'broadband proton decoupling' but is more 

efficiently done by Waltz composite pulse decoupling. For the 3 ip  

MR spectrum in biological samples, heteronuclear coupling between 

3 ip  and is only observed for the metabolites: PE, PC, GPE, GPC 

and ATP between a-P and the adjacent CH2 of the adenine ring.

A.1.7 NUCLEAR OVERHAUSER EFFECT

The signal intensity for can be enhanced by irradiating '*H with 

02 before irradiating with 01. Energy released during T-j

relaxation for is transmitted to the neighbouring atoms, 

altering the population distribution between the two energy levels 

and is known as the nuclear overhauser effect (NOE). The 

enhancement of the observed signal is given by

1 + Ys/2yo Equation 11

where ys = gyromagnetic ratio for the saturated nuclei or iR  in this 

case and yo = gyromagnetic ratio for the observed nuclei or 1%  as 

discussed. This is only valid if T i relaxation for the observed 

nuclei is entirely due to dipole-dipole coupling and also if

228



molecular motion is sufficiently fast for vqZc «  1 where xc = 

tumbling time.

Enhancement of signal intensity for 3i p is less than for due to 

the larger gyromagnetic ratio but the small gain in signal to noise 

could be of value in MRS in vivo where signal to noise tends to 

be low.

A.1.8 NMR SENSITIVITY

The two major disadvantages of NMR are poor sensitivity and 

spectral resolution.

The signal to noise is enhanced by summing successive scans as 

the signals will co-add whereas the random noise will interfere 

with each other and increase in intensity more slowly. 

Consequently, the signal to noise increases as a function of the 

square root of the number of scans.

There are, however, many factors that can affect the signal to 

noise.

S ignal

1) Metabolite concentration:

The detection limits are in the region of 0.5 mM for 3 ip  and 0.1 mM 

for 1H.

2 )  B q :
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The greater separation between the energy levels (Equation 1) and 

the larger difference in the population distribution between the 

energy levels (Equation 3) with Bo leads to an increase in the 

intensity of the signal emitted.

3) Acquisition parameters:

For a given number of scans, the maximum signal intensity is 

achieved by using a 90^ pulse with an interval greater than 5 times 

T l to allow full recovery of magnetisation to the z-axis. For a

given period of time, however, the signal to noise is optimised by 

increasing the number of scans by decreasing the interval between 

pulses (t). The optimum flip angle is called the Ernst angle and is 

given by

cos 0 = exp (-t/T i) Equation 12

4) Receiver coil:

The Bi field produced by the transmitter coil will vary with coil 

geometry and affect the flip angle (Equation 6) and therefore signal 

intensity. Sub-optimal tuning of the receiver coil will reduce the 

efficiency of signal detection.

5) Shimming:

Magnetic field inhomogeneity across the sample will lead to a 

range of resonance frequencies for a given compound and 

consequently a broad, short peak in the spectrum.

6) Data processing:
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The early part of the FID contains a higher proportion of signal 

because the noise remains constant throughout the acquisition 

period. Multiplication with an exponential decay function 

suppresses the later part of the FID and enhances signal to noise. 

This function contains a term known as line broadening (LB). 

Increasing LB enhances the decay and broadens the peak in the 

spectrum. For in vivo MRS, the peaks are already broad and the 

signal to noise is enhanced by using a similar LB factor without 

increasing the line width unreasonably. For high field spectroscopy 

where the peaks are narrow, LB similar to the digital resolution 

will increase the signal to noise without any degradation in the 

apparent spectral resolution.

Noise

1) Hardware:

Attention is paid to the design of the pre amplifier, cables and 

receiver coil to minimise the production of noise due to random 

electrical currents.

2) Biological samples:

Significant noise can be generated by tissue samples due to the 

electrical conductivity associated with electrolytes.

A.1.9 SPECTRAL RESOLUTION

Broad peaks are observed for:

1) Low Bo field strength

2) Poor magnetic field homogeneity
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3) Short Ï 2 *

Resolution can be enhanced by multiplying the FID by a growing 

exponential function by eliminating the contribution from 

components with short T2*. There are a variety of functions and 

the best is convolution difference which employs a Gaussian 

multiplication. However, these all have a penalty of reducing the 

signal to noise as the early part of the FID has a greater 

contribution from signal whereas the later part is dominated by 

noise.

The poor spectral resolution observed in vivo can be enhanced by 

high resolution spectroscopy of extracts of tissue in liquid at high 

Bo field strength.

A.1.10 SPATIAL RESOLUTION

The reduction in sensitivity with depth for a surface coil provides 

the simplest method of defining the region of study (Ackerman et 

al., 1980). This is adequate for superficial tissues such as skeletal 

muscle or transplanted experimental tumours in rodents. However 

in many sites such as brain or breast, signal contamination from 

adjacent muscle can severely distort the spectral information. 

Spatial information can be obtained by utilising the external B q 

field or the radiofrequency Bi field. The methods either select a 

specific region or produce a spatial map of spectra from the 

sensitive volume sampled by the coil.
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Bo Methods

A Bq gradient across the sample causes the nuclear spins to 

resonate at frequencies dependent upon their position. A frequency 

selective pulse will therefore only excite spins within a particular 

slice within the sample, parallel to the plane of the surface coil. 

This method of 1D localisation forms the basis for Depth REsolved 

Surface coil Spectroscopy (DRESS) (Bottomley et al, 1984).

This can be extended to selection of a 3D volume by combining the 

Bo gradient and frequency selective pulse in each dimension as 

utilised in Image Selected In vivo Spectroscopy: ISIS (Ordidge et 

al., 1986), STimulated Echo Acquisition Mode: STEAM (Frahm et al., 

1987). The sensitive volume can be correlated with a proton image 

of the region as the same Bq gradients are used for '•H MRI and 3 ip  

MRS.

Alternatively, a map of spatial distribution across the whole of the 

sensitive volume is produced by Chemical Shift Imaging: CSI 

(Maudsley et al., 1983). A Bq gradient applied after the 

radiofrequency pulse alters the phase of the signal. With 

incremental gradients, the rate of change of the phase is dependent 

upon position in the direction of the gradient. A 3D map can be 

produced with incremental gradients in each dimension.
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Bi Methods

From section A. 1.2 it was seen that the amplitude of the signal 

varies sinusoidally with the strength of the transmitter field and 

the length of the transmitter pulse.

A oc sin (yBitp) Equation 13

With increasing pulse length, the signal increases until a 90° tip 

angle is produced. For longer pulses, the signal decreases to zero at 

180° tip angle, and then again increases but is inverted, and so on. 

The rate at which the signal amplitude varies is dependent upon Bi 

field strength and therefore position in the direction of the Bi 

gradient. Additional Fourier transformation with respect to pulse 

width produces a data matrix with chemical shift along the 

horizontal axis (F2 ) and depth along the vertical axis (F i).T h is

experiment is the amplitude modulated rotating-frame protocol. 

The nuclear magnetisation nutates in the z-y plane and any 

longitudinal magnetisation is not detected by the coil in the x-y 

plane. This loss of sensitivity can be avoided by applying an 

additional 90°y pulse after the incremental pulse to convert any z- 

magnetisation into x-magnetisation. Phase Modulated Rotating 

Frame Imaging (PMRFI) was originally proposed by Hoult (1979) and 

has been applied to localised spectroscopy in vivo (Styles et al., 

1985a, Blackledge et al., 1987, Styles, 1991).

An artefact of the 2D Fourier transformation is a 'phase twist' 

where the dispersion and absorption mode signals are mixed, giving 

a final matrix that cannot be properly phased. In order to obtain
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absorption mode spectra, a second data set is acquired with the 

phase of the incremental pulse inverted by 180°.

A linear and laterally flat B i field gradient across the sensitive 

volume is generated using a double surface coil in which a large 

transmitter coil is electrically decoupled from and placed behind a 

smaller receiver coil, with the transmitter coil at a distance of 

0 .3 rt (where rt is the transmitter coil radius) from the receiver 

coil (Styles et al., 1985b). Typically, the transmitter coil radius is

2.5 times that of the receiver coil (Styles, 1991).

The sensitive volume approximates to a bell shape consisting of a 

stack of discs defined by the receiver coil diameter and

ascertained by experiments on concentric phantoms. For the double

surface coil used for the breast studies, the diameter of the 

sensitive volume increases from 4cm close to the receiver coil, 

increasing to 8.5cm at a distance of 3.5cm from the receiver coil 

(Dunn and Kemp, 1992). The thickness of the discs and therefore 

spatial resolution is determined by the total number of 

incremental pulses applied.

Choice of localisation method

The anatomical location of the region under study influences the 

selection of localisation strategy. Defining a volume of tissue may 

be more appropriate than slice selection for example in brain 

tumours in order to separate spectra from adjacent brain with high 

metabolite concentrations. For breast cancer, the very low level of 

phosphorus containing metabolites in adjacent normal breast
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tissue means that 1D localisation is satisfactory. The availability 

of hardware particularly gradient strength and rise time are 

important factors influencing the choice of localisation method.

A.1.11 NMR COMPARED WITH OTHER TECHNIQUES

The main advantage of NMR is that it is non invasive and allows the 

study of biological systems in vivo. MRI has revolutionised the 

quality of imaging particularly in the central nervous system and 

MRS has made a major contribution to the basic biochemical 

understanding of disease.
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APPENDIX 2

INTERNATIONAL UNION AGAINST CANCER (UlCC) TNM 

STAGING FOR BREAST CANCER

This classification applies only to breast cancer confirmed by 

histology or cytology. The clinical classification takes account of 

information obtained from physical examination and imaging. The 

pathological (pTNM) classification requires resection and 

examination of at least the first level axillary lymph nodes. It is 

similar to the clinical TNM classification unless otherwise stated. 

In the case of multiple simultaneous tumours in one breast, the 

tumour with the highest T category is used for classification. 

Simultaneous bilateral breast cancers should be classified 

independently.

T-Extent of Primary Tumour

TX Primary tumour cannot be assessed

TO No evidence of primary tumour

T is  Carcinoma in situ

T 1 Tumour <2 cm or equal to 2cm in greatest dimension 

T1a 0.5 cm or less in greatest dimension 

T1b >0.5 cm but not more thanI.O cm in greatest dimension

T1c >1.0 cm but not more than 2.0 cm in greatest

dimension

T2 Tumour >2 cm but not more than 5 cm in greatest dimension 

T3 Tumour >5 cm in greatest dimension
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T4 Tumour of any size with direct extension to chest wall 

(includes ribs, intercostal muscles and serratus 

anterior muscle but not pectoralis muscle) or skin 

T4a Extension to chest wall

T4b Oedema (including peau d'orange), or ulceration of 

breast skin, or satellite skin nodules confined to the 

same breast 

T4c Both 4a and 4b

T4d Inflammatory carcinoma (diffuse brawny induration of 

the skin with an erysipeloid edge, usually with no 

underlying palpable mass)

Skin changes such as dimpling and nipple retraction can occur in 

T1, 2 or 3 without altering the classification.

N-Regional Lymph Node Métastasés

The regional lymph nodes are the ipsilateral axillary and internal 

mammary lymph nodes. Any other lymph nodes including 

supraclavicular, cervical or contralateral internal mammary lymph 

nodes are classified as a distant metastasis.

NX Regional lymph nodes cannot be assessed (not removed or 

previously removed)

NO No regional lymph node metastasis 

N1 Movable ipsilateral axillary node(s)

pN1a Micrometasis only (none larger than 0.2 cm) 

pN1b Gross metastasis i)1-3 nodes (>0.5cm and <2cm

in greatest dimension)
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ii) 4 or more nodes (>0.5cm and 

<2cm in greatest dimension)

iii) extra capsular spread 

(<2cm in greatest dimension)

iv) node metastasis 2 cm or 

more in greatest dimension

N2 Fixed ipsilateral axillary node(s)

N3 Ipsilateral internal mammary node(s)

M-Distant Métastasés

l\/K Presence of distant metastasis cannot be assessed 

MO No distant metastasis 

M1 Distant metastasis

239



stage Grouping

Stage 0 T is NO MO

Stage 1 T1 NO MO

Stage IIA TO N1 MO

T1 N1 MO

T2 NO MO

Stage MB T2 N1 MO

T3 NO MO

Stage MIA TO N2 MO

T1 N2 MO

T2 N2 MO

T3 N1. N2 MO

Stage IMS T4 Any N

Any T N3

Stage IV Any T Any N

MO

MO

M1

G-Histopathological Grading

G( Grade cannot be assessed

G1 Well d ifferentiated

G2 Moderately differentiated

G3 Poorly differentiated
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APPENDIX 3 
CULTURE MEDIUM COMPOSITION

In g re d ie n t SMEM mg/L RPMI 1640
m g /L
L-Arginine HO! 126.4 200.0
L-Asparagine H2O 56.82
L-Aspartic acid 20.00
L-Cystine disodium salt 28.42 59.15
L-Glutamic acid 20.00
L-G lutam ine 292.3 300.0
G lutathione 1.00
Glycine 10.00
L-Histidine HCI H2O 41.90 15.00
L-Hydroxyproline 20.00
L-lso leucine 52.50 50.00
L-Leucine 52.50 50.00
L-Lysine HCI 73.06 40.00
L-Methionine 14.90 15.00
L-Phenylalanine 33.02 15.00
L-P ro line 20.00
L-Serine 30.00
L-Threonine 47.64 20.00
L-Tryptophan 10.20 5.00
L-Tyrosine disodium salt 45.02 24.86
L-V a line 46.90 20.00
B io tin 0.20
D-Ca pantothenate 1.00 0.25
Choline chloride 1.00 3.00
Folic acid 1.00 1.00
i- In o s ito l 2.00 35.00
N icotinam ide 1.00 1.00
p-Aminobenzoic acid 1.00
Pyridoxal HCI 1.00 1.00
R iboflav in 0.10 0.20
Thiamin HCI 1.00 1.00
Vitamin 812 0.005
Ca(N03)2 69.49
KCI 400.0 400.0
MgS04.7H20 200.0 100.0
NaCI 6800 6000
NaHCOs 2000 2000
NaH2P04 158.3
Na2HP04 800.7
D-Glucose 1000 2000
Phenol red sodium salt 17.00 5.00
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