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Sammendrag

Sammendrag

Brystkreft er den hyppigste kreftsykdommen blant kvinner. Lokalavansert brystkreft
utgjer omtrent 10% av alle brystkrefttilfeller og omfatter en heterogen pasientgruppe
med ulike prognoser. Pasienter med lokalavansert brystkreft far ofte kjemoterapi for
kirurgisk fjerning av tumor, sékalt neoadjuvant kjemoterapi, for a redusere sterrelsen pa
tumoren. Det er stor variasjon i behandlingsrespons for denne pasientgruppen, og det er
derfor behov for & utvikle malrettet og individualisert behandling, samt metoder for

oppfolging av behandlingsrespons.

Metabolomics er en systematisk analyse av smamolekylare forbindelser (metabolitter) i
biologiske prever. Den metabolske profilen til brystkreftvev er vist & korrelere med
viktige kliniske parametere, for cksempel tumorgrad, hormonreseptorstatus og
lymfeknutespredning. Magnetisk resonans (MR) spektroskopi er en metode som kan gi
en detaljert beskrivelse av metabolittprofilen i vevet. En fordel med denne metoden er at
vevsproven er intakt etter analysen slik at den samme vevspreven kan analyseres videre

med andre metoder, for eksempel immunohistokjemi, genuttrykk- eller proteinanalyse.

En sentral gruppe metabolitter innenfor brystkreftforskning er kolinforbindelser. Disse
metabolittene er viktig for celledeling, signaloverfering, lipidmetabolisme og cellens
membranstruktur. Laktat er en annen viktig metabolitt som inngar i
energimetabolismen. I dette arbeidet ble vevsprover fra pasienter med lokalavansert
brystkreft analysert ved bruk av MR spektroskopi for prediksjon av behandlingsrespons
og overlevelse. [ tillegg wundersekte vi rollen til glycerophosphodiester

phosphodiesterase (GDPD) i regulering av kolinforbindelser.



Sammendrag

Alle pasienter hadde en effekt av behandlingen som ble gitt, og nesten alle fikk en
reduksjon i tumorsterrelse etter behandling. Resultatene viste ingen metabolske
forskjeller mellom pasienter med klinisk god eller darlig behandlingsrespons.
Resultatene viser derimot at de metabolske forandringene som skjer under neoadjuvant
kjemoterapi er forskjellig i pasienter som overlever mer enn fem ar og de som der for
fem ar. Hoyere niva av laktat, glycine og kolinforbindelser etter behandling var
forbundet med darlig prognose. Analysene av GDPD5 tyder pé at enzymet er involvert i
reguleringen av kolinmetabolismen, men dets rolle for bruk i mélrettet terapi er fortsatt

uklart og nye studier ma til for & underseoke dette.

MR metabolomics kan brukes til & underseke metabolske forandringer under
neoadjuvant kjemoterapi behandling og kan identifisere viktige metabolitter for

prediksjon av overlevelse hos pasienter med lokalavansert brystkreft.
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Summary

Summary

Breast cancer is the most frequent cancer disease among women globally. Locally
advanced breast cancer (LABC) constitutes a heterogeneous group of patients with
variable prognosis. Today’s treatment decision is predominately based on clinical
assessment, histopathological evaluation, and hormone receptor and lymph node status.
So far, these data are not sufficient for designing a proper personalized treatment or
accurately predicting treatment response and survival. Molecular characterization of
tumors may help stratifying patients for individualized treatment, thereby achieving

better prognosis.

Magnetic resonance (MR) metabolomics analyses assess the downstream products of
gene and protein expressions, i.e. the metabolites, and have shown to provide both
predictive and prognostic information for several types of cancers. Proton high
resolution magic angle spinning (‘"H HR MAS) MR spectroscopy is a non-destructive
and high-throughput technique that provides highly resolved MR spectra from
biological tissue. Recently, altered cell metabolism is suggested as a new emerging
hallmark of cancer. Choline phospholipid metabolism is involved in cell signaling, lipid
metabolism, and the structural integrity of the cell membrane. Several MRS studies
have suggested the total choline-containing metabolite (tCho) level as an in vivo
biomarker for diagnosis and treatment evaluation of breast cancer. Reprogramming of
energy metabolism and activation of tumor hypoxic response are commonly observed in

cancers, and can be characterized by high lactate production.

In this thesis, multivariate data analyses and metabolite quantification of 'H HR MAS
MRS data were performed to investigate the potential of metabolomics for prediction of

clinical response and long-term survival in LABC patients receiving neoadjuvant



Summary

chemotherapy (NAC). In addition, the role of glycerophosphodiester phosphodiesterase

(GDPD) in choline phospholipid metabolism of human breast cancer was investigated.

All patients had a metabolic response to NAC and almost all patients had a reduction in
tumor size. Our results show no clear differences in metabolic responses to NAC
between patients with partial response and stable disease and no significant multivariate
models for prediction of clinical response by MR metabolomics data. In general, all
patients experienced a decrease in tCho levels. It is possible that a cohort including also
patients with progressive disease would reveal clearer differences in the metabolite
profiles between the clinical response groups. This thesis demonstrates that MR
metabolomics contain prognostic information that is associated with survival status of
LABC patients. Increase in lactate levels as a response to NAC was associated with low
survival rates (< 5 years), while decreased glycine and choline phospholipid metabolites
were associated with long-term survival (> 5 years). The observed metabolite profiles
consisting of higher levels of lactate, glycine, and tCho post-treatment were predictive

of low breast cancer survival rates.

GDPDS5 gene expression was correlated with choline phospholipid metabolite levels and
with CHKA and PLD1 gene expressions suggesting GDPD5 to have a role in regulation
of choline phospholipid metabolism in human breast cancer. However, more studies are
needed to investigate the relationship between GDPDS5 and tumor malignancy, and also

estrogen receptor status, for use as target in breast cancer treatment.
In conclusion, monitoring metabolic responses to NAC by MR metabolomics may have

the potential to assist the prediction of survival and help identify new targets for

therapeutic treatment of breast cancer.

VI
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Symbols and abbreviations

d magnetic moment

"H HR MAS proton high-resolution magic angle spinning
AJCC American Joint Committee on Cancer

AQ acquisition time

ATCC American Type Culture Collection

ATP adenosine triphosphate

Bo external magnetic field

BRCA breast cancer susceptibility gene

CDP-choline cytidine diphosphate choline

CHKA choline kinase alpha

Cho free choline

CHT-1 choline transporter-1

CPMG Carr-Purcell-Meiboom-Gill

CR complete response

CT computerized tomography

ct threshold cycle

CTP phosphocholine cytidylyltransferase

CcVv cross-validation

EGFR epidermal growth factor receptor

ER estrogen receptor

ERETIC electronic reference to access in vivo concentration
FBS fetal bovine serum

FEC 5-flourouracil, epirubicin and cyclophosphamide
FID free-induction decay

GA genetic algorithm

GDPD5 glycerophosphodiester phosphodiesterase domain containing 5
GPC glycerophosphocholine

GPC-PDE glycerophosphocholine phosphodiesterase
HER2 human epidermal growth factor receptor 2

HES hematoxylin-eosin-saffron

HiF-1 hypoxia inducible factor-1

HR high-resolution

HRP horseradish peroxidase
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| spin quantum number

IBC inflammatory breast cancer

IDC invasive ductal carcinoma

ILC invasive lobular carcinoma

LABC locally advanced breast cancer

LDH lactate dehydrogenase

LV latent variable

LYSO-PLA1 lysophospholipase A1

MAS magic angle spinning

MCT monocarboxylate transporters

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy

NAC neoadjuvant chemotherapy

NBCG Norwegian Breast Cancer Group

NPP6 nucleotide pyrophosphatases/phosphodiesterases 6
OCT2 organic cation transporter-2

PBS phosphate buffered saline

PC phosphocholine

PC principal component

PCA principal component analysis

pCR pathological complete response

PD progressive disease

PgR progesterone receptor

PLA2 phospholipase A2

PLC PtdCho-specific phospholipase C

PLD PtdCho-specific phospholipase D
PLS-DA partial least squares discriminant analysis
ppm parts-per million

PR partial response

PtdCho phosphatidylcholine

PULCON pulse length based concentration determination
pw pulse width

gRT-PCR quantitative real-time PCR

RECIST Response Evaluation Criteria on Solid Tumors
RF radio frequency

RIN RNA integrity number

ROC receiver operating characteristic

S/N signal-to-noise ratio

SD stable disease

SDS-PAGE sodium dodecyl sulfate—polyacrylamide gel electrophoresis
T4 longitudinal relaxation time

T2 transversal relaxation time
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tCho
TE
T™S
TNM
TR
TSP
uicc
VEGF
VIP
WHO

Wr

choline-containing metabolites

echo time

tetramethylsilane

extend of tumor (T), degree of spread to lymph nodes (N), distant metastasis (M)
repetition time

trimethylsilyl propionic acid

Union for International Cancer Control
vascular endothelial growth factor
variable importance in the projection
World Health Organization

spin-rate
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Introduction

1 Introduction

1.1 Breast cancer

Breast cancer is the most frequent cancer disease among women globally with
approximately 1.6 million new cases diagnosed in 2010 [1]. Despite improvements in
early detection and treatment, breast cancer is still one of the leading causes of cancer-
related death among women globally with an estimated 425 000 deaths in 2010 [1]. In
Norway, 2745 newly diagnosed breast cancer cases and 671 breast cancer deaths were
reported for women in 2009 [2]. The incidence of breast cancer is higher in the western
countries than in developing countries, but the mortality rate is higher in less developed
regions of the world [3]. These differences can in part be explained by different access

to medical facilities and treatment strategies.

Factors associated with breast cancer risk can be genetic or non-genetic. Hereditary
breast cancer accounts for 5-10% of all breast cancer cases and is mostly caused by
germline mutations in the two first identified breast cancer susceptibility genes, BRCA1
and BRCA2 [4]. Exposure to reproductive hormones, such as estrogen and
progesterone, are thought to increase breast cancer risk through their influence on cell
proliferation [5]. Many non-genetic factors associated with increased breast cancer risk
have been identified including age, early menarche and late menopause, late age at first
childbirth (> 35 year), no breastfeeding, use of oral contraceptives and post-
menopausal hormones, post-menopausal obesity, alcohol consumption, and physical

inactivity [6, 7].
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The female breast consists of lobules (made of lobular epithelial cells that line the milk-
producing glands), ducts (made of duct epithelial cells that line the tubes conveying
milk secretion), fatty tissue, and connective tissue. Carcinoma originating from
epithelial cells is the most common type of breast cancer [8]. During cancer
transformation normal epithelial cells lining the ducts or lobules are replaced by
malignant atypical epithelial cells (Figure 1.1). Invasive ductal carcinoma (IDC) and
invasive lobular carcinoma (ILC) account for approximately 80% and 10-20% of breast

cancer cases, respectively [8].

The overall 5-year breast cancer survival rate is approximately 80% for all patients, but
is lower for advanced breast cancer [9]. Locally advanced breast cancer (LABC)
constitutes a heterogeneous group of patients with variable prognosis and with a 5-year
survival rate of 50-80% [10]. LABC can be defined as the most advanced stage before
metastatic disease and constitutes approximately 10% of the newly diagnosed breast
cancers [11]. The incidence of LABC is higher in developing countries than in western

countries probably due to the occurrence of late-stage disease at the time of diagnosis

[11].

Supraclavicalar lvmph nodes—

Clavicle

Ipsilateral |infraclavicular lvmph nodes— Mormal

Chest wall
Lobule

Axillary lymph nodes—

Figure 1.1: Anatomical illustration of locally advanced breast cancer (LABC). LABC can
originate from ductal or lobular epithelial cells. The tumors are either > 5 cm or of any size with
extension to chest wall, skin or with lymph node metastasis. The different types of metastatic
lymph nodes are illustrated, see Table 1.1.
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1.1.1 Staging of breast cancer

Breast cancer staging can be defined using the TNM classification system which takes
into consideration the extent of the tumor (T), the degree of spread to lymph nodes (N),
and distant metastasis (M) (Table 1.1) [12]. The TNM system is used to describe the
extent of the disease and is indeed an important prognostic factor for determining
treatment options and survival probabilities. The TNM clinical categories are
determined by physical examinations and imaging modalities such as mammography
and ultrasound of the breast, and often bone scintigram, and computerized tomography
(CT) examination of lung and liver. Based on the TNM system, the patients are divided
into different breast cancer stages ranging from 0 to IV. Stage 0 is used to describe non-
invasive breast cancer, while stages I to III include invasive breast cancer with or
without lymph node metastasis. Stage IV describes invasive breast cancer that has

spread to other organs [12].

There is no international standard for the staging of LABC. In general, LABC can be
defined as T3-T4 (any N) or N2-N3 (any T) without distant metastasis (M0), which
includes all patients of stage IIIA-C disease and a subset of stage I1IB. According to the
TNM system, inflammatory breast cancer (IBC) is considered a subgroup of LABC
[12]. However, IBC is often discussed separately due to its distinct clinical presentation

and poor prognosis compared to non-IBC [13].

Table 1.1 TNM clinical classification according to the AJCC/UICC [12]

Characteristic
TO  No evidence of primary tumor

T1  Tumor £ 2 cm in greatest dimension

T2  Tumor > 2 cm, but <5 cm in greatest dimension

T3  Tumor > 5 cm in greatest dimension LABC
T4  Tumor of any size with extension to chest wall or skin or inflammatory carcinoma LABC
NO  No regional lymph node metastasis

N1 Metastasis in movable ipsilateral axillary lymph node(s)

N2 Metastasis in fixed ipsilateral axillary lymph node(s) LABC
N3 Metastasis in ipsilateral infraclavicular or supraclavicular lymph node(s) LABC
MO  No distant metastasis

M1 Distant metastasis

TNM categories associated with locally advanced breast cancer (LABC) are highlighted. AJCC,

American Joint Committee on Cancer; UICC, Union for International Cancer Control.
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1.1.2 Prognostic and predictive factors

Prognostic factors can predict the outcome of a disease, while predictive factors can
predict the response to a specific treatment. The prognostic factors for LABC are similar
to the prognostic factors for earlier stage breast cancer with tumor size, grade, and

lymph node status being the strongest prognostic factors for breast cancer survival [14].

Estrogen receptor (ER) and progesterone receptor (PgR) are ligand-dependent nuclear
transcription factors involved in proliferative activity and reproductive development.
Overexpression of ER and PgR is typically observed in breast cancer and is thought to
play a major role in breast cancer progression [5]. The mechanisms behind the abnormal
expression of these reproductive hormone receptors are still under investigation.
Interestingly, both germline and somatic mutations in the ER gene of breast carcinomas
are in fact rare [15]. Patients with ER and PgR positive tumors have better prognosis

compared to patients that are negative for these hormone receptors [16].

Human epidermal growth factor receptor-2 (HER2, HER-2/neu, c-erbB2) is a relatively
newly discovered biological target for the treatment of breast cancer. HER2 is a member
of the epidermal growth factor receptor (EGFR) family which regulates several signal
transduction pathways of cell growth and differentiation. The expression of HER2 is
increased in approximately 20% of breast carcinomas and is associated with increased

proliferation, high metastatic potential and poor outcome [17, 18].

Hormone receptor status and HER2 expression are used as target for breast cancer
treatment. Thus, they can be defined as both prognostic and predictive factors. The
change in tumor size in response to treatment is an important predictive factor for
treatment evaluation. In the last decade, molecular characterization by metabolic
profiling has provided potential new factors that may play an important role in

diagnosis, treatment evaluation, and prognosis of breast cancer [19].
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1.2 Treatment strategies for LABC

The treatment regimens recommended for LABC patients vary between countries. In
general, the patients are often treated with chemotherapy before surgery, so-called
neoadjuvant chemotherapy (NAC), to shrink the tumor enough to make surgical
removal possible and even allow for breast conserving surgery in exchange of a
mastectomy. After surgery, post-operative treatment is usually given in the same way as
for those with earlier stage breast cancer. In Norway, guidelines for treatment regimen

of LABC are given by the Norwegian Breast Cancer Group (www.NBCG.no).

1.2.1 Neoadjuvant chemotherapy (NAC)

Primary systemic treatment (or NAC) was first described in the 1970’s [20] and is now
well established in the treatment of LABC [10]. For LABC patients, treatment with
NAC is given to make a tumor operable, either by mastectomy or breast-conserving
surgery. Overall, NAC offers direct evaluation of treatment effects and the response to
NAC has been shown to be an important predictor of survival [21, 22]. Better clinical
and pathological response to NAC is associated with prolonged recurrence-free survival
[21, 22]. In Norway, the current standard treatment for LABC is a combination of the
cytostatic agents S-flourouracil, epirubicin, and cyclophosphamide (FEC) and often

sequential treatment of FEC and a taxane substance (www.NBCG.no).

Anthracyclines were discovered in the 1960°s and include doxorubicin and epirubicin
which are among the most effective chemotherapeutic agents for the treatment of breast
cancer. These agents predominately accumulate in neoplastic and proliferating cells
where they are capable of inducing DNA strand breakage and apoptosis through their
interaction with DNA binding proteins, tumor suppressor gene p53, and DNA
intercalation [23-25]. Another relatively new recommended drug group developed in the
1990’s for use in the treatment of breast cancer is taxane. Paclitaxel is a taxane drug that
causes mitotic arrest by disturbing the breaking and rearranging of microtubules in the

cells [26].
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1.2.2 Post-operative treatment

Post-operative treatment such as radiation, hormone, and biologic therapies are usually
given to LABC patients. For women at high risk of recurrence, like LABC patients, the
breast cancer survival rate has been shown to significantly improve when treated with
radiation therapy [27]. Patients with ER positive tumors could benefit from anti-
estrogen drugs, such as tamoxifen, which can result in a reduction of recurrences and
breast cancer death [28, 29]. Treatment with trastuzumab, a monoclonal antibody

against HER2, can reduce the recurrence rate and mortality of breast cancer [18].

1.2.3 Clinical response evaluation

The change in tumor size can be used as a predictive factor of a specific treatment. The
tumor response criteria were first published by the World Health Organization (WHO)
in 1981 (Table 1.2) [30]. In 2000, an improved and standardized response evaluation
system was introduced, known as Response Evaluation Criteria on Solid Tumors
(RECIST) (Table 1.2) [31]. Imaging modalities such as mammography, ultrasound, and
magnetic resonance imaging (MRI) can be used for the evaluation of treatment
response. MRI has been shown to correlate the best with pathological findings
compared to clinical examination, mammography, and ultrasound [32]. However, in a
neoadjuvant setting when the breast lesions are large (> 5 cm in greatest dimension), the

response to treatment can be evaluated clinically using a caliper [31].

Table 1.2 Clinical response criteria for target lesions according to WHO and RECIST criteria
[30, 31]

WHO*

RECIST

Bidimensional
Product of the two largest
diameters

Unidimensional
The longest diameter

Complete response (CR) Disappearance of all target lesions

Partial response (PR) 2 50% decrease
Stable disease (SD)

Progressive disease (PD)

< 50% decrease to < 25% increase

2 25% increase

Disappearance of all target lesions
2 30% decrease
< 30% decrease to < 20% increase

2= 20% increase

* .. . . .
Clinical response criteria used in paper | and Il.
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1.3 The biology of cancer

Carcinogenesis is a multistep process that involves essential genomic alternations that
collectively dictate malignant growth. Six hallmarks of cancer have been suggested as
novel characteristics of cancer cells, including being self-sufficient in growth signals,
insensitive to anti-growth signals, limitless replicative potential, evading apoptosis,
sustained angiogenesis, and tissue invasion [33]. Two emerging physiological features,
reprogramming of energy metabolism and evading immune destruction, have recently

been added to the list [34].

1.3.1 Tumor glycolysis

Cancer cells have the ability to adjust their energy metabolism in order to promote rapid
and uncontrolled cell proliferation. Glycolysis is a metabolic process in which glucose
is converted into pyruvate to produce energy in the form of adenosine triphosphate
(ATP). The total number of ATP per glucose molecule depends on the metabolic fate of
pyruvate, which in normal cells depend on oxygen availability. In non-proliferating
cells under condition of sufficient oxygen supply, pyruvate is completely oxidized in the
mitochondria through oxidative phosphorylation which results in high ATP production
(Figure 1.2). During anaerobic glycolysis, only a minimum number of ATP is produced
by converting pyruvate to lactate. In cancer cells, most pyruvate is converted to lactate
regardless of the oxygen levels, so-called aerobic glycolysis. This glycolytic switch in

cancer cells was first described by Warburg in the 1950°s [35].

Non-proliferating cells Tumor cells
°°°°9/ :"'J!‘, Figure 1.2: Energy metabolism in non-
- ":Z;; / proliferating and tumor cells. In case of low
Glucose
- oxygen supply, normal cells can undergo
<',Ll anaerobic glycolysis and generate lactate
0, ~ Pyruvate +0,10, instead of mitochondrial oxidative
+ozii phosphorylation to allow for glycolysis to
vy continue. Tumor cells tend to convert most
Mitochondria
Lactate Lactate glucose to lactate regardless of the oxygen
supply. This reprogrammin of ener
Anaerobic Oxidative Aerobic PPy ) prog g 9y
glycolysis phosphorylation glycolysis metabolism appears to promote tumor growth.
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It is not fully understood why cancer cells prefer the lower efficiency of ATP
production than mitochondrial oxidative phosphorylation. It has been suggested that
aerobic glycolysis protects cancer cells from acid-induced cell toxicity and is an
adaption to intermittent hypoxia in pre-malignant lesions [36]. In addition, increased
glycolysis has been shown to facilitate the uptake and incorporation of nutrients needed
for cell proliferation [37]. Also, glycolytic intermediates are involved in various
biosynthetic pathways that facilitate cell proliferation [37, 38]. The metabolite glycine is
an amino acid involved in the nucleotide and protein synthesis, and is derived from the
glycolytic intermediate 3-phosphoglycerate, but can also be synthesized from choline
through the glycine-betaine pathway. The levels of glycine and lactate have been
associated with malignancy and prognosis in different types of cancers [39-45].
However, the molecular mechanisms behind the influence of glycine and lactate on

malignant behavior of cancer cells are not fully understood.

1.3.2 Tumor hypoxia and angiogenesis

Normal cells have the capacity to adapt to conditions of low oxygen supply by
increasing their oxygenation through the activation of hypoxia inducible factor-1 (HiF-
1) transcription factor. HiF-1 regulates multiple downstream genes involved in glucose
transportation, the glycolytic pathway, oxygen capacity, and angiogenesis (e.g. vascular
endothelial growth factor, VEGF) [46-49]. Hypoxia is typically observed in solid
tumors as a result of poor blood supply due to either large tumor size or chaotic and
dysfunctional vasculature. Tumor cells appear to have taken advantage of the hypoxic
response system to facilitate cell proliferation and angiogenesis which are required for
tumor growth and metastasis [50]. Furthermore, HIF-1 plays a regulative role in the
production and transportation of lactate by influencing the expression of lactate
dehydrogenase (LDH) and monocarboxylate transporters (MCT) [51, 52]. Thus, lactate

may act as a downstream maker for aerobic glycolysis and hypoxic response in tumors.

1.3.3 Tumor phospholipid metabolism
Choline phospholipid metabolism, also known as the Kennedy pathway, is the major

biosynthetic pathway of de novo phosphatidylcholine (PtdCho) synthesis in mammalian
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cells. PtdCho is the most abundant phospholipid in the cells and forms together with
other lipids the characteristic bilayer structure of the cell membrane. Choline-containing
metabolites (tCho) include glycerophosphocholine (GPC), phosphocholine (PC), and
free choline (Cho), and are involved in cell signaling, lipid metabolism, and the
structural integrity of the cell membrane. PC is both a precursor and a breakdown
product of PtdCho that can act as a secondary messenger with the ability to stimulate
cell proliferation through several growth factors [53], while GPC is a breakdown
product of PtdCho that may reflect phospholipid membrane turnover [54]. GPC is also
an abundant osmoprotective osmolyte that can protect intracellular macromolecules
from being denatured during hypertonic stress in kidney cells [55]. Cho is derived from
the diet, but it is also a breakdown product of GPC that is used to synthesize PC.

However, the daily requirement of Cho from dietary sources are not well defined [56].

Choline phospholipid metabolism is changed in most cancers, including breast cancer
[57, 58]. The tCho levels detected with in vivo MR spectroscopy have been suggested as
a biomarker for the diagnosis and treatment evaluation of breast cancer [58-62].
However, the molecular mechanisms behind the changes in choline phospholipid
metabolism observed within breast cancer are not fully understood. The regulation of
choline phospholipid metabolism can be affected by growth factor stimulation,
cytokines, hypoxic and inflammatory responses, and oncogenic signaling [63-67].
Choline phospholipid metabolism is a complex pathway controlled by several
regulatory enzymes (Figure 1.3). Changes in the expression of genes and enzymes
involved in the biosynthetic and catabolic pathways of choline phospholipid
metabolism, including choline kinase alpha (CHKA), PtdCho-specific phospholipase D
(PLD), and PtdCho-specific phospholipase C (PLC), have been found in different types
of cancers [57]. Increased activity of the choline transporters such as organic cation
transporter-2 (OCT2) and choline transporter-1 (CHT-1) have also been identified [57].
CHK (E.C. 2.7.1.32) is the enzyme at the first step of the Kennedy pathway which
regulates the phosphorylation of Cho to PC. Increased CHK activity has been detected
in breast cancer tissue compared to normal healthy tissue [68]. CHK inhibition and
down-regulation by RNA interference efficiently decreased cellular PC and tCho levels

along with proliferation and tumor growth in human breast cancer cells and animal
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models [69-72]. Phosphocholine cytidylyltransferase (CTP, E.C. 2.7.7.15), which uses
PC as a substrate to synthesize cytidine diphosphate choline (CDP-choline), has been

found to be underexpressed in cancer cells, leading to elevated PC levels [73].

The GPC levels in choline phospholipid metabolism is dependent on the degradation
rate of PtdCho by the two enzymes phospholipase A2 (PLA2, E.C. 3.1.1.4) and lyso-
phospholipase Al (LYSO-PLAL, E.C. 3.1.1.5), and the degradation of GPC itself into
Cho and glycerol-3-phosphate by glycerophosphocholine phosphodiesterase (GPC-
PDE, E.C. 3.1.4.2). The gene expressions of PLA2 and LYSO-PLAI correlate with
GPC levels and can be underexpressed in malignant compared to non-malignant
mammary epithelial cells [74]. The gene (s) responsible for GPC-PDE has not yet been
identified. Glycerophosphodiester phosphodiesterase domain containing 5 (GDPDS) is
proposed as a candidate gene for GPC-PDE, as its expression has been shown to affect
the enzymatic activity of GPC-PDE and consequently the GPC levels in mouse kidney
cells [75]. To date, the role of GDPDs in choline phospholipid metabolism of human

breast cancer have not yet been investigated.

Choline
=]
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Intracellular

Glycerophosphocholine
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Phosphocholine i Phosphatidylcholinei

Figure 1.3: The biosynthetic (solid lines) and catabolic (dash lines) pathways of choline

phospholipid metabolism. GDPD5 have been suggested as a candidate gene for GPC-PDE.
However, its role in choline phospholipid metabolism of human breast cancer is still unknown.
CHKA, choline kinase alpha; CTP, phosphocholine cytidylyltransferase; CDP-Cho, cytidine diphosphate
choline; CDP, diacylglycerol cholinephosphotransferase; PLA2, phospholipase A2; Lyso-PLA1,
lysophospholipase Af1; PLD1/PLC, phosphatidylcholine-specific phospholipase D1/C; GPC-PDE,
glycerophosphocholine phosphodiesterase; GDPD5, glycerophosphodiester phosphodiesterase domain

containing 5.
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1.4 Magnetic resonance spectroscopy (MRS)

MRS is an analytical technique that provides identification and quantification of the
metabolites. Metabolomics is the systematic study of metabolites present in a living
system such as cells, tissues, biofluids, and organs. MRS metabolomics is emerging,
and has provided essential information about the biochemical changes in cancers and
other diseases [76-79]. Various metabolic biomarkers related to glycolysis and choline

phospholipid metabolism have been reported using MRS analyses [19].

The MR spectrum is a plot of the intensity of MR signals versus the magnetic field
frequency, usually given in parts per million (ppm). The MR signals stem from the
interaction of radiowaves with atomic nuclei. In the presence of an external magnetic
field (By), atomic nuclei can absorb energy of characteristic frequencies, depending on
the physical and chemical environment of the nucleus. In order for a nucleus to give rise
to a MR signal, it must have a physical property called spin. The spinning nucleus

generates a magnetic moment (p), which is proportional to its spin quantum number (I).

The most interesting nuclei for biological/medical MRS are hydrogen-1 (‘H), carbon-13
(*C), and phosphorous-31 (*'P). These nuclei have a spin quantum number I = %, i.e.
they have two possible spin states. The spin states are of low or high energy, as the
magnetic moment can be directed with or against the By, respectively (Figure 1.4). A
small majority of nuclear spins will have their magnetic moment aligned with the By
(designated Z-axis). This small excess of nuclei in the low energy state is the basis for
the MR signal. By applying a radio frequency (RF) pulse, nuclei in the low energy state
will be transferred to the high energy state. The energy difference between the low and

Static magnetic
field

Bo

1 4 IJ' Figure 1.4: In the presence of an
1 1 external magnetic field (Bj) two
spin states exist, the magnetic

1 moment (u) of low energy state

_high energy I low energy |

J = magnetic moment

and high energy state.

11



Introduction

high energy state is dependent on the strength of the static magnetic field, thus the
higher field strength, the higher sensitivity. Following an RF pulse, the exited nuclei
interact with their environment, causing them to lose their excess energy and relax back
to equilibrium. The emitted energy can be measured, as an MR signal. The nuclei return
to equilibrium through processes characterized by two time constants called longitudinal
(T1) and transversal (T») relaxation. T describes the time it takes for spinning nuclei to
re-align with By and is dependent on the nuclei interactions with the environment. Small
molecules have low probability for interaction due to their fast movements which result
in long T, while lipids and proteins have a higher probability for interaction due to their
slow movements and thus exhibit relatively short T;. The longitudinal magnetization is
fully recovered to its equilibrium value after about five times T;. T, describes the time it
takes for spinning nuclei to lose phase coherence due to magnetic field inhomogeneities
and spin-spin relaxation arising mainly from neighboring nuclei. Large molecules, such
as lipids and proteins, have higher interaction probability than smaller molecules and
therefore shorter T, values. T, relaxation times is commonly utilized to reduce the
signals from lipids and proteins by applying pulse sequences allowing T,- weighted MR

spectra.

MR spectra signals from solids or semisolids (e.g. tissues) are much broader than those
from liquids (e.g. cell extracts). In liquid samples, the molecules are more mobile and
the rapid isotropic motions of the nuclei can average the anisotropic nuclear interactions
between the nuclei and effectively remove them from the spectrum, which results in

spectra with narrow line width (Figure

1.5). In solid samples, the lack of  Cellextract Liquid
. . . O
molecular mobility leads to anisotropic gag,eg
nuclear interactions, such as magnetic ‘@t
dipolar interactions, electric quadrupolar, Semisolid

and electron shielding interactions between

the nuclei. These interactions result in

Sh VAN

Figure 1.5: Liquid and semisolid MRS

large anisotropic broadenings and spectra

with broad and overlapping signals [80].
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1.4.1 High resolution magic angle spinning (HR MAS)

For nuclei with spin quantum number 1 =% (e.g. 'H, "*C, *'P), line-narrowing in the
MR spectra of solid samples can be achieved by imposing a motion on the nuclei which
removes anisotropic sources of broadening. The principle of magic angle spinning
(MAS) was first described by Andrew and Lowe in 1958 [81, 82]. Rapidly spinning of
the solid samples at the magic angle, referring to the angle of 54.7 degrees, will mimic
the motion of nuclei in a liquid state; resulting in sharp and highly resolved spectra,

comparable with those from liquids.

When a sample is spun about an angle to By, the dipole interaction between the nuclei is
dependent on the angle and the spin-rate (o) (Figure 1.6). When the angle is 54.7
degrees, line broadening in solids can be reduced as some of the dipolar interactions are
eliminated. Spinning the samples splits the broad signals into narrow lines, but it will

also introduce low-intensity lines in the MR spectra

that are spin-dependent, the so-called spinning Static
sidebands. The intensity of the sidebands decreases magneBtic field
with increasing spin rate. However, high-speed “0
spinning can lead to destruction of tissue structures. Spin-rate

The spin rates are chosen to eliminate the sidebands Wy

from the spectral region of interest. A wide range of @Q

54.7°
spin rates, spanning from 1 Hz to 12 kHz, has been

used for high-resolution magic angle spinning (HR
MAS) studies. For samples analyzed with a 600  Figure 1.6: Schematic illustration
MHz spectrometer, a spin rate of 5 kHz provides of magic angle spinning MRS
good spectral quality while preserving the tissue

structures [83].

Ex vivo '"H HR MAS MRS has been commercially available since the late 1990’s. The
technique is non-destructive and requires no difficult sample preparation before
analysis. The sample remains intact for further analyses such as histopathology,
proteomics, and transcriptomics, thus allowing for a comprehensive and detailed study

of the biochemical composition of the tissue. This has contributed to an improved
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understanding of biochemical changes that occur in cancer and during cancer treatment.
It has been applied to several types of human cancers including brain [84, 85], breast
[83, 86], and prostate [87, 88]. In addition, several studies have proven 'H HR MAS
MRS as a promising tool for diagnosis and treatment monitoring of breast cancer [89,
90].

1.4.2 Analyses of breast cancer spectra

'"H HR MAS MRS metabolite profiles of breast cancer tissue have been shown to
correlate to parameters of clinical importance, such as tumor grade, axillary lymph node
status, and hormone receptor status [39, 91, 92]. More than 30 metabolites have been
detected and assigned in breast cancer tissue [83]. Part of a '"H HR MAS MR spectrum
including some of the most studied metabolites in breast cancer tissue is shown in
Figure 1.7. Different approaches can be used to extract information from the MR
spectra, of which multivariate data analyses and metabolite quantification are most

common.

Gly

Ala

4.5 4.0 3.5 3.0 1.5ppm

Figure 1.7: An example of the metabolite profile of breast cancer tissue obtained by 'H HR
MAS MRS with the spectral region that was used in paper Il. The signals from water, large lipid
residuals, and ethanol contamination were removed prior to multivariate data analyses. B-Glic,
beta glucose; Lac, lactate; m-Ino, myo-Inositol; Cr, creatine; Gly, glycine; Tau, taurine; s-Ino, scyllo-
Inositol; GPC, glycerophosphocholine; PC, phosphocholine; Cho, free choline; Ala, alanine.
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Multivariate data analysis

One of the many challenges for the analysis of '"H HR MAS MR spectra is the large
number of variables (points in the MR spectra) compared to the low number of samples
(individuals). Multivariate statistical methods are specialized to handle such data sets,
and can be used in a reliable manner to identify biomarkers and/or discover metabolic

features related to the discrimination between distinct classes.

Preprocessing

Spectral preprocessing is a crucial step for building a precise and accurate multivariate
model. There are many available methods for preprocessing the MR data. The chosen
algorithms and parameter settings should be optimized to increase the quality of the
spectra for multivariate modeling. Preprocessing methods including baseline correction,
normalization, and peak alignment is usually recommended [93-95]. Mean
normalization (also called area normalization) is a common method used to achieve an
equal total area for each spectrum, without altering the relative intensities of the
metabolite signals within the spectrum. This is used to compensate for individual
differences in the samples, such as sample weight and total concentration of the
metabolites. The peaks of MR spectra are usually not well aligned due to small
variations in pH, temperature, and intermolecular interactions in the samples. Different
peak alignment algorithms are available for correcting peak misalignment between the
MR spectra, e.g. SpecAlign, icoshift, and COW [96-98]. In general, the algorithms are
based on the insertion and deletion of spectral data points or intervals to shift regions in

the spectrum to align with the corresponding region in a reference spectrum.

Variable selection for multivariate modeling can be performed by a genetic algorithms
(GA), which is a supervised variable selection method based on the principles of
genetics and natural selection [99, 100]. GAs generate a population comprising
randomly subsets of selected variables (so-called ‘chromosome’) and uses them to
produce the next generation via reproduction and mutation. The process is repeated a
number of generation until an optimal population consistent of the most useful subsets

of variables has been developed.
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Multivariate methods

Multivariate statistic methods such as principal component analysis (PCA) and partial
least squares discriminant analysis (PLS-DA) can be used for finding linear
relationships between the spectral data and clinical features, such as treatment response
[101]. PCA explains the underlying variance structure of a data set through linear
combinations of the variables. These linear combinations are called principal
components (PCs). The first PC (PC1) covers the maximum variation of the data
structure, PC2 covers the second largest variation in the data, but is completely
uncorrelated to PC1 (orthogonal direction). Each following component accounts for as
much of the remaining variability as possible. The goal of PCA is to filter out the noise
and redundant data to compute the most important variance structure of the data, usually
described by the few first PCs. By plotting the PCs against each other in a score plot,
the hidden interrelationships between different variables can be revealed. The loadings
show how much each variable contributes to each PC. The corresponding score and
loading plots are complementary and can be use to interpret the model. PCA is an
unsupervised method, thus it explains the experimental data (e.g. spectral data) without
taking into consideration any other relevant information such as clinical data. However,
PCA is useful for the initial description of sample patterns and to detect outliers before

carrying out more sophisticated multivariate data analyses.

PLS-DA is a supervised data compression method used to detect the relationships
between two matrices; experimental data (X) and the response variables (Y). PLS-DA
aims to find underlying structures, called latent variables (LVs) that maximize the
covariance between X (e.g. spectral data) and Y (e.g. treatment response). The Y-matrix
consists of so-called “dummy variables”, classifying each sample in this example as
either responders (-1) or non-responders (+1). In a similar manner as for PCA, the
corresponding score and loading plots are used to identify the differences in the
metabolite profile between classes, and subsequently to discover potential biomarkers
for the clinical feature being investigated, see Figure 1.8. The variable importance in the
projection (VIP) scores can be used to assist the identification of metabolites of

importance for the classification [102].
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Multilevel PLS-DA is an extension of the ordinary PLS-DA and can be used to
investigate the paired structure within the different subjects [103, 104]. This analysis
can only be applied for data with multilevel structure, i.e. when interventions are
evaluated on the same subject. In multilevel PLS-DA, the between subject variation
resulting from differences in age, disease state, genetics, and other factors, is separated
from the within subject variation, thus enabling the detection of metabolic changes
caused by the intervention. The between subject variation is described by the average of
the two observations from one subject, whereas the within subject variation is described
by the net difference between them [103]. After the split-up of variation, ordinary PLS-

DA classifications of the within or between subject variations can be performed.
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Figure 1.8: A constructed example of the PLS-DA score and loading plots of responders and
non-responders to a given treatment. The score plot shows the sample inter-relationships, thus
similar samples are located close to each other. The loading plot shows the variable inter-
relationship and is used to interpret the reasons behind the object distribution. The scores and
variables close to zero have no influence on the classification. In this example, the different
classes are well discriminated by latent variable 1 (LV1). Responders have positive scores for
LV1 and appear to have more of the metabolites lactate, taurine, GPC and Cho, while non-
responders have negative scores for LV1 higher levels of PC and -glucose. B-Glc, beta glucose;

Lac, lactate; Tau, taurine; GPC, glycerophosphocholine; PC, phosphocholine; Cho, free choline.
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Validation

Validation of multivariate models is necessary to measure the robustness of the models
and to find the optimal dimensionality in order to avoid either overfitting or
underfitting. Validation methods such as cross-validation, test set data, and permutation
testing are used to assess the significance of the models. During validation the dataset is
split in two parts; (1) a training set for model calibration and (2) a test set for model
validation. In “leave one out” or full cross-validation only one sample is used for testing
at a time, while the remaining samples (r#-1 when there are n observations) are used for
training. The procedure must be repeated until all samples have been validated once.
The classification result for each sample is summed and the average represents the
validated classification result of the model. Full cross-validation may give too optimistic
results due to data overfitting, but is a convenient choice for data sets with low sample
numbers (n~20). For larger data sets, validation by test set data using a defined
percentage of the samples for testing and the remaining for training is more appropriate.
Limiting the number of LVs is necessary in order to achieve a reliable model. The
minimum number of LVs with the minimum classification error determined by cross-

validation can be used to optimize the number of LVs.

A permutation test can be used to evaluate the statistical significance of the
classification results [101]. Permutation testing is performed by randomly assigning the
class labels to the samples. The permutation procedure is then repeated a number of
times and for each time the permuted classification result is calculated. The
classification result of the original model can then be compared to the distribution of

classification results from the permutation procedure.
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Metabolite quantification

MRS is a powerful tool for quantification of metabolites present in a sample since the
area of a given signal in the MR spectrum is proportional to the number of nuclei
responsible for that signal. The area of a reference signal with known concentration can
thus be used to perform absolute quantification. Accurate determination of metabolite
concentrations can provide important biochemical information for a better

understanding of cancer behavior and progression.

Quantification of metabolites in intact breast cancer tissue is highly challenging due to
the inherent complexity of the spectra and overlapping spectral signals from many
metabolites. Moreover, the signals are also overlapping with the macromolecules like
proteins and lipids. Peak integration is a simple and widely used method for peak area
measurement in MR spectra. However, due to overlapping signals, more advanced
model fitting methods should be applied, such as curve fitting. PeakFit (PeakFit v 4.12,
SeaSolve Software Inc.) is a software that uses nonlinear curve fitting method to
calculate the area of overlapping metabolite signals in a spectrum (Figure 1.9) [105].
Prior knowledge of the overlapping metabolite signals is essential to increase the quality

of the fitting.

Figure 1.9: Metabolite quantification of a 'H HR MAS spectrum using a peak fitting algorithm
(e.g. PeakFit) and an ERETIC reference signal. PeakFit enables the calculation of area from
overlapping signals and by using the ERETIC as a reference absolute concentration of
individual metabolites can be quantified. Tau, taurine; GPC, glycerophosphocholine; PC,

phosphocholine; Cho, free choline; ERETIC; electronic reference to access in vivo concentration.

19



Introduction

The use of a reference compound for absolute quantification of metabolites in tissue
specimens is also challenging. An ideal reference for tissue metabolite quantification
should be highly reproducible, not react chemically with the sample, and resonate away
from the metabolite signals of interest. Trimethylsilyl propionic acid (TSP) is
commonly used as an internal reference in '"H HR MAS spectroscopy of tissue [106].
However, the hydrophobic chain of TSP tends to interact with proteins and other
membrane components present causing an overestimation of metabolite concentrations
[107]. TSP is therefore more suitable as a reference for cell and tissue extracts than

tissue samples.

Several studies have used the internal tissue water signal as a reference measured in an
additional experiment without water suppression [84, 87]. However, the unsuppressed
water signal is typically 1,000-10,000 times larger than most metabolites in the tissue.
In addition, the relaxation time and the density of water are not constant in all tissues
and tend to change in pathologies [108]. Therefore, extra consideration should be taken

when evaluating the quantitative results using internal water as reference.

The electronic reference to access in vivo concentration (ERETIC) published in 1999 by
Akoka et al. is a promising alternative to the use of an internal reference [109]. The
ERETIC signal generates a “synthetic” peak of which the MR characteristics, e.g.
frequency, linewidth, and magnitude, are modifiable. In addition, there are no concerns
about metabolic activity. Furthermore, the ERETIC signal can easily be moved away
from the metabolite region of interest [109, 110]. Calibration of the ERETIC signal to a
standard of known concentration (e.g. sucrose or creatine) then permits the use of this

signal to quantify metabolites of interest in the sample [110-112].
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1.5 Gene and protein analyses

The combination of gene, protein and metabolite data is an advantage for the
investigation of molecular pathway regulation. Quantitative real-time polymerase chain
reaction (QRT-PCR) is a powerful and sensitive gene analysis technique for detection
and quantification of a specific target sequence. Real-time detection of PCR products is
made possible by using two oligonucleotide primers, forward and reverse, which are
designed to specifically bind to the target sequence and a fluorescent molecule that
reflects the amount of amplified PCR product. qRT-PCR data can be evaluated without
gel electrophoresis resulting in reduced experimental time and increased throughput.
Relative quantification of the gene expression can be determined by relating the PCR
signal to a reference group, such as untreated controls or normal samples.
Immunoblotting (Western blotting) allows for the identification of proteins according to
their molecular weight by gel electrophoresis. The proteins are detected by using protein

specific antibodies (Figure 1.10).

Secondary
conjugated antibody

Primary
protein specific antibody

A

Membrane

Target protein

Figure 1.10: The principle of Western blotting analysis. Proteins are separated and transferred
from the gel to a membrane. The membrane is exposed to the primary protein specific antibody
in the present of a protein-rich solution to reduce non-specific binding. After several washing
steps, the membrane is then exposed to the secondary antibody conjugated to a detectable
molecule, e.g. horseradish peroxidise (HRP), which produces a colored band when incubated

with the appropriate substrate.
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2 Aims

The main objective of this thesis was to explore the metabolite profiles of locally

advanced breast cancers and the effects of NAC. More specific, the goals were to:

- Evaluate whether MR metabolic profiling can assist the prediction of clinical

treatment response in LABC patients receiving NAC

- Investigate the prognostic value of the MR metabolite profile in LABC patients

- Investigate the role of GDPDs in choline phospholipid metabolism of breast

cancer cell lines and patient samples
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Materials and methods

3 Materials and methods

The present thesis includes three papers presenting data from MR metabolomics, and

gene and protein analyses of human breast cancer tissue and cell lines. A summary of

the materials and methods used in the thesis is given in Table 3.1.

Table 3.1 Materials and methods used in the papers I-1l.

Paper |
Materials Human Tissue samples
samples n=33p/66s
0 Cell lines -
Methods 7 Tumor cell content Histology
sections
| 1
%@ Metabolomics H HR MAS MRS
Mo
g" ?{ Gene expression -
% Protein expression =
. PeakFit
Data i Mf;i:fci’(lzlﬁion reference:
analyses a ERETIC
A A
N ° MU|tIV<’_:\ riate PLS-DA
modeling

Gene and protein
expression

p, pair (pre- and post-treatment); s, samples; 'H HR MAS MRS, proton high-resolution magic angle

spinning magnetic resonance spectroscopy; qRT-PCR, quantitative real-time polymerase chain

reaction; ERETIC, electronic reference to access in vivo concentration; TSP, trimethylsilyl propionic

acid; TMS, tetramethylsilane; PLS-DA, partial least squares discriminant analysis.
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3.1 Human breast cancer patients and cell lines

The patients

LABC patients (n=122) included in the three presented papers were enrolled in two
large clinical studies evaluating predictive factors for response to NAC. The studies
were approved by the Regional Ethical Committee (Norwegian Heath Region IIT) and
each patient gave written informed consent. The detailed description of the inclusion
and treatment protocols is fully described elsewhere [113, 114]. In brief, female patients
diagnosed with invasive breast cancer stage IIIA-C and a subset of stage 1IB defined as
T3-T4 (any N) or N2-N3 (any T) without distant metastasis (MO0) were enrolled in 1991-
2003. Patients with minor metastatic deposit (e.g. in the bone and liver) in addition to
their locally advanced disease at the time of diagnosis were categorized as stage IV
disease. These patients were also included in the studies providing they were candidates
for surgical treatment of their primary local tumor after NAC. Patients with IBC were
excluded in both studies due to their distinct clinical presentation and poor prognosis.
Breast cancer tissue samples were obtained from an open biopsy procedure before NAC
and during final surgery. The breast cancer tissue samples were snap-frozen

immediately (~ 1 min) after removal and stored in -80°C.

Patient treatment protocols

All patients included in the studies received NAC. In paper I, the patients were treated
with weekly doxorubicin (14mg/m?) for 16 weeks before surgery. In paper II, first line
treatment with four doses of epirubicin (90 mg/m?) or paclitaxel (200 mg/m?) was
administrated to the patients every third week. In case of insufficient response or the
tumor was still inoperable after four doses, cross-over to second line treatment or
extension of four doses of the same first line treatment was given. In paper III, only pre-
treatment breast cancer tissue samples were used. All patients underwent a mastectomy
and post-operative radiation therapy. Patients with hormone receptor positive tumors
(ER and/or PgR > 10 fmol/mg protein [115] or > 10% positive cells detected with

immune histochemistry) were treated with tamoxifen for five years after surgery.
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Clinical treatment response and breast cancer survival

Clinical tumor response was evaluated by comparing caliper measurements pre- and
post-treatment and assigned according to the WHO criteria (Table 1.2). Patients
included in paper I and II had either a partial response or stable disease in response to
NAC. Survival time was defined as the time interval from diagnosis until the end of the
observation period (five years). Patients deceased within five years after diagnosis were
classified as non-survivors whereas patients surviving five years or more were classified

as survivors. Patients that died of other causes than breast cancer were censored.

The cell lines

All cell lines included in paper III were obtained from American Type Culture
Collection (ATCC, www.atcc.org). Non-malignant MCF-12A and two malignant
human mammary epithelial cell lines, MCF-7 and MDA-MB-231, were used in the cell
experiments. MCF-7 is an estrogen-sensitive and weakly malignant, while MDA-MB-
231 is an estrogen-independent and highly malignant breast cancer cell line. The cells
were grown in their respective media supplemented with fetal bovine serum (FBS),
penicillin, and streptomycin as previously described [116]. All cells were cultured at

37°C in 5% CO; and were used while sub confluent (approximately ~70%).

Tumor cell content

In paper I, breast cancer tissue samples were first analyzed by '"H HR MAS MRS before
formalin-fixed, embedded in paraffin, and stained with hematoxylin-eosin-saffron
(HES). In paper II and III, imprint cytology smears were prepared from each tissue
sample and stained with May-Griinwald-Giemsa prior to '"H HR MAS MRS. The tumor
cell content was determined microscopically by a pathologist. For cells in culture (paper

III), trypan blue staining was used as vital stain for cell counting.

Breast cancer tissue samples Breast cancer cell lines

Histology Imprint cytology MDA-MB-231
Figure 3.1: Microscopic images of breast cancer tissue samples and cultured cells.
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3.3 '"H HR MAS and 'H HR MRS experiments

Sample preparation

Patient tissue samples were blinded and randomized prior to '"H HR MAS MRS analysis
(http://www.random.org/lists/). The samples were randomized based on chemotherapy
agents (paper II), clinical treatment response, and pre- and post-treatment samples. Pair
of samples (pre- and post-treatment) from each patient were analyzed in series to
minimize experimental artifacts. Tumor tissue (15.5+3.0 mg) and phosphate buffered
saline (PBS, 3 ul) in D,O containing 98.2 mM TSP for chemical shift referencing were
added to a 30 ul leak-proof disposable insert (Bruker Biospin Corp, USA) and
transferred to a MAS rotor. 'H HR MAS spectra were obtained using a Bruker AVANCE
DRX600 spectrometer (Bruker Biospin GmbH, Germany). Samples were spun at 5 kHz
at 4°C to minimize tissue degradation. Spin-echo spectra (cpmgpr; Bruker) were
recorded for all the samples as previously described [39]. In addition, a single pulse
experiment including the ERETIC signal (ereticpr.drx; Bruker) as a quantification

reference [111] was performed for samples included in paper I and III.

For cell cultures, the lipid and water-soluble metabolites were extracted using a dual-
phase extraction method based on methanol/chloroform/water as previously described
[74]. The water-soluble and lipid fractions were dissolved in deuterated solvents
containing 0.24x10° mol TSP and 2.17x10” mol tetramethylsilane (TMS) respectively,
as quantification references and chemical shift standards. Fully relaxed '"H HR MRS

spectra were obtained using a Bruker AVANCE 500 spectrometer (Bruker Biospin Corp).
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MRS protocols

The different MRS protocols for the recorded spectra are summarized in Table 3.2.

Table 3.2 MRS protocols

Tissue samples Cultured cells
Method "H HR MAS MRS 'H HR MRS
Bruker advanced 600 Bruker advanced 500
Spectrometer (14.17T) A1.77)
. Single pulse with .
Pulse program Spin-echo ERETIC reference Single pulse
cpmgpr; Bruker ereticpr.drx; Bruker zg; Bruker
Parameters Paper | + 11 + 11l Paper | + 11l Paper Il
Flip angle 90° 60° 45°
NS 128 128 128
Time domain size 32K points 64K points 32K points
AQ 1.64s 3.28s 0.819s
Sweep width 10 kHz/16.7 ppm 10 kHz/ 16.7 ppm 6 kHz/ 12.0 ppm
TE 285 ms - -
TR 3.93s 18.28 s 12.70 s

NS, number of scans; AQ, acquisition time; TE, total echo time; TR, repetition time.

The different acquisition times (AQ) used in the spin-echo and ERETIC pulse programs
are appropriate for breast tissues. The single pulse spectra with the ERETIC reference of
tissue samples and single pulse spectra of cultured cells were acquired with short flip
angles (60° and 45°, respectively) and long repetition times to avoid saturation of the
signals. The pulse sequence was repeated (NS=128) to achieve a good signal-to-noise
ratio (S/N). The spin-echo sequence was used to suppress signals with short T, values
(e.g. lipids and macro molecules). A total echo time (TE) of 285 ms was obtained by
using a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence with 1 ms echo delay and
136 loops (Figure 3.2). Zero-filling was applied to increase the digital resolution (paper
I-11I, tissue samples). Spectra were Fourier transformed into 128 K after 0.3 Hz line
broadening and chemical shifts were calibrated to the TSP signal at 0 ppm (paper I-1I1,

tissue samples). 90° 180° Echo

D1 AQ

X 1Bé loops
TR
Figure 3.2: Schematic illustration spin-echo sequence used in paper I-lll.
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3.4 Gene and protein experiments

In paper III, total RNA isolation from human breast cancer tissue samples and cultured
cells was performed using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol. The concentration and purity of RNA yield were determined
with a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). In addition, the
integrity of RNA (RIN) of the tissue samples was measured using Bionalyzer 2100
(Agilent). Total RNA (1 pg) was used for preparation of cDNA by SuperScript III First-
Strand Synthesis SuperMix (Invitrogen). The mRNA levels of GDPD1-5, CHKA, and
PLD1 were measured by qRT-PCR using the iCycler real-time PCR detection system
(Bio-Rad) and iQ SYBR Green Supermix (Quanta BioSciences). Gene specific primers
(Invitrogen) were designed using the Primer-BLAST tool
(http://www.ncbi.nlm.nih.gov). The relative fold change (R) in gene expression was
calculated based on the threshold cycle (ct) using the AAct method as R = 272V [117],
where Act = ct(target gene) — ct(housekeeping gene), and A(Act) = Act(experiment

sample) — Act(control sample).

Protein isolation was carried out using lysis buffer containing a protease inhibitor
cocktail (P8340, Sigma-Aldrich). GDPD5 Western blotting for the three tested cell lines
was performed as previously described [116]. The proteins were denatured and
separated by SDS-PAGE (sodium dodecyl sulfate—polyacrylamide gel electrophoresis).
Thirty micrograms of total protein, as determined by a modified Lowry assay (Bio-
Rad), was loaded in each lane, and two lanes were loaded with molecular weight
standard (BenchMark, Life Technologies). The proteins were transferred to a membrane
and incubated for 1 hour with a dilution (1:500) of primary polyclonal anti-GDPDS5
antibody (Cat. No. AP10992¢, Abgent Inc.) followed by incubation with horseradish
peroxidase (HRP) conjugated secondary antibody (Amersham Life Science).
Visualization was performed using the Supersignal West Pico chemiluminescent
substrate kit (Pierce Biotechnology). The membrane was recorded on Blue Bio film
(Denville Scientific). Quantitative densitometry of the GDPDS5 proteins was performed
using the Gel-analysis-tool in Image] (Wayne Rasband, NIH, Bethesda, MD). We did

not have sufficient tumor material to run immunoblots on the patient samples.
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3.5 Data analyses
Tissue samples with low tumor cell count and poor spectral quality were excluded from

further analyses.

3.5.1 Multivariate data analyses

The different preprocessing and validation methods of spin-echo spectra used for
multivariate data analyses are presented in Table 3.3. Prior to spectral preprocessing,
signals from water, large lipid residuals, and ethanol contamination were removed from
the spectra. Data analyses were performed in Matlab R2009a (The Mathworks, Inc.)
using PLS Toolbox 6.2.1 (Eigenvector Research).

Table 3.3 Multivariate data analyses of spin-echo spectra
Paper |
PLS-DA/ GA PLS-DA

Preprocessing methods
Average Reduced by a factor of 2 Reduced by a factor of 2
Asymmetric least squares and

Baseline correction Baseline offset T -
Normalization Equal total area Equal total area
Peak alignment SpecAlign icoshift

Mean centering yes yes
Variable selection Genetic algorithm -
Validation methods

Validation Full cross-validation 10% random test set
Permutation - yes

PLS-DA, partial least squares discriminant analysis; GA, genetic algorithm.

Spectral data from each sample were reduced by a factor of 2 using the mean value of
two consecutive data points. Baseline offset was corrected by shifting the minimum
intensity value of each spectrum to zero. In paper II, asymmetric least squares baseline
correction was used in addition to baseline offset [118]. The spectra were peak aligned
using SpecAlign algorithm with the mean spectrum serving as reference (paper I) [96]
and icoshift (paper II) [97]. Mean centering was performed by subtracting the average
spectrum of all the spectra from each spectrum. GA variable selection prior to PLS-DA

was performed in paper 1.
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In paper I, full cross-validation was used due to the low number of samples (n < 26). In
paper I, validation was performed with randomly chosen test set using 90% of the
patients for training and the remaining 10% for testing. This procedure was repeated 20
times and the average validated classification results were calculated. To avoid biased
results, the same number of LVs was used for all repetitions and was chosen by cross-
validation of the whole data set. The VIP scores were used to assist the interpretation of
the PLS-DA loadings. Permutation testing was performed by randomly assigning the
class labels to the samples and the average results were calculated as described for the
original data (90% training set, 10% test set, 20 repetitions). The permutation procedure
was repeated 1000 times in which the class labels were reshuffled each time. The
classification result of the original data was compared to the distribution of

classification results from the permutation. P-values < 0.05 were considered significant.

3.5.2 Metabolite quantification

The single pulse spectra with the ERETIC reference of tissue samples and single pulse
spectra of cultured cells were used for metabolite quantification. Tissue metabolite
quantification using curve fitting (PeakFit v 4.12, SeaSolve Software Inc.) and the
ERETIC signal as reference was performed in paper I and III. The metabolite
concentration was calculated using Equation I [111]. In paper III, metabolite
quantification of cell extracts was determined by peak integration (MestReC 4.9.9.6
software, Mestrelab Research) using Equation II [74]. The signal integrals of TSP and
TMS were used as references for the water-soluble and lipid extracts, respectively. In
paper II, relative metabolite intensities were calculated by integrating the peak areas of
spectra normalized to equal total areas after removal of signals from water, lipid

residuals, and ethanol contamination (Matlab R2009a, The Mathworks, Inc.).

Equation I, tissue samples Equation I, cell extracts

[METmolg = huer_ 1 Monenc MET|mM =L 1 Mrsermas 1
ereric Kaer Mampie rspitms Ker Moy M6 tume

Awer: metabolite area Iver: metabolite integral

Agreric: ERETIC area Irsprms: TSP/TMS integral

kuer: number of protons of the metabolite signal  kver: number of protons of the metabolite signal

nereric: number of moles in the ERETIC signal nrsems: number of moles in the TSP/TMS signal

Msample: S@Mple mass (gram) meeir: cell count

Myome: cell volume
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Statistical analyses were performed using SPSS (SPSS 16.0 Inc.). The Kolmogorov-
Smirnov test was used to evaluate normality of the data. For normal distributed data, the
statistical differences between multiple groups and paired samples were determined
using two-tailed unpaired and paired T-test, respectively. For non-normal distributed
data, the grouped Mann-Whitney and paired Wilcoxon Signed Ranks tests were used. P-

values of < 0.05 were considered to present significant differences between groups.

In paper I, receiver operating characteristic (ROC) curve analysis was performed using
metabolite concentrations obtained from pre-treatment tumor tissue samples to define

cut-off levels for prediction of treatment response and breast cancer survival.

3.5.3 Gene and protein expressions

The Grubbs (GraphPad Software) test was performed to detect significant statistical
outliers for each gene set (GDPD1-5, CHKA, and PLD1) of the patient tumor samples
(significant level alpha < 0.05). Maximally one outlier was discarded per set. The
normality of the data was evaluated by the Kolmogorov-Smirnov test (SPSS 16.0 Inc.).
The unpaired two-tailed T-test (SPSS 16.0 Inc.) was performed to detect significant
differences between the tested groups. Pearson correlation (SPSS 16.0 Inc.) was
calculated to investigate the linear correlations between GDPD1-5 gene expressions and
choline phospholipid metabolites in human breast tumors and cell lines, but also to
examine the correlations between GDPDS versus CHKA and GDPDS versus PLDI
gene expressions. In human breast cancer cells, GDPDS5 protein levels were also related
to choline phospholipid metabolite and CHKA protein levels. P-values of < 0.05 were

considered to be significant.
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4 Summary of papers

Paper I
Predicting long-term survival and treatment response in breast cancer

patients receiving neoadjuvant chemotherapy by MR metabolic profiling

This paper aimed to evaluate whether MR metabolic profiling can be used for prediction
of long-term survival (> 5 years) and monitoring of treatment response in LABC

patients receiving doxorubicin monotherapy.

'H HR MAS MR spectra of pre- and post-treatment tissue samples from LABC patients
(n=33) were acquired. Tissue metabolite concentrations of PC, GPC, Cho, glycine, and
taurine were quantified using PeakFit and the ERETIC signal as reference. ROC curves
analysis was performed to define their potential to predict patient survival and treatment
response. The MR metabolite profiles were related to long-term survival and treatment

response by PLS-DA and PLS-DA with GA variable selection.

A significant decrease in GPC post-treatment was associated with long-term survival
(p=0.046) and partial response (p=0.014) to NAC. Long-term survival was best
predicted by GPC using ROC analysis (sensitivity 66.7%/specificity 62.5%), while
taurine had the best predictive value of clinical treatment response (sensitivity 72.7%/
specificity 63.2%). GA PLS-DA multivariate classification models successfully
discriminated between patients with long-term survival (> 5 years, survivors) and
patients who died of breast cancer recurrence (< 5 years, non-survivors), resulting in
82.7% and 90.2% CV classification accuracy, pre- and post-treatment, respectively. The

pre-treatment MR metabolite profiles of survivors were characterized by higher levels
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of tCho and lower levels of lactate compared to non-survivors. Classification of clinical

treatment response using GA PLS-DA was not successful for this patient cohort.

Our results demonstrate that 'H HR MAS MR metabolic characteristics of breast tumors
could potentially assist the classification and prediction of long-term survival in LABC

patients, in addition to being used for evaluation of treatment response to NAC.

Paper 11
Prognostic value of metabolic response in breast cancer patients receiving

neoadjuvant chemotherapy

The aim of this paper was to examine the tumor metabolic changes in patients with
LABC caused by NAC, and relate these changes to long-term survival (> 5 years) and

clinical treatment response.

LABC patients (n=89) participating in a randomized multicenter study were allocated to
receive either NAC as epirubicin or paclitaxel monotherapy. Tumor tissue samples
obtained pre- and post-treatment were analyzed by '"H HR MAS MRS. MR metabolite
profiles were examined by PLS-DA and paired PLS-DA (or multilevel PLS-DA). The
metabolites most important for the classification were identified by VIP scores and

quantified by spectral integration of the metabolite peaks.

All patients had a significant metabolic response to NAC, and the pre- and post-
treatment spectra could be discriminated with 68.9% and 87.9% CV classification
accuracy by PLS-DA and multilevel PLS-DA, respectively (p<0.001). The metabolic
responses appear to be similar for the two chemotherapeutic agents. Different metabolic
responses to NAC were observed in patients with long-term survival (> 5 years,
survivors) and patients who died of breast cancer recurrence (< 5 years, non-survivors).
Survivors experienced a decrease in the levels of GPC (p<0.001), PC (p<0.001), Cho
(p=0.013), glycine (p=0.047), and increase in glucose (p=0.002) levels in response to
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NAC, while non-survivors had an increase lactate (p=0.004) levels in response to NAC.
The metabolic responses to NAC were similar in the different clinical treatment

responses.

To conclude, the tumor metabolic response to NAC was related to breast cancer
survival, but not to clinical treatment response. Monitoring metabolic responses to NAC

by 'H HR MAS MRS may provide information related to individual prognosis.

Paper 111
Glycerophosphodiester phosphodiesterase domain containing 5 (GDPD5)
expression correlates with malignant choline phospholipid metabolite

profiles in human breast cancer

Choline phospholipid metabolism is altered in cancer. The gene(s) encoding for the
GPC-PDE(s) responsible for GPC degradation in breast cancers have not yet been
identified. In this paper, we aimed to investigate the role of GDPDs in choline

phospholipid metabolism in breast cancer.

Two human breast cancer cell lines (n=8 and 10) and primary human breast tumor
samples (n=19) were studied with combined MRS and qRT-PCR to investigate the
potential role of GDPDI1-5 as GPC-PDE encoding genes and to determine their
relationship with CHKA and PLDI1 in choline phospholipid metabolism.

Out of five GDPDs tested, GDPD5 was found to be significantly overexpressed in
highly malignant ER™ compared to weakly malignant ER" human breast cancer cells
(p=0.027) and breast tumors from patients (p=0.015). GDPDS5 showed significantly
positive correlations with PC (p<0.001), total choline (tCho) (p=0.007) and PC/GPC
(p<0.001) levels in human breast tumors. GDPD5 showed a trend towards negative
correlation with GPC levels (p=0.130). Human breast cancers with malignant choline

metabolite profiles consisting of low GPC and high PC levels highly co-expressed
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GDPDS5, CHKA, and PLDI1, while cancers containing high GPC and relatively low PC
levels displayed low co-expression of GDPD5, CHKA, and PLD1. GDPDS5, CHKA
and PLD1 were significantly overexpressed in highly malignant ER™ tumors in our

patient cohort.
Our study identified GDPDS as a GPC-PDE that likely participates in regulating choline

phospholipid metabolism in breast cancer, which possibly occurs in association with

CHKA and PLD]1.
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5 Discussion

The metabolic characterization of breast tumors by 'H HR MAS MRS may assist the
prediction of long-term survival in LABC patients (paper I and II). The tumor metabolic
responses to NAC were related to breast cancer survival, but not to clinically measured
treatment response (paper II). High levels of lactate and glycine post-treatment were
associated with poor outcome, while decreased choline phospholipid metabolite levels
were observed in response to NAC in patients with long-term survival (paper I and II).
Furthermore, GDPDS5 was identified as a possible regulatory gene in choline
phospholipid metabolism in breast cancer, and high co-expression of GDPDS5, CHKA,

and PLD1 were associated with increased malignancy (paper I1I).

5.1 Patients and tumor samples

The tumor samples obtained from open biopsies before NAC and during final surgery
were collected from LABC patients from 1991 to 2003. All samples were immediately
(~ 1 min) snap frozen after removal and stored in -80°C until used for '"H HR MAS
MRS analysis in 2008 (paper I) and 2009 (paper II and III). No significant correlations
have so far been found between storage time and tissue metabolite degradation
determined by '"H HR MAS MRS [39, 119]. Furthermore, the tissue metabolite
concentrations determined in our study are comparable to those previously reported for
breast cancer tissue samples stored for five years or less [39, 111]. The integrity of RNA
quantified by RIN-values was good (paper III). Altogether, this suggests that the storage
procedure maintains the quality of the samples well, and potential gene and metabolite

degradations should be minimal.
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As '"H HR MAS MRS is a non-destructive method, tissue samples were further used for
histological examinations to confirm the tumor cells content (paper I). In paper II and
III, imprint cytology was used instead of histological sections to confirm the tumor cell
content. Imprint cytology has been found to be a reliable, rapid, and easy
complementary examination to histological sectioning [120]. Furthermore, the use of
imprint cytology advantageously enabled the tissue samples to be further analyzed for

gene and/or protein expressions after 'H HR MAS MRS (paper III).

5.2 Metabolomics analyses

Metabolomics analyses assess the downstream products of gene and protein
expressions, and have shown to provide both predictive and prognostic information for
several types of cancers [76, 77]. Multivariate and quantitative analyses of the '"H HR
MAS MR spectra are of key importance for interpreting findings and validating the
results. Therapeutic response is often not associated with the change in one biomarker,
but rather with the combined influence of many molecular compounds. Multivariate
statistical methods were used to identify patterns of several metabolites simultaneously
and to discover metabolic features related to the discrimination between distinct classes.
Absolute metabolite quantification has an added value, since the concentrations
obtained can be compared to other studies and may be easier to interpret in a clinical

setting.

MR metabolite profiles of LABC tumors were related to treatment response and long-
term survival by PLS-DA and multilevel PLS-DA multivariate statistical methods.
Proper validation of the PLS-DA models is necessary to avoid biased results. In paper I,
validation of the multivariate models was performed by full cross-validation. This
method is simple and widely used, but is also known to give large variance that may
lead to overfitting of data and too optimistic results. However, full cross validation was
a convenient choice for this smaller size data set when there were not enough samples
for a separate test set. In paper I, validation was performed using randomly selected test
sets and permutation testing. To avoid overfitted results, the number of LVs was

optimized by cross-validation of the whole data set and the same number of LVs was
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used for calculation in all repetitions. It is important to keep in mind that the result of
classification models is largely dependent on the validation procedure and also the size
of the data set, and that too optimistic results are usually due to inappropriate choice of

validation [101].

The study of the metabolic changes in tumors during NAC is important as it can assist
in improving treatment of breast cancer patients focusing on personalized treatment
strategies. Multilevel PLS-DA is a relatively new method for multivariate investigation
of the paired structure within the different subjects [103] and was therefore used in
paper II. This method enabled the detection of metabolic changes caused by NAC
within each patient by subtracting the between patient variations from the data.
Metabolic changes detected by multilevel PLS-DA were significantly better then
unpaired PLS-DA, resulting in 87.9% versus 68.9% CV classification accuracy,
respectively (paper II). Thus, taking advantage of the multilevel structure in the data set

was clearly beneficial.

Metabolites that were found to be important for the multivariate classification models
were quantified (paper I and II). To quantify the metabolites in the '"H HR MAS MR
spectra, the area of the peaks was determined by curve fitting (paper I and III). Spectral
prior knowledge (multiplicity etc) is essential for the quality of the fit. Curve fitting is a
proper method for area determination of multiple overlapping signals and is a more
accurate and reliable method than peak integration. However, curve fitting by Peakfit
can be time-consuming. Automatic model-based curve fitting, such as LCModel [121],
has been used for quantification of '"H HR MAS spectra of brain tissue [122, 123].
LCModel facilitates the separation of overlapping signals by fitting the data to a linear
combination of the complete spectra from pure metabolite solutions; so called basic sets
[123]. Such basic sets have not been generated for 'H HR MAS MRS spectra of breast
cancer. Curve fitting using PeakFit can be biased by subjective interpretations. Routines
for curve fitting were standardized, and curve fitting was performed by one user (paper I
and III). We thus consider the inter-spectral effects on peak area calculations to be
small. In paper II, the relative metabolite intensities were found by integrating the peak

areas in mean normalized spectra. This approach is useful in terms of confirming the
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significant differences in the metabolite levels as observed in the loading plots from
multivariate analyses. However, the intensity values are not transferable for comparison

with results from other studies.

The electronic external reference method ERETIC used in paper I and III is a promising
alternative to the use of internal quantitative references [109-111]. There are no
concerns about metabolic activity and visibility when using ERETIC. However,
quantification using the ERETIC signal is more sensitive to RF field inhomogeneities of
HR MAS probes [124] than chemical internal references such as TSP [111]. The effect
of RF field inhomogeneities can be reduced by using an insert which ensure that the
sample is within the most homogeneous range of the RF coil, thus minimizing signal
loss (paper I-III). A higher relative error for ERETIC (8.4%) compared to TSP (2.7%)
has been observed using 'H HR MAS MRS for quantification of creatine in a standard
solution [111]. However, ERETIC is still considered as the best approach for
quantifying tissue metabolites in '"H HR MAS MRS, as TSP can bind to proteins and
other membrane components present in the sample causing an overestimation of
metabolite concentrations. Periodical calibration of the ERETIC signal is necessary for
ensuring accurate quantification over time [109, 110]. In this thesis, the samples were
randomized and analyzed within a short period of time to reduce the effect of calibration
and technical artifacts. Pulse length based concentration determination (PULCON) is
another external reference technique that uses the principal of reciprocity to correct
absolute intensities relative to an external standard spectrum [125, 126]. To our
knowledge, no studies using PULCON for quantitative 'H HR MAS MRS have so far
been published (Pubmed, Scopus).

Metabolite quantification was related to tissue sample weight, as done in previous
studies of '"H HR MAS MRS [39, 111, 127]. '"H HR MAS signals of tumor tissue
samples arise from both cancer cells and tumor stroma. The spectra therefore represent
the average signal from all the constituents in the sample. In general, this is also the case

for other types of molecular profiling analyses, including transcriptomics and genomics.
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5.3 MR metabolic profiling and clinical treatment response

The most beneficial use of NAC for LABC patients is still under discussion, and both
combinations of different chemotherapies, but also monotherapy, have been suggested
[10, 128, 129]. Studies investigating chemoresistance to monotherapy as well as the
combination of chemotherapies can help optimize and improve the treatment of breast
cancer. The clinical response is also of interest as a surrogate marker for survival.
Several studies have shown that pathological complete response (pCR) to NAC, which
is obtained in 3-26% of breast cancer patients is associated with improved recurrence-
free and overall survival [10, 21]. Thus, an improved understanding of breast tumor
molecular characteristics would be essential in the design of personalized cancer

therapy, thereby achieving better prognosis.

In this thesis, no valid multivariate classification models for the prediction of clinical
response could be generated using pre- or post-treatment spectra (paper I and II). In
paper I, metabolic changes in response to NAC were evaluated by comparing quantified
individual metabolites obtained pre- and post-treatment, because multilevel PLS-DA
was yet not implemented as one of our multivariate analytical tools. In patients with
partial response, only GPC was found to be significantly decreased, and a decrease in
tCho approached significance. In paper II, all patients experienced significant metabolic
changes in response to NAC analyzed by multilevel PLS-DA. However, similar
metabolic responses were observed in both patients with partial response and with stable
disease. In both groups, treatment led to increased levels of lactate and glycine and
decreased levels of GPC, while the levels of PC were markedly decreased for some
patients. These metabolic changes were similar to those observed for the entire patient

cohort.

The tCho level detected with in vivo MRS has been suggested as a biomarker for
diagnosis and treatment evaluation of breast cancer [57, 58]. Several studies have found
decreased tCho levels in response to NAC to be associated with better clinical response
[60, 62, 130-132]. Docetaxel treatment of MCF-7 breast cancer xenografts also resulted

in decreased in vivo tCho levels and cell density [133]. In another study, ex vivo PC
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levels were found to decrease after treatment with docetaxel in MCF-7 breast cancer
xenograft models [134]. Significantly decreased GPC levels in patients with partial
response may suggest a better response to NAC (paper I). Unfortunately, GPC cannot
be distinguished from the other choline metabolites by in vivo MRS due to low spectral

resolution.

The lack of patients with progressive disease and complete response in our analyzed
cohort could help explain why no clear metabolic differences in response to NAC
between the two response groups were observed (paper I and II). According to the
protocol, treatment should be interrupted if/when the patients experienced progressive
disease. For patients with complete response, no tumor tissue is left for a post-treatment
sample. For these patients, examination of metabolic changes in response to NAC of
tissue samples taken at an earlier time point then at final surgery would be of interest.
Inclusion of pre-treatment samples of patients with progressive disease and complete
response could contribute to reveal clearer differences in metabolite profiles between

the clinical response groups that can be used to assist the prediction of clinical response.

The finding that all patients had a similar metabolic response to NAC could be due to
the fact that only two patients had an equal or increased tumor size after NAC (paper
IT). Thus, nearly all patients thus had a reduction in tumor size, although the tumor
reduction was small for patients with stable disease. In this thesis, treatment response
was defined according to the WHO criteria (Table 1.2), which define stable disease as <
50% reduction to < 25% increase in tumor volume. We can postulate that different
response criteria for stable disease (lower threshold for reduction in tumor volume) can
affect the findings in paper I and II. The differences in response criteria have shown to

influence the prediction of response to NAC by in vivo MRI [135].

The fact that all patients had a significant metabolic response to NAC could suggest a
difference in metabolite profiles due to differences in sampling procedures for the two
time points. However, the tumor samples obtained before NAC were excised during
open biopsy surgery, which should be quite comparable to the sampling procedure at

final surgery. Moreover, all samples were snap-frozen and stored in the same way.
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Thus, we consider the differences in sampling procedures at pre and post-treatment to

have small effects on the metabolite profiles.

The metabolic response to NAC is also dependent on the molecular effects of the given
chemotherapeutic agents. Anthracyclines, such as doxorubicin and epirubicin, are
capable of inducing DNA strand breakage and apoptosis [23-25], while paclitaxel
causes mitotic arrest by disturbing the breaking and rearranging of microtubules in the
cells [26]. However, the main function of all these drugs is to cause disturbance of the
cell cycle and cell death. The metabolic responses to epirubicin and paclitaxel could not
be distinguished, which suggests that they have the similar effects on tumor cell
metabolism (paper II).

5.4 MR metabolic profiling and long-term survival

The definition of long-term survival is not unified in the literature. A long-term survivor
is defined by the American Cancer Society as a person who is still alive 5 years after
diagnosis [136]. LABC consist of a heterogeneous group of patients with variable
prognosis and with a lower 5-year survival rate than early stage breast cancer [10]. We

thus consider the use of the term long-term survival to be appropriate for our studies.

Altered cell metabolism is suggested as a new emerging hallmark of cancer [34]. MR
detected metabolite profiles have been found to assist the diagnosis and treatment
monitoring of breast cancer [89, 90], and have also been found to correlate to
parameters of clinical importance such as tumor grade, axillary lymphatic spread, and
hormone receptor status [39, 91, 92]. LABC patients constitute a heterogeneous group
with variable prognosis, and it is therefore a challenge to identify valid prognostic
factors for this patient group. In addition, prediction of survival in LABC patients
receiving NAC is difficult as the treatment will affect the prognostic value of tumor

size, grade and lymph node status.
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Several studies have shown that a pathological complete response to NAC is associated
with improved breast cancer survival [21, 22]. However, approximately 80% of patients
will have residual tumor in the breast after NAC [22]. Thus, molecular characterization
with identification of new prognostic factors and therapeutic targets for breast cancer

would greatly benefit the assessment of prognosis.

In this thesis, the potential of MR metabolomics to predict long-term breast cancer
survival was investigated. A summary of the main findings is presented in table 5.1. In
paper I, metabolic changes in response to NAC were detected by quantification of
individual metabolites. Lactate could not be quantified using the present "H HR MAS
MRS protocol due to heavily overlapping signals from lipids. In paper II, different
metabolic responses to NAC were observed in survivors and non-survivors by

multilevel PLS-DA.

Prediction of long-term survival was investigated using '"H HR MAS spectra of pre- and
post-treatment tumor samples by PLS-DA and metabolite quantification. In paper I,
long-term survival could be predicted using pre- and post-treatment spectra. Better
classification was obtained post-treatment. In paper II, long-term survival could only be
predicted from the post-treatment spectra. These results suggest that the difference
between survivors and non-survivors post-treatment is mainly caused by metabolic
response to NAC. Thus, the metabolite profiles of post-treatment samples may be a

better and more accurate indicator of patient prognosis than pre-treatment samples.
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Table 5.1 Summary of metabolite profiles pre- and post-treatment and metabolic
changes observed by multivariate analysis and quantification related to long-term
survival in paper | and Il.

Paper | Paper Il
Multivariate Quantification Multivariate Quantification
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In paper I, higher levels of lactate were observed pre- and post-treatment in non-
survivors compared to survivors. In paper II, non-survivors had a significant increase in
lactate levels resulted in higher lactate levels in non-survivors compared to survivors at
post-treatment (paper II). High lactate levels have been found to correlate with
increased risk of radiation resistance, high incident of distant metastases and recurrence,
and low survival rates in several types of cancers [42-44]. However, molecular
mechanisms behind the role of lactate on malignant behavior of cancer cells are not
fully understood. Recently, modification of cell energy metabolism has been suggested
as an emerging hallmark of cancer [34]. Cancer cells can reprogram their energy
metabolism to convert most glucose to lactate regardless of the oxygen supply, a
phenomenon known as aerobic glycolysis (the Warburg effect). Aerobic glycolysis is
possibly an adaption to intermittent hypoxia; protecting cancer cells from acid-induced
toxicity, and facilitating the uptake and incorporation of nutrients needed for cell
proliferation [36, 37]. In return, HiF-1 hypoxia induced gene can accentuate glycolysis

by activation of multiple enzymes involved in the glycolytic pathway, including LDH,
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the enzyme responsible for conversion of pyruvate to lactate [46-49, 51, 52]. Lactate
may therefore serve as a maker for both aerobic glycolysis and hypoxic responses in
tumors. Increased aerobic glycolysis and tumor hypoxic responses have been shown to
facilitate cell proliferation, resistance to apoptosis, angiogenesis, and increased risk of
metastasis in cancers [37, 38, 50]. Inhibition of LDH has shown to reduce the glycolytic
activity associated with a decrease in tumor proliferation of breast cancer animal models
[137]. In breast cancer, HiF-1 expression is highly associated with tumor progression,
metastasis, therapy resistance and mortality [138, 139]. Anthracyclines have been
shown to inhibit the transcriptional activity of HiF-1 by blocking its binding to DNA
[140]. Thus, increased lactate levels observed in non-survivors in response to NAC may
also be a marker for chemotherapy resistance in these patients. It has also been
suggested that the resulting low pH mediated by high lactate levels may enhance the
invasiveness of tumor cells and help them evade tumor-attacking immune cells [141].
This thesis suggests that the increased levels of lactate in response to NAC and higher
lactate levels post-treatment observed in non-survivors may reflect enhancement of
aerobic glycolytic activity and/or tumor hypoxic responses related to higher tumor
malignancy and poor prognosis. Coherently, the glucose levels were increased in
survivors but not in non-survivors in response to NAC (paper II). Increased glucose may
be indicative of decreased aerobic glycolysis and tumor hypoxic response favorable of

long-term breast cancer survival.

In response to NAC, survivors had a significant decrease in glycine levels (paper II).
This was reflected in the post-treatment spectra, showing significantly higher levels of
glycine in non-survivors compared to survivors. The role of glycine in tumor
malignancy is still unclear. Glycine is a downstream product of 3-phosphoglycerate, an
intermediate of the glycolysis, but it can also be synthesized from Cho through the
glycine-betaine pathway. The biomarker potential of glycine has been studied in human
brain tumors, where it was found to positively correlate with tumor grade [40, 41].
Higher levels of glycine have been detected in the more aggressive basal-like breast
cancer animal model compared to the luminal-like model [142]. This thesis suggests

that the decreased glycine levels detected in survivors in response to NAC can possibly
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be caused by altered glycolysis and/or reduced Cho levels associated with reduced

tumor malignancy.

In paper I, higher levels of tCho were observed in survivors compared to non-survivors
before NAC. In response to NAC, survivors experienced a significant decrease in GPC
and Cho measured by quantification. After NAC, lower levels of tCho were observed in
survivors compared to non-survivors in the loading plot. However, the differences in
tCho levels determined by quantification were not significant, probably due to high
interpatient variation. In paper I, survivors experienced a significant decrease in GPC,
PC, and Cho levels in response to NAC. The loading plot shows decreased GPC levels
in survivors, while the levels of PC were markedly decreased for some patients. Overall,
choline metabolite levels decreased in response to treatment in survivors, and appear to

be higher in non-survivors compare to survivors post-treatment.

The choline phospholipid metabolism is associated with proliferation, oncogenic
signaling, and also tumor hypoxic responses [57]. PC and tCho levels have been shown
to increase with increased malignancy in breast cancer cells [66]. CHKA, the enzyme
that regulates the phosphorylation of Cho to PC, is known to play an important role in
malignant transformation in several types of cancers [143]. Moreover, tCho levels have
been shown to correlate with tumor grade and pharmacokinetic parameters of breast
tumors, indicating a relation between choline phospholipid metabolism and tumor
malignancy, but also angiogenesis [144, 145]. Hypoxic tumor regions co-localize with
regions of high tCho, possibly occurring through the up-regulation of CHKA by HiF-la
[65]. This thesis demonstrates that LABC patients with decreased choline phospholipid
metabolite levels, in particular GPC levels, in response to NAC have a better survival
rate. Furthermore, MR metabolite profiles showing low levels of tCho, lactate, and
glycine post-treatment could potentially be predictive of long-term survival. In a recent
study, no differences in tumor tCho levels were found between early breast cancer
patients with good and poor prognosis [111]. However, the assessment of prognosis in

that study was based on the TNM classification system and not survival time.
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Five subtypes of breast tumors characterized by gene expression pattern have been
identified [146, 147]. A recent study shows the potential of combining transcriptomics
and MR metabolic data for a more refine sub-classification of human breast cancers
[148]. It is possible that the combined gene expression and MR metabolomics profiles
will improve the molecular characteristics of breast cancer and help identify biomarkers,
or combination of biomarkers, which in turn can assist treatment stratification and the

prediction of patient outcome.

5.5 GDPDS in the regulation of choline phospholipid metabolism

Both PC and GPC are known to be altered in cancer. In ovarian cancer, relatively low
GPC compared to PC is typically observed [149]. In brain tumor, GPC levels is the
dominant choline component in low compared to high grade gliomas [122]. Elevated
GPC levels have been detected in lung [150] and prostate [151] cancer tissues compared
to non-involved tissues. In normal mammary cell cultures, the GPC levels are relatively
higher than the PC levels. During malignant transformation PC increases while GPC
decreases, resulting in a switch from low to high PC/GPC ratio in cell cultures [66]. In a
recent study, higher concentrations of GPC have been observed in basal like (poor
prognosis) compared to luminal like (good prognosis) breast cancer xenograft
models[142]. While recent research studies have focused on the molecular causes
leading to elevated PC levels in cancer, relatively little effort has been made to elucidate
the molecular causes behind the changes in GPC levels in cancers. The gene or genes

responsible for the changes in GPC levels detected in breast cancer is still unknown.

It is important to understand the molecular causes of the GPC levels detected in breast
cancer because it is a part of the in vivo tCho signal that is increasingly being used in
diagnosis and treatment monitoring of breast cancer patients [58-62]. As shown in
paper I and II, targeting the enzymes involved in the regulation of GPC levels in breast
cancers may be a good therapeutic target for anti-cancer treatment as significant
decreased GPC in response to NAC was observed in patients with long-term survival

and better clinical response.

50



Discussion

In paper III, the role of GDPDI-5 in the regulation of choline phospholipid metabolism
of human breast cancer was studied with combined MRS, gene and protein expressions.
Out of five GDPDs tested, GDPD5 was found to be significantly overexpressed in
highly malignant ER” compared to weakly malignant ER" human breast cancer cells and
breast tumor samples. GDPDS5 showed significantly positive correlations with PC, tCho,
and PC/GPC levels in human breast tumors, and a trend towards negative correlation
with GPC levels. Human breast cancers with choline metabolite profiles consisting of
high PC and low GPC levels highly co-expressed GDPDS, CHKA and PLDI, while
cancers containing high GPC and relatively low PC levels displayed low co-expression
of GDPDS5, CHKA, and PLD1. High correlations were found between gene and protein
levels of GDPDS5 and CHKA.

GDPDS is a ubiquitously expressed transmembrane protein in human tissues, but has a
relatively low expression in kidney and prostate tissues [152]. It has been suggested as a
candidate gene for GPC-PDE as down-regulation of GDPD5 efficiently increased GPC
levels, while overexpression of GDPDS5 contributes to GPC reduction in mouse renal
cells [75]. As a candidate gene for GPC-PDE, the GDPDS5 expression is expected to
inversely correlate with the GPC level. However, the expression of GDPDS5 showed
only a modest inverse correlation with GPC levels in breast tumors and cells (paper III).
This observation suggests the possibility of additional genes responsible for the altered
GPC level observed in breast cancer. Nucleotide pyrophosphatases/phosphodiesterases
6 (NPP6) preferably hydrolyze choline-containing phospholipids or phosphodiesters,
including GPC [153]. To date, the role of NPP6 is still unknown. The GPC level is also
regulated by the gene expression of PLA2 and LYSO-PLA1 [74]. The correlations
between these genes and GDPDS5 have not been studied.

The strong positive correlations between the expression of GDPD5 and PC, tCho, and
PC/GPC levels are probable due to the co-expression of GDPDS, CHKA, and PLDI
observed in breast tumors (paper III). CHKA plays an important role in oncogenic
transformation and carcinogenesis in cancers [68, 143, 154, 155]. PLD activity, which
degrades PtdCho to Cho, also plays a significant role in oncogenic transformation [156].

Overexpression of CHKA and elevated PC and tCho levels of breast cancer cells have
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been associated with increases invasiveness and drug resistance [157]. Treatment with
the CHK inhibitor Mn58b has shown to reduce PC levels and inhibit proliferation of
cancer cells, and Mn58b therefore appears to have a potential as an anticancer drug
[158]. The strong positive correlations between GDPDS5, CHKA and PLD1 observed
suggest the expression of GDPDS5 to be associated with malignancy. Targeting GDPDS5
will most likely increase GPC levels. However, accumulation of GPC mediated by
GDPDS5 may disturb the recycle of Cho essential for renewed synthesis of PtdCho in the
cell membrane. More studies are needed to investigate the mechanism and effects of

GDPDS5 for use as target in cancer treatment.

Overexpression of GDPD5, CHKA, and PLD1 were found in ER™ tumors compared to
ER" tumors (paper III). ER status is an important factor for the prediction of prognosis
and is routinely used for treatment planning in the clinic. Consistent with our results,
overexpression of CHKA has been associated with ER™ breast tumors in a previous
study [68]. However, ER" human breast cancer tumors have been related with higher
levels of GPC and lower levels of PC compared to ER" tumors [92]. The patients
included in paper III have been stratified to match the ER status and choline metabolite
profiles of the two breast cancer cell lines, MCF-7 and MDB-MB-231, thus a larger
cohort is needed to elucidate the relationship between GDPDS5 and ER status. This
thesis identified GDPD5 as a GPC-PDE gene that likely participates in regulating
choline phospholipid metabolism in breast cancer, which possibly occurs in cooperation

with CHKA and PLD1.
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6 Conclusions and future perspectives

In this thesis, MR metabolic profiling of tumor tissue obtained from LABC patients was
used to predict long-term survival and clinical treatment response to NAC by
multivariate data analyses and metabolite quantification. Furthermore, the role of

GDPDs in choline phospholipid metabolism was investigated.

'H HR MAS MRS analysis of both pre- and post-treatment tumor tissue samples can be
valuable as it provides information on metabolic changes in tumors during NAC. This
thesis shows that epirubicin and paclitaxel had similar effects on tumor cell metabolism.
It would be of interest to examine the metabolic responses in patients receiving other
types of single drugs or multidrug treatment to improve the understanding of treatment

effects on tumor metabolism.

No clear differences in metabolic responses were detected between patients with partial
response and stable disease, thus the prediction of clinical treatment response by MR
metabolomics was not successful. However, it is possible that a cohort including also
patients with progressive disease would reveal clearer differences in metabolite profiles
between the clinical response groups. Also, the chosen response criteria might have
contributed to the unsuccessful prediction of clinical treatment response from metabolite
profiles. Different response criteria should be tested, in particular pathological measured
response. Molecular characterization of tumors may help stratifying patients for

individualized treatment, thereby achieving better prognosis.
MR metabolite profiles of LABC patients contain prognostic information that is

associated with survival status. In response to NAC, lactate is increased in non-

survivors, while survivors experience a decrease in glycine and choline phospholipid
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metabolites. These metabolic changes are associated with tumor proliferation, glycolytic
activity and hypoxia related to tumor malignancy and prognosis. Metabolite profiles
consisting of higher levels of lactate, glycine, and tCho observed in non-survivors post-
treatment were shown to be predictive of low breast cancer survival rates. Monitoring
metabolic responses to NAC by "H HR MAS MRS may have the potential to assist the
prediction of breast cancer survival and help identify new targets for therapeutic

treatment.

The relative fold change in gene expression of GDPDS was correlated with choline
phospholipid metabolite levels and with CHKA and PLD1 expressions. Future studies
examining the effect of silencing GDPDS5 alone or in combination with CHKA and/or
PLD1 in breast cancer cells and xenograft models may provide new information about
the potential of GDPDS5 as anticancer targets of breast cancer. Studies investigating the
correlation between GDPD5 and NPP6, PLA2, and LYSO-PLA1 in choline
phospholipid metabolism would be of interest. Overexpression of GDPD5, CHKA, and
PLD1 were found in ER™ tumors compared to ER" tumors. ER status is associated with
treatment response and survival. However, a larger cohort is needed to investigate the

correlation between GDPDS5 and ER status.
Findings from this thesis show that MR metabolomics can assist the identification of

patients at high risk of breast cancer death, and help identify pathways for novel

targeted treatment.
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Abstract

BACKGROUND: Today's clinical diagnostic tools are insufficient for giving accurate
prognosis to breast cancer patients. The aim of our study was to examine the tumor metabolic
changes in patients with locally advanced breast cancer caused by neoadjuvant chemotherapy

(NAC), relating these changes to clinical treatment response and long-term survival.

METHODS: Patients (n=89) participating in a randomized open-label multicenter study were
allocated to receive either NAC as epirubicin or paclitaxel monotherapy. Biopsies were
excised pre- and post-treatment, and analyzed by high resolution magic angle spinning
magnetic resonance spectroscopy (HR MAS MRS). The metabolite profiles were examined
by paired and unpaired multivariate methods and findings of important metabolites were

confirmed by spectral integration of the metabolite peaks.

RESULTS: All patients had a significant metabolic response to NAC, and pre- and post-
treatment spectra could be discriminated with 87.9%/68.9% classification accuracy by
paired/unpaired partial least squares discriminant analysis (PLS-DA) (p<0.001). Similar
metabolic responses were observed for the two chemotherapeutic agents. The metabolic
responses were related to patient outcome. Non-survivors (<5 years) had increased tumor
levels of lactate (p=0.004) after treatment, while survivors (>5 years) experienced a decrease
in the levels of glycine (p=0.047) and choline-containing compounds (p<0.013) and an
increase in glucose (p=0.002) levels. The metabolic responses could not be related to clinical

treatment response.

CONCLUSIONS: The differences in tumor metabolic response to NAC were associated with
breast cancer survival, but not to clinical response. Monitoring metabolic responses to NAC
by HR MAS MRS may provide information about tumor biology related to individual

prognosis.



Background

The prognosis of patients with locally advanced breast cancer varies largely due to the
heterogeneity of the disease, and 5-year survival rates from 50-80% have been reported [1].
Neoadjuvant chemotherapy (NAC) has been established as a standard treatment for locally
advanced breast cancer, with anthracyclines and taxanes being among the most frequently
used agents. NAC is provided to make primarily inoperable tumors resectable, and will also
increase the rate of breast-conserving surgery without any significant increase in local or
distal recurrence [2, 3]. Studies investigating the metabolic responses and chemoresistance to
single or a combination of drugs are important for effective treatment and better patient

outcome.

Patients with a pathological complete response (pCR) after NAC have improved outcome
compared to patients with residual disease, thus treatment response is a prognostic indicator.
However, only ~20% of patients will achieve a pCR to NAC [4]. Other prognostic factors of
breast cancer include axillary lymph node status, tumor size, Her-2 overexpression,
histopathological grade, and hormone receptor status. The status of Her-2 and hormone
receptors is also predictive of treatment response. Identification of other markers for
prognosis and treatment response may help stratify patients for better individualized

treatment.

Several studies have shown altered metabolism in cancer compared to normal tissue. Elevated
levels of total choline-containing compounds (tCho) are frequently observed in cancer, and
may serve as magnetic resonance spectroscopy (MRS) markers for malignancy, both in vivo
and ex vivo [5, 6]. The tCho signal constitutes signals from glycerophosphocholine (GPC),
phosphocholine (PC) and free choline (Cho) which are involved in phospholipid metabolism
through the Kennedy pathway. A decreased level of tCho detected by in vivo MRS has been
suggested as a possible marker for treatment response [7, 8]. Altered concentrations of other
tissue metabolites, such as increased levels of lactate, have also been associated with
malignancy [9, 10]. Elevated lactate levels may be related to hypoxia, a common feature of
solid tumors where glucose is catabolised to lactate due to the lack of oxygen. Also under
conditions with sufficient oxygen levels, cancer cells may convert glucose to lactate,

described as the Warburg effect.



High resolution magic angle spinning (HR MAS) MRS is a non-destructive technique
providing highly resolved MR spectra of intact tissues with minimal sample preparation. HR
MAS MR spectra provide an overview of the different metabolites that are present in a tissue
sample, and can give insight into the complex processes leading to cancer and other diseases.
More than 30 metabolites have been identified in breast tissue using HR MAS MRS [11].
Systematic studies of the metabolic state of biological systems using multivariate analysis
methods are referred to as metabolomics. MR metabolomics studies of breast cancer have
revealed correlations between tissue metabolic profiles and clinical prognostic factors such as
hormone receptor status, grade and lymphatic spread [12-14]. Long-term survival of breast
cancer patients has been successfully predicted from breast cancer tissue using multivariate
classification models [15, submitted manuscript Giskeedegard et al]. The purpose of this
study was to examine the metabolic changes in breast cancer tissues resulting from treatment
with NAC, and to relate these changes to treatment response and long-term survival. This is
the first study to investigate the metabolic response of NAC in a large breast cancer cohort

using ex vivo MRS.



Methods

Patient and tumor characteristics

We examined a subcohort of breast cancer patients (n = 89) from a larger open-label
multicenter study where patients were randomly allocated to receive NAC treatment with
either anthracycline (epirubicin, 90 mg/m?®) or taxane (paclitaxel, 200 mg/m?) monotherapy
[16]. The patients were given subsequent adjuvant endocrine treatment according to
guidelines from the Norwegian Breast Cancer Group. The inclusion criteria and treatment
protocol are fully described elsewhere [16]. Briefly, female breast cancer patients at pre/post
menopausal age (< 70 years) with locally advanced (stage III, T34 and/or N,) non-
inflammatory breast cancer with or without limited distant metastasis were recruited in the
period 1997-2003. The patients were treated every third week for four cycles. Patients
showing a non-satisfactory response were assigned to the opposite treatment. From each
patient, an incisional biopsy was taken before treatment with NAC and a post-treatment
biopsy was excised during surgical removal of the tumor. The biopsies were immediately
snap-frozen and stored in liquid nitrogen in a biobank until use. A part of the pre-treatment
tumor biopsy was obtained for routine pathological diagnosis and hormone status assignment.
Estrogen (ER) and progesterone receptor (PgR) status were determined by
immunohistochemical staining (positive > 10% staining cells). The study was approved by
The Regional Committee for Medical and Health Research Ethics (Norwegian Health Region

IIT) and informed written consent was obtained from all patients

Response and survival evaluation

Response to treatment was evaluated using the WHO criteria by the UICC system [17].
Treatment response was assessed clinically by comparing caliper measurements prior to NAC
treatment and after the last cycle. In the subcohort included in this study, the patients were
classified to have either partial response (= 50 % reduction in tumor size (the product of the
two largest tumor diameters), but not complete response) or stable disease (< 50 % reduction
to < 25 % increase in tumor size). Patients deceased within 5 years after diagnosis were
classified as non-survivors whereas patients surviving 5 years or more were classified as

SUrvivors.



Histopathological examinations

Prior to HR MAS MRS analysis, imprint cytology smears were prepared from the tissue
samples and stained with the May-Griinwald-Giemsa stain (Color-Rapid, Med-Kjemi,
Norway). Confirmation of tumor cell content was determined microscopically by a

cytopathologist.

HR MAS MRS experiments

HR MAS MRS analyses were performed on a Bruker Avance DRX600 spectrometer (Bruker
Biospin GmbH, Germany) equipped with a "H/">*C MAS probe with gradient. The run order of
the samples was randomized (www.random.org) and blindly analyzed during 18 days. Each
sample (15.1£2.8 mg) was cut to fit a 30 pl leak-proof disposable insert (Bruker Biospin
Corp, USA) and added phosphate buffered saline (PBS, 3 pul) in D,O containing trimethylsilyl
tetradeuteropropionic acid (TSP, 98.2 mM) for chemical shift referencing. Samples were spun
at 5 kHz and spectra were recorded within 31 minutes per sample at 4°C to minimize tissue

degradation. Spin-echo spectra (cpmgpr; Bruker) were recorded as previously described [14].

Data preprocessing

Twenty eight spectra were excluded from further studies due to low tumor cell content. The
resulting data set consisted of 150 spectra from 85 patients (80 pre-treatment and 70 post-
treatment spectra). Characteristics of the included patients and tumors are listed in Table 1.
The MR spectra were Fourier transformed into 128 K after 0.3 Hz exponential line
broadening. Chemical shifts were referenced to the TSP peak at O ppm. The spectral region
between 4.69-1.45 ppm, excluding the water peak and large lipid residuals, was chosen for
analysis. Signals from ethanol pollutions between 3.69-3.57 ppm were removed together with
lipid residual signals between 3.01-1.52 ppm. The spectra were baseline corrected using
asymmetric least squares [18] with parameters A = 1e7 and p = 0.0001, and the minimum
value of each spectrum was set to zero by subtracting the lowest value. The spectra were

normalized to equal total area, and peak aligned using icoshift [19].



Multivariate data analysis

Partial least squares (PLS) analysis is a regression method for analysis of collinear data with
numerous variables. The method is based on extraction of underlying structures, or latent
variables (LVs), that maximize the covariance between X (the spectra) and a response
variable Y [20]. PLS discriminant analysis (PLS-DA) attempts to discriminate between
distinct classes. PLS-DA was performed in Matlab R2009a (The Mathworks, Inc., USA)
using PLS Toolbox 6.2.1 (Eigenvector Research, USA). A PLS-DA model was built on
mean-centred spectra from randomly chosen training samples (90 % of the patients) and used
to predict the status of test samples (the remaining 10 %). This procedure was repeated 20
times and the average classification results were calculated. The number of LVs to use was
chosen by cross-validation of the whole data set and used for all repetitions to avoid biased
results. The importance of each variable in the loadings of the PLS-DA was evaluated by
variable importance in the projection (VIP) scores [21]. The VIP score positively reflects the
variable’s influence on the classification, and variables with a score greater than one are
generally considered important [21, 22]. To evaluate the statistical significance of the
classification results, permutation testing was performed [23]. In permutation testing, the class
labels are permuted to resemble random classification. It is then possible to examine if the
achieved prediction results of the original data set are significantly different than random
predictions. The data set with the permuted class label was divided into training and test sets
repeated 20 times as described for the original data set, and the average results were
calculated. The permutation procedure was repeated 1000 times, and the prediction error of
the original data set was compared to the distribution of prediction errors from the

permutation. P-values < 0.05 were considered significant.

Multilevel PLS-DA [24, 25] is an extension of ordinary PLS-DA which can be used as a
paired analysis for multivariate data. This analysis can only be used when the data has a
multilevel structure, i.e. when interventions are evaluated on the same subject. In multilevel
PLS-DA, the between subject variation is separated from the within subject variation. This is
useful in metabolic profiling as the variation between subjects, resulting from differences in
age, disease state, genetics and other factors, can obscure the metabolic changes caused by the
intervention. The between subject variation is described by the average of the two
observations from one subject, whereas the within subject variation is described by the net

difference between them. Multilevel PLS-DA was used to examine metabolic changes in the



spectra resulting from NAC treatment. The split-up of variation was done using algorithms
made available by van Velzen et al [24]. Further PLS-DA classifications of the within subject
variation were performed using PLS Toolbox as described for the unpaired analyses. The net
difference of the spectra pre minus post treatment (positively representing the metabolites
higher expressed before treatment) is annotated as control, while the net difference post minus
pre treatment (positively representing the metabolites higher expressed after treatment) is

annotated as treatment. More specifically,

control=A-B
treatment =B — A (eq. 1)

where the matrix A represents pre-treatment spectra, and matrix B represents the post-

treatment spectra.

Univariate data analysis

To further validate the important metabolites from the PLS-DA models, relative intensities
were found by integrating the peak areas of spectra normalized to equal total areas after
removal of lipid residuals (Matlab R2009a, The Mathworks, Inc., USA). Normalization of
spectra with the lipid residual signals removed will correct for differences in sample size and
tumor cell content, as it can be assumed that most of the lipid signals from breast samples do
not originate from cancer cells. Group differences were statistically tested by Wilcoxon rank
sum tests or Wilcoxon sign rank for paired analyses, and considered significant if the p-values

were < 0.05.



Results

Metabolic response to neoadjuvant chemotherapy

All classification results are summarized in Table 2. An unpaired PLS-DA of the pre- and
post-treatment spectra of the whole data set showed a significant difference in the metabolite
profiles in response to NAC treatment, indicating a metabolic response to NAC in all patients.
However, the specificity of the classification was low (57.1%). When comparing the
classification errors of PLS-DA and paired multilevel PLS-DA from 20 different test sets, the
multilevel PLS-DA with split-up of the variation decreased the -classification error
significantly (Wilcoxon rank sum test, p < 0.001), showing the beneficial effect of the paired
analysis. Treatment and control spectra could be separated with a sensitivity and specificity of
87.9%. Figure 1A shows the scores and loadings of the multilevel PLS-DA. Lactate and PC
were of high importance for the discrimination according to the VIP scores in the loadings.
The levels of lactate and glycine appear to be increased in response to treatment, while the
levels of PC are markedly decreased for some patients. In addition, GPC levels were
decreased in response to treatment. No clustering according to the given chemotherapeutic
agents could be seen in the multilevel PLS-DA score plot (results not shown), thus the

metabolic treatment effects of epirubicin and paclitaxel appear to be indistinguishable.

No differences in metabolic response between clinical response groups

The patients were divided into two groups according to their clinical response (partial
response or stable disease), and multilevel PLS-DA was performed on each group separately
in order to discover potential differences in metabolic treatment response between the groups.
Both for patients with partial response and stable disease there was a significant change in the
tumor metabolism in response to NAC treatment, and treatment spectra could be
discriminated from controls with high sensitivity and specificity (= 80.0%). The metabolic
response to NAC as observed in the loading plots was similar for both subgroups, resembling
the changes observed for the whole data set (results not shown). Thus, no difference in the
metabolic response could be detected between patients with stable disease and partial

response.



Different metabolic responses correlate with survival

Accordingly the patients were divided into two groups according to their survival status (5-
year survivors or non-survivors). Both for survivors and non-survivors there was a clear
change in the tumor metabolism in response to NAC treatment (Figure 1B and C), and
treatment spectra could be discriminated from controls with high sensitivity and specificity (>
82.5%). However, the metabolic treatment response appears to differ between survivors and

non-survivors.

The loadings showed unchanged lactate levels in response to treatment in survivors, while
lactate increased in non-survivors with high importance for the discrimination according to
the VIP scores. This was confirmed by comparison of the relative intensities from metabolite
integrals, showing a significant increase in lactate levels in response to treatment in non-

survivors (p = 0.004) but not in survivors (Table 3).

Glycine appears to be decreased in survivors according to the loadings, and the difference in
relative intensities before and after treatment was significant (p = 0.047). For non-survivors,
the glycine level appears to be high in some samples from both the control and the treatment
group; hence the role of glycine in the loading plot is more difficult to interpret. The glycine
change from integrated relative intensities was not significant in non-survivors, with a mean

value close to zero.

GPC levels were decreased in the loading plot of survivors with VIP scores showing high
importance, while changes in GPC levels in non-survivors were less important for the
discrimination. Accordingly, the relative intensities of GPC were significantly lower in

response to treatment in survivors (p < 0.001) but not in non-survivors.
The loadings show decreased levels of PC in response to treatment in both survivors and non-
survivors. However, the change in PC relative intensities was only significant for survivors (p

<0.001), but not for non-survivors, possibly due to a high standard error.

Relative intensities of Cho levels were significantly decreased in survivors (p = 0.013) in

response to treatment, but only a trend of decreased Cho levels was seen in non-survivors (p =
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0.084). In addition, glucose was significantly increased in survivors (p = 0.002). Cho and

glucose were not protruding in the loadings, possibly due to low intensity values.

As an overall measure of the partly overlapping choline-containing metabolite peaks (GPC,
PC, and Cho), the changes in relative intensities of tCho were calculated. Survivors had a
significant decrease in tCho levels in response to treatment (p < 0.001), while a trend of

decreased tCho levels were detected in non-survivors (p = 0.091).

Metabolic traits at pre- and post-treatment

A PLS-DA of the post-treatment spectra showed a significant difference in the metabolite
profiles of S5-year survivors and non-survivors after treatment with 70.1% correct
classification (Table 2). According to the scores and loadings shown in Figure 2, the tumors
of non-survivors appear to have more of the metabolites lactate and glycine, and less GPC and
taurine than survivors post-treatment. PC appears to be present in high levels in some samples
of both survivors and non-survivors. The glycine level was denoted to be of major importance
according to the VIP scores, and the relative intensities of glycine were significantly higher in
non-survivors compared to survivors post-treatment (p = 0.033, Table 4). Similarly, a trend of
higher relative intensities of lactate was observed in non-survivors (p = 0.089). No significant
differences in the relative intensities of taurine and GPC were observed, however differences
in the levels of tCho approached significance (p = 0.075) with non-survivors having higher

relative intensities than survivors post-treatment.

The metabolic differences between survivor and non-survivors were not seen pre-treatment as
the multivariate model could not discriminate the two outcome groups (model not valid).
None of the metabolites showed significant differences in relative intensities between

survivors and non-survivors pre-treatment (Table 4).

No significant differences in the metabolite profiles at pre- or post-treatment were detected
between patients with partial responders and stable disecase by PLS-DA. Post-treatment
spectra from patients treated with Epirubicin and Paclitaxel could not be discriminated by
PLS-DA, further confirming the similarity of the metabolic response of the two

chemotherapeutic agents that were used in this study.
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Discussion

In this study we examined the metabolic effect of NAC treatment in patients with locally
advanced breast cancer. By comparing MR spectra of biopsies taken pre- and post-treatment,
significant metabolic changes in response to treatment were found both by paired and
unpaired multivariate models. The results using paired multilevel PLS-DA were however
superior to those of unpaired PLS-DA, thus taking advantage of the multilevel structure in the

data set was clearly beneficial.

Epirubicin and Paclitaxel appear to affect the metabolism of the tumor cells in the same
manners, as evidenced both by indistinguishable metabolic responses and similar metabolic
traits of the post-treatment spectra. Anthracyclines work by interfering with the synthesis and
function of DNA, while taxanes stabilize the microtubules; thereby inhibiting cell division
[26, 27]. However, both treatments will eventually result in cell death. This might explain

why the two agents appear to have similar metabolic responses.

Interestingly all patient in our study cohort showed clear changes in the metabolite profiles in
response to treatment, including also patients categorized to have a clinically stable disease.
No differences in the metabolic responses of the clinical response groups were detected.
However, when examining the metabolic changes in survivors and non-survivors
independently, a difference in the metabolic response to NAC was seen. Non-survivors had a
significant increase in lactate levels in response to treatment, while survivors showed no
change in lactate levels. As a result, a trend of higher levels of lactate was detected in non-
survivors compared to survivors post-treatment. Increased lactate levels may be a marker for
tumor aggressiveness as high levels of lactate have been correlated with low survival rates,
high incident of distant metastasis and recurrence, and increased risk of radiation resistance in
several types of cancer [28-30]. Modification of cell energy metabolism is typically observed
in malignant tumors and is suggested as an emerging hallmark of cancer [31]. Under
normoxic conditions, cancer cells can reprogram their energy metabolism to largely depend
on aerobe glycolysis as their primary energy pathway resulting in increased lactate
production; the so-called Warburg effect. It is not fully known why cancer cells prefer acrobe
glycolysis over complete oxidation as this would produce far more ATP. It has been
hypothesized that lactate may enhance the invasiveness of tumor cells and the resulting low

pH may help tumor cells evading tumor-attacking immune cells [32].
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In addition to aerobe glycoysis, breast cancer cells are often hypoxic due to poor blood supply
[33]. It can be assumed that the large tumors of patients with locally advanced breast cancer
will be affected by hypoxia. Hypoxia can induce the transcription factor hypoxia inducible
factor-lo. (HiF-1a), which in turn upregulates multiple genes involved in the glycolytic
pathway, angiogenesis, cell proliferation, and other mechanisms [33-35]. Furthermore HIF-1a
promotes transcription of lactate dehydrogenase (LDH) and lactate monocarboxylate
transporters (MCT), and thus plays an important role in the production and efflux of lactate in
cancer cells [36, 37]. Inhibition of LDH by small interfering RNA (siRNA) in mouse breast
tumors has been shown to reduce the glycolytic activity associated with a decrease in tumor
proliferation and tumorigenic potential [38]. Thus we can suggest that the increased levels of
lactate after NAC treatment observed in non-survivors may reflect enhancement of aerobe
glycolytic activity and/or hypoxic tumor responses that confer higher tumor malignancy and
poor prognosis. In coherence, the glucose levels were increased in response to treatment in
survivors but not in non-survivors. Increased glucose may be indicative of decreased aerobe

glycolysis and tumor hypoxic response favorable of long term breast cancer survival.

Survivors had a significant decrease in glycine as a response to treatment, while it remained
unchanged in non-survivors. This was reflected in the post-treatment spectra, showing
significantly lower levels of glycine in survivors. In a previous study, we also found
decreased glycine levels after NAC to be associated with long term breast cancer survival
[15]. The biological role of glycine in tumor malignancy is still unclear. Several studies have
elucidated the biomarker potential of glycine in human brain tumors, where it was found to
positively correlate with tumor grade [39, 40]. Higher levels of glycine have also been
detected in pre-clinical studies of the more aggressive basal-like breast cancer model
compared to the luminal-like model [41]. In patients, high glycine levels detected in
malignant breast tumors have been correlated with poor prognosis [42]. Glycine is mainly
synthesized from 3-phosphoglycerate, an intermediate of the glycolysis. In addition, glycine
can be synthesized from Cho through the glycine-betaine pathway. We can postulate that the
decreased glycine levels after NAC treatment detected in survivors are caused by altered

glycolysis and/or reduced Cho levels associated with reduced tumor aggressiveness.

A significant decrease of GPC, PC, Cho levels and the combined tCho level was detected in

survivors in response to treatment, whereas non-survivors experienced only a trend of
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decrease in Cho and tCho levels. As a result, lower tCho levels in survivors compared to non-
survivors post-treatment approached significance. In a previous publication, we showed that
GPC and Cho concentrations significantly decreased in patients with long-term survival (> 5
years), while non-survivors (< 5 years) had no significant changes in choline phospholipid
metabolites in response to NAC [15]. Choline phospholipid metabolites are important
biological compounds in cell membrane synthesis and turnover. In addition, tCho levels have
been associated with increased malignancy and activation of oncogenic signaling in breast
cancer cells [43, 44]. Higher tCho concentrations have been detected in high-grade breast
tumors and tumors with higher pharmacokinetic parameters measured with dynamic contrast
enhanced MR imaging, indicating a correlation between choline phospholipid metabolism and
tumor malignancy and angiogenesis [45, 46]. As previously mentioned, cancer cells may
undergo adaptive responses to hypoxia by inducing HiF-1a. Increased tCho levels and choline
kinase alpha (CHKA) expressions has been detected in prostate cancer cells and xenografts
models under hypoxic compared to normoxic conditions [47]. In the same study, the authors
found hypoxic tumor regions to be co-localized with regions of high tCho, which possibly
occurred through the up-regulation of CHKA by HiF-lo. CHKA is known to play an
important role in malignant transformation in several types of cancer [48]. Overexpression of
CHKA and elevated PC and tCho levels of breast cancer cells have been associated with
increases invasiveness and drug resistance [49]. Decreased choline phospholipid metabolism
after NAC treatment may be associated with lower malignancy that potentially can be used as

a predictor of breast cancer survival.

The metabolic responses to NAC treatment appear to be similar in patients with partial
response and stable disease. None of the patients in this study had a progressive disease,
whereas patients with a complete response would not have any tumor tissue left for a post-
treatment biopsy. By definition the group with stable disease can have up to 50% reduction in
tumor volume, and indeed only two patients in this study had an equal or increased tumor size
after NAC. In that respect, almost all patients had a biological effect of the treatment although
the tumor reduction was small for patients with a stable disease. It is conceivable that a cohort
including also patients with progressive disease would reveal clearer differences in metabolic
response between the clinical response groups. It is however noteworthy that all patients in
this study in general had a decrease in tCho after NAC, as tCho is suggested as an in vivo

biomarker for clinical treatment response.
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In this patient cohort, the prediction of overall survival was accomplished with 70.1%
classification accuracy using post-treatment spectra, but no prognostic information could be
extracted from the pre-treatment spectra. This shows that the difference between survivors
and non-survivors post-treatment results from a metabolic response to the treatment. The
observed higher levels of lactate and glycine in non-survivors compared to survivors support
our previous studies postulating high lactate and glycine levels to be predictive of low breast

cancer survival rates (< 5 years).

Prediction of survival in patients receiving NAC is challenging. As NAC will downstage and
potentially completely remove the disease, standard prognostic indicators such as tumor size
and lymph node status are no longer fully applicable after NAC. Several studies have shown
that a pathological complete response after NAC is associated with better survival rates [4].
However, approximately 80% of patients will have residual tumor in the breast after treatment
[4]. Our study shows that the metabolic response to treatment may be an indicator of patient

prognosis.
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Conclusions

By comparing HR MAS MR spectra from biopsies excised before and after NAC treatment,
we have revealed significant metabolic changes in breast cancer tumors as a response to
treatment. Different metabolic responses could be related to patient outcome, but did not
separate patients with partial response from those with stable disease. Non-survivors had
increased tumor levels of lactate after treatment, while survivors experienced a decrease in the
levels of glycine and choline-containing compounds. These differences in tumor response
may reflect tumor aggressiveness associated with breast cancer survival. Monitoring
metabolic responses to NAC by HR MAS MRS may provide information about tumor
biology related to prognosis, and help identify pathways for targeted therapies.
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Table 1 Patient and tumor characteristics

Survivors Non-survivors NA*
(n=60) (n=23) (n=2)

Mean age (+SD) years 51.1£10.6 49.3£8.3 46.4+2.6
Mean tumor dimensions mm 67.9x67.9 78.6x77.3 65.0x51.5
(mean £SD) +18.0x19.8 +22.0x24.0 +7.1x26.2
NAC treatment Epirubicin 25 8 -

Paclitaxel 23 5 2

Both' 12 10 -
Treatment Partial response 40 11 1
response Stable disease 20 12 1
AJCC 1B 21 7 1

1A 25 11 1

1IB 12 2 -

v 2 3 -
ER status + 41 7 2

- 19 15 -

unknown - 1 -
PgR status + 32 14 2

- 28 18 -

unknown - 1 -
Nodes + 32 14 1

- 28 9 1
Metastasis + 2 2 0

- 58 21 2

*NA, not applicable - One patient without following up and one patient dead by other causes;
AJCC, American Joint Committee on Cancer; Both!, sequential treatment with Epirubicin and

Paclitaxel
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Table 2 Classification results from PLS-DA and multilevel PLS-DA

Class. No. of Variance Sen51.t 1v1'ty / Class. Permutation
model LVs XY Specificity  accuracy p-value
(%) (%) (%)
Paired Control vs -~ Multilevel
datn All samples Trentment (0=65P)  pg DA 2 58.9/50.9 87.9/87.9 87.9 <0.001
. Control vs _ Multilevel
Partial response Treatment (n=37p) PLS-DA 2 55.7/61.7 80.0/80.0 80.0 <0.001
. Control vs _ Multilevel
Stable disease Treatment (n=28p) PLS-DA 2 63.2/61.3 88.7/88.7 88.7 <0.001
. Control vs -~ Multilevel
Survivors Treatment (n=44p) PLS-DA 2 60.0/50.5 83.0/83.0 83.0 <0.001
. Control vs _ Multilevel
Non-survivors Treatment (n=19p) PLS-DA 2 70.6/63.9 82.5/82.5 82.5 0.006
Unpaired Pre- vs _
data All samples Post-treatment (n=65p) PLD-DA 2 50.3/29.2 80.7/57.1 68.9 <0.001
Pre-treatment  Lartialresponsevs - (n=48) oy 2 51.5/19.3 56.7/60.2 58.4 0.231
Stable disease (n=32)
Partial response vs  (n=41)
Post-treatment Stable discase (n=29) PLS-DA NaN - - - -
Pre-treatment Surv1v0rs‘ vs (ni57) PLS-DA NaN - - - -
Non-survivors (n=20)
Post-treatment  SUTVivOrs v (0=47) " b1 S DA 3 62.8/32.1 58.4/75.3 70.1 0.009
Non-survivors (n=21)
Post-treatment  LPirubicin vs (=29 prs.pA 2 4577268 45.0/483 465 0.245
Paclitaxel (n=23)

The sensitivity is for detecting a treatment/stable disease/non-survivor/Paclitaxel spectrum; Variance X/Y, amount of variance from X/Y explained
by the model; NaN, no valid model; p, pairs.
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Table 3 Changes in relative intensities of metabolites in response to NAC

Survivors Non-survivors
Metabolite ppm Mean + SE p-value Mean = SE p-value
Lactate 4.08-4.13 28+153 0.815 97.1+264 0.004"
Glycine 3.54-3.56 -19.6 = 8.0 0.047 0.8+14.3 0.601
GPC 3.22-3.24 -59.6 + 14.6 <0.001™" -11.8+15.7 0.469
PC 3.21-3.22 -95.4+243 <0.001" -67.4+442 0.227
Cho 3.20-3.21 -16.6+6.3 0.013" -17.8+6.3 0.084
tCho 3.20-3.24 -167.2+36.7 <0.001" 953575 0.091
Taurine 3.40-3.43 -0.8+13.2 0.861 6.9+12.5 0.398
B-Glucose 4.61-4.64 17.8+5.1 0.002" -0.2+88 0.841

The values (post- minus pre-treatment) of relative intensities are mtegrated peak areas from spectra normalized to equal total
areas. Wilcoxon sign rank tests were used for paired statistical analyses. “p < 0.05, ™ p <0.01.
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Table 4 Relative intensities of metabolites at pre- and post-treatment

Pre-treatment (mean + SE) Post-treatment (mean + SE)
Metabolites ppm Survivors Non- p-value Survivors Non- p-value
survivors survivors
Lactate 4.08-4.13 185.8+11.4 164.6 £ 13.8 0.534 196.2 £12.7 250.6 £26.0 0.089
Glycine 3.54-3.56 115.0+6.4 120.8 £11.0 0.542 91.2+4.1 111.4+84 0.033"
GPC 3.22-3.24 167.3+12.4 170.1 £23.9 0.949 115.6 +6.7 153.9 +24.1 0.144
PC 3.21-3.22 2479 +17.0 285.4+34.9 0.338 158.0 £ 16.1 205.5+28.1 0.105
Cho 3.20-3.21 954439 108.7 +8.3 0.225 79.5+3.7 859+6.2 0.276
tCho 3.20-3.24 4983 +264 551.3+46.8 0.253 3449+22.3 434.6 +44.6 0.075
Taurine 3.40-3.43 242.6+9.6 222.8+12.4 0.393 248.0 + 8.1 2223493 0.144
B-Glucose 4.61-4.64 484+33 49.3+6.0 1.000 63.6+4.3 53.5+6.6 0.172

The values of relative intensities are integrated peak areas from spectra normalized to equal total areas. Wilcoxon rank sum
tests were used for statistical analyses. 'p <0.05,  p <0.01.
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Figure 1 Scores and loadings from multilevel PLS-DA. Separation of treatment and control
spectra based on (A) the whole data set, (B) 5-year survivors, and (C) non-survivors. The
variables in the loadings are colored according to VIP scores, indicating the importance of
each variable in the discrimination. The control spectra equal the difference between pre- and
post-treatment spectra, while the treatment spectra equal the post-pre treatment difference.

Lac, lactate; Gly, glycine; B-Glc, B-glucose.
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Figure 2 PLS-DA of the MR spectra from biopsies excised post-treatment. (A) A score
plot separating survivors and non-survivors, (B) Representative spectra showing the metabolic
differences of the tumors of survivors and non-survivors. (C) The loadings of the PLS-DA
model with variables colored according to the VIP scores. B-Glc, B-glucose; Lac, lactate, Gly,

glycine; Cr, creatine; Ala, alanine
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HEADACHES. Anatomical background and neurophysiological evaluation.

144 Eli-Janne Fiskerstrand: LASER TREATMENT OF PORT WINE STAINS. A study of the
efficacy and limitations of the pulsed dye laser. Clinical and morfological analyses aimed at
improving the therapeutic outcome.

145.Bard Kulseng: A STUDY OF ALGINATE CAPSULE PROPERTIES AND CYTOKINES IN
RELATION TO INSULIN DEPENDENT DIABETES MELLITUS.

146.Terje Haug: STRUCTURE AND REGULATION OF THE HUMAN UNG GENE ENCODING
URACIL-DNA GLYCOSYLASE.

147.Heidi Brurok: MANGANESE AND THE HEART. A Magic Metal with Diagnostic and
Therapeutic Possibilites.

148.Agnes Kathrine Lie: DIAGNOSIS AND PREVALENCE OF HUMAN PAPILLOMAVIRUS
INFECTION IN CERVICAL INTRAEPITELIAL NEOPLASIA. Relationship to Cell Cycle
Regulatory Proteins and HLA DQBI Genes.

149.Ronald Marvik: PHARMACOLOGICAL, PHYSIOLOGICAL AND
PATHOPHYSIOLOGICAL STUDIES ON ISOLATED STOMACS.

150.Ketil Jarl Holen: THE ROLE OF ULTRASONOGRAPHY IN THE DIAGNOSIS AND
TREATMENT OF HIP DYSPLASIA IN NEWBORNS.

151.Irene Hetlevik: THE ROLE OF CLINICAL GUIDELINES IN CARDIOVASCULAR RISK
INTERVENTION IN GENERAL PRACTICE.

152.Katarina Tunon: ULTRASOUND AND PREDICTION OF GESTATIONAL AGE.

153.Johannes Soma: INTERACTION BETWEEN THE LEFT VENTRICLE AND THE SYSTEMIC
ARTERIES.

154.Arild Aamodt: DEVELOPMENT AND PRE-CLINICAL EVALUATION OF A CUSTOM-
MADE FEMORAL STEM.

155.Agnar Tegnander: DIAGNOSIS AND FOLLOW-UP OF CHILDREN WITH SUSPECTED OR
KNOWN HIP DYSPLASIA.

156.Bent Indredavik: STROKE UNIT TREATMENT: SHORT AND LONG-TERM EFFECTS

157.Jolanta Vanagaite Vingen: PHOTOPHOBIA AND PHONOPHOBIA IN PRIMARY
HEADACHES

2000

158.0la Dalsegg Sather: PATHOPHYSIOLOGY DURING PROXIMAL AORTIC CROSS-
CLAMPING CLINICAL AND EXPERIMENTAL STUDIES

159.xxxxxxxxx (blind number)

160.Christina Vogt Isaksen: PRENATAL ULTRASOUND AND POSTMORTEM FINDINGS — A
TEN YEAR CORRELATIVE STUDY OF FETUSES AND INFANTS WITH
DEVELOPMENTAL ANOMALIES.

161.Holger Seidel: HIGH-DOSE METHOTREXATE THERAPY IN CHILDREN WITH ACUTE
LYMPHOCYTIC LEUKEMIA: DOSE, CONCENTRATION, AND EFFECT
CONSIDERATIONS.



162.Stein Hallan: IMPLEMENTATION OF MODERN MEDICAL DECISION ANALYSIS INTO
CLINICAL DIAGNOSIS AND TREATMENT.

163.Malcolm Sue-Chu: INVASIVE AND NON-INVASIVE STUDIES IN CROSS-COUNTRY
SKIERS WITH ASTHMA-LIKE SYMPTOMS.

164.0le-Lars Brekke: EFFECTS OF ANTIOXIDANTS AND FATTY ACIDS ON TUMOR
NECROSIS FACTOR-INDUCED CYTOTOXICITY.

165.Jan Lundbom: AORTOCORONARY BYPASS SURGERY: CLINICAL ASPECTS, COST
CONSIDERATIONS AND WORKING ABILITY.

166.John-Anker Zwart: LUMBAR NERVE ROOT COMPRESSION, BIOCHEMICAL AND
NEUROPHYSIOLOGICAL ASPECTS.

167.Geir Falck: HYPEROSMOLALITY AND THE HEART.

168.Eirik Skogvoll: CARDIAC ARREST Incidence, Intervention and Outcome.

169.Dalius Bansevicius: SHOULDER-NECK REGION IN CERTAIN HEADACHES AND
CHRONIC PAIN SYNDROMES.

170.Bettina Kinge: REFRACTIVE ERRORS AND BIOMETRIC CHANGES AMONG
UNIVERSITY STUDENTS IN NORWAY.

171.Gunnar Qvigstad: CONSEQUENCES OF HYPERGASTRINEMIA IN MAN

172.Hanne Ellekjeer: EPIDEMIOLOGICAL STUDIES OF STROKE IN A NORWEGIAN
POPULATION. INCIDENCE, RISK FACTORS AND PROGNOSIS

173.Hilde Grimstad: VIOLENCE AGAINST WOMEN AND PREGNANCY OUTCOME.

174. Astrid Hjelde: SURFACE TENSION AND COMPLEMENT ACTIVATION: Factors
influencing bubble formation and bubble effects after decompression.

175.Kjell A. Kvistad: MR IN BREAST CANCER — A CLINICAL STUDY.

176.1var Rossvoll: ELECTIVE ORTHOPAEDIC SURGERY IN A DEFINED POPULATION.
Studies on demand, waiting time for treatment and incapacity for work.

177.Carina Seidel: PROGNOSTIC VALUE AND BIOLOGICAL EFFECTS OF HEPATOCYTE
GROWTH FACTOR AND SYNDECAN-1 IN MULTIPLE MYELOMA.

2001

178. Alexander Wahba: THE INFLUENCE OF CARDIOPULMONARY BYPASS ON PLATELET
FUNCTION AND BLOOD COAGULATION — DETERMINANTS AND CLINICAL
CONSEQUENSES

179.Marcus Schmitt-Egenolf: THE RELEVANCE OF THE MAJOR hISTOCOMPATIBILITY
COMPLEX FOR THE GENETICS OF PSORIASIS

180.0drun Arna Gederaas: BIOLOGICAL MECHANISMS INVOLVED IN 5-AMINOLEVULINIC
ACID BASED PHOTODYNAMIC THERAPY

181.Pal Richard Romundstad: CANCER INCIDENCE AMONG NORWEGIAN ALUMINIUM
WORKERS

182.Henrik Hjorth-Hansen: NOVEL CYTOKINES IN GROWTH CONTROL AND BONE
DISEASE OF MULTIPLE MYELOMA

183.Gunnar Morken: SEASONAL VARIATION OF HUMAN MOOD AND BEHAVIOUR

184.Bjorn Olav Haugen: MEASUREMENT OF CARDIAC OUTPUT AND STUDIES OF
VELOCITY PROFILES IN AORTIC AND MITRAL FLOW USING TWO- AND THREE-
DIMENSIONAL COLOUR FLOW IMAGING

185.Geir Brathen: THE CLASSIFICATION AND CLINICAL DIAGNOSIS OF ALCOHOL-
RELATED SEIZURES

186.Knut Ivar Aasared: RENAL INVOLVEMENT IN INFLAMMATORY RHEUMATIC
DISEASE. A Study of Renal Disease in Wegener’s Granulomatosis and in Primary Sjogren’s
Syndrome

187.Trude Helen Flo: RESEPTORS INVOLVED IN CELL ACTIVATION BY DEFINED URONIC
ACID POLYMERS AND BACTERIAL COMPONENTS

188.Bodil Kavli: HUMAN URACIL-DNA GLYCOSYLASES FROM THE UNG GENE:
STRUCTRUAL BASIS FOR SUBSTRATE SPECIFICITY AND REPAIR

189.Liv Thommesen: MOLECULAR MECHANISMS INVOLVED IN TNF- AND GASTRIN-
MEDIATED GENE REGULATION

190.Turid Lingaas Holmen: SMOKING AND HEALTH IN ADOLESCENCE; THE NORD-
TRONDELAG HEALTH STUDY, 1995-97

191.0yvind Hjertner: MULTIPLE MYELOMA: INTERACTIONS BETWEEN MALIGNANT
PLASMA CELLS AND THE BONE MICROENVIRONMENT



192. Asbjern Steylen: STRAIN RATE IMAGING OF THE LEFT VENTRICLE BY
ULTRASOUND. FEASIBILITY, CLINICAL VALIDATION AND PHYSIOLOGICAL
ASPECTS

193.Kristian Midthjell: DIABETES IN ADULTS IN NORD-TRONDELAG. PUBLIC HEALTH
ASPECTS OF DIABETES MELLITUS IN A LARGE, NON-SELECTED NORWEGIAN
POPULATION.

194.Guanglin Cui: FUNCTIONAL ASPECTS OF THE ECL CELL IN RODENTS

195.Ulrik Wisleff: CARDIAC EFFECTS OF AEROBIC ENDURANCE TRAINING:
HYPERTROPHY, CONTRACTILITY AND CALCUIM HANDLING IN NORMAL AND
FAILING HEART

196.0yvind Halaas: MECHANISMS OF IMMUNOMODULATION AND CELL-MEDIATED
CYTOTOXICITY INDUCED BY BACTERIAL PRODUCTS

197.Tore Amundsen: PERFUSION MR IMAGING IN THE DIAGNOSIS OF PULMONARY
EMBOLISM

198.Nanna Kurtze: THE SIGNIFICANCE OF ANXIETY AND DEPRESSION IN FATIQUE AND
PATTERNS OF PAIN AMONG INDIVIDUALS DIAGNOSED WITH FIBROMYALGIA:
RELATIONS WITH QUALITY OF LIFE, FUNCTIONAL DISABILITY, LIFESTYLE,
EMPLOYMENT STATUS, CO-MORBIDITY AND GENDER

199.Tom Ivar Lund Nilsen: PROSPECTIVE STUDIES OF CANCER RISK IN NORD-
TRONDELAG: THE HUNT STUDY. Associations with anthropometric, socioeconomic, and
lifestyle risk factors

200.Asta Kristine Haberg: A NEW APPROACH TO THE STUDY OF MIDDLE CEREBRAL
ARTERY OCCLUSION IN THE RAT USING MAGNETIC RESONANCE TECHNIQUES

2002

201.Knut Jorgen Arntzen: PREGNANCY AND CYTOKINES

202.Henrik Dollner: INFLAMMATORY MEDIATORS IN PERINATAL INFECTIONS

203.Asta Bye: LOW FAT, LOW LACTOSE DIET USED AS PROPHYLACTIC TREATMENT OF
ACUTE INTESTINAL REACTIONS DURING PELVIC RADIOTHERAPY. A
PROSPECTIVE RANDOMISED STUDY.

204.Sylvester Moyo: STUDIES ON STREPTOCOCCUS AGALACTIAE (GROUP B
STREPTOCOCCUS) SURFACE-ANCHORED MARKERS WITH EMPHASIS ON STRAINS
AND HUMAN SERA FROM ZIMBABWE.

205.Knut Hagen: HEAD-HUNT: THE EPIDEMIOLOGY OF HEADACHE IN NORD-
TRONDELAG

206.Li Lixin: ON THE REGULATION AND ROLE OF UNCOUPLING PROTEIN-2 IN INSULIN
PRODUCING B-CELLS

207.Anne Hildur Henriksen: SYMPTOMS OF ALLERGY AND ASTHMA VERSUS MARKERS
OF LOWER AIRWAY INFLAMMATION AMONG ADOLESCENTS

208.Egil Andreas Fors: NON-MALIGNANT PAIN IN RELATION TO PSYCHOLOGICAL AND
ENVIRONTENTAL FACTORS. EXPERIENTAL AND CLINICAL STUDES OF PAIN WITH
FOCUS ON FIBROMYALGIA

209.Pél Klepstad: MORPHINE FOR CANCER PAIN

210.Ingunn Bakke: MECHANISMS AND CONSEQUENCES OF PEROXISOME
PROLIFERATOR-INDUCED HYPERFUNCTION OF THE RAT GASTRIN PRODUCING
CELL

211.Ingrid Susann Gribbestad: MAGNETIC RESONANCE IMAGING AND SPECTROSCOPY OF
BREAST CANCER

212.Rennaug Astri @degird: PREECLAMPSIA — MATERNAL RISK FACTORS AND FETAL
GROWTH

213.Johan Haux: STUDIES ON CYTOTOXICITY INDUCED BY HUMAN NATURAL KILLER
CELLS AND DIGITOXIN

214.Turid Suzanne Berg-Nielsen: PARENTING PRACTICES AND MENTALLY DISORDERED
ADOLESCENTS

215.Astrid Rydning: BLOOD FLOW AS A PROTECTIVE FACTOR FOR THE STOMACH
MUCOSA. AN EXPERIMENTAL STUDY ON THE ROLE OF MAST CELLS AND
SENSORY AFFERENT NEURONS

2003

216.Jan Pal Loennechen: HEART FAILURE AFTER MYOCARDIAL INFARCTION. Regional
Differences, Myocyte Function, Gene Expression, and Response to Cariporide, Losartan, and
Exercise Training.



217.Elisabeth Qvigstad: EFFECTS OF FATTY ACIDS AND OVER-STIMULATION ON
INSULIN SECRETION IN MAN

218.Arne Asberg: EPIDEMIOLOGICAL STUDIES IN HEREDITARY HEMOCHROMATOSIS:
PREVALENCE, MORBIDITY AND BENEFIT OF SCREENING.

219.Johan Fredrik Skomsvoll: REPRODUCTIVE OUTCOME IN WOMEN WITH RHEUMATIC
DISEASE. A population registry based study of the effects of inflammatory rheumatic disease
and connective tissue disease on reproductive outcome in Norwegian women in 1967-1995.

220.Siv Morkved: URINARY INCONTINENCE DURING PREGNANCY AND AFTER
DELIVERY: EFFECT OF PELVIC FLOOR MUSCLE TRAINING IN PREVENTION AND
TREATMENT

221.Marit S. Jordhey: THE IMPACT OF COMPREHENSIVE PALLIATIVE CARE

222.Tom Christian Martinsen: HYPERGASTRINEMIA AND HYPOACIDITY IN RODENTS —
CAUSES AND CONSEQUENCES

223.Solveig Tingulstad: CENTRALIZATION OF PRIMARY SURGERY FOR OVARAIN
CANCER. FEASIBILITY AND IMPACT ON SURVIVAL

224 Haytham Eloqayli: METABOLIC CHANGES IN THE BRAIN CAUSED BY EPILEPTIC
SEIZURES

225.Torunn Bruland: STUDIES OF EARLY RETROVIRUS-HOST INTERACTIONS — VIRAL
DETERMINANTS FOR PATHOGENESIS AND THE INFLUENCE OF SEX ON THE
SUSCEPTIBILITY TO FRIEND MURINE LEUKAEMIA VIRUS INFECTION

226.Torstein Hole: DOPPLER ECHOCARDIOGRAPHIC EVALUATION OF LEFT
VENTRICULAR FUNCTION IN PATIENTS WITH ACUTE MYOCARDIAL INFARCTION

227.Vibeke Nossum: THE EFFECT OF VASCULAR BUBBLES ON ENDOTHELIAL FUNCTION

228.Sigurd Fasting: ROUTINE BASED RECORDING OF ADVERSE EVENTS DURING
ANAESTHESIA — APPLICATION IN QUALITY IMPROVEMENT AND SAFETY

229.Solfrid Romundstad: EPIDEMIOLOGICAL STUDIES OF MICROALBUMINURIA. THE
NORD-TRONDELAG HEALTH STUDY 1995-97 (HUNT 2)

230.Geir Torheim: PROCESSING OF DYNAMIC DATA SETS IN MAGNETIC RESONANCE
IMAGING

231.Catrine Ahlén: SKIN INFECTIONS IN OCCUPATIONAL SATURATION DIVERS IN THE
NORTH SEA AND THE IMPACT OF THE ENVIRONMENT

232.Arnulf Langhammer: RESPIRATORY SYMPTOMS, LUNG FUNCTION AND BONE
MINERAL DENSITY IN A COMPREHENSIVE POPULATION SURVEY. THE NORD-
TRONDELAG HEALTH STUDY 1995-97. THE BRONCHIAL OBSTRUCTION IN NORD-
TRONDELAG STUDY

233.Einar Kjelsds: EATING DISORDERS AND PHYSICAL ACTIVITY IN NON-CLINICAL
SAMPLES

234.Arne Wibe: RECTAL CANCER TREATMENT IN NORWAY — STANDARDISATION OF
SURGERY AND QUALITY ASSURANCE

2004

235.Eivind Witsg: BONE GRAFT AS AN ANTIBIOTIC CARRIER

236.Anne Mari Sund: DEVELOPMENT OF DEPRESSIVE SYMPTOMS IN EARLY
ADOLESCENCE

237.Hallvard Lerum: EVALUATION OF ELECTRONIC MEDICAL RECORDS — A CLINICAL
TASK PERSPECTIVE

238.Gustav Mikkelsen: ACCESSIBILITY OF INFORMATION IN ELECTRONIC PATIENT
RECORDS; AN EVALUATION OF THE ROLE OF DATA QUALITY

239.Steinar Krokstad: SOCIOECONOMIC INEQUALITIES IN HEALTH AND DISABILITY.
SOCIAL EPIDEMIOLOGY IN THE NORD-TRONDELAG HEALTH STUDY (HUNT),
NORWAY

240.Arne Kristian Myhre: NORMAL VARIATION IN ANOGENITAL ANATOMY AND
MICROBIOLOGY IN NON-ABUSED PRESCHOOL CHILDREN

241.Ingunn Dybedal: NEGATIVE REGULATORS OF HEMATOPOIETEC STEM AND
PROGENITOR CELLS

242 .Beate Sitter: TISSUE CHARACTERIZATION BY HIGH RESOLUTION MAGIC ANGLE
SPINNING MR SPECTROSCOPY

243.Per Arne Aas: MACROMOLECULAR MAINTENANCE IN HUMAN CELLS — REPAIR OF
URACIL IN DNA AND METHYLATIONS IN DNA AND RNA



244.Anna Bofin: FINE NEEDLE ASPIRATION CYTOLOGY IN THE PRIMARY
INVESTIGATION OF BREAST TUMOURS AND IN THE DETERMINATION OF
TREATMENT STRATEGIES

245.Jim Aage Nottestad: DEINSTITUTIONALIZATION AND MENTAL HEALTH CHANGES
AMONG PEOPLE WITH MENTAL RETARDATION

246.Reidar Fossmark: GASTRIC CANCER IN JAPANESE COTTON RATS

247.Wibeke Nordhoy: MANGANESE AND THE HEART, INTRACELLULAR MR
RELAXATION AND WATER EXCHANGE ACROSS THE CARDIAC CELL MEMBRANE

2005

248.Sturla Molden: QUANTITATIVE ANALYSES OF SINGLE UNITS RECORDED FROM THE
HIPPOCAMPUS AND ENTORHINAL CORTEX OF BEHAVING RATS

249.Wenche Brenne Droyvold: EPIDEMIOLOGICAL STUDIES ON WEIGHT CHANGE AND
HEALTH IN A LARGE POPULATION. THE NORD-TRONDELAG HEALTH STUDY
(HUNT)

250.Ragnhild Steen: ENDOTHELIUM-DEPENDENT VASODILATION IN THE FEMORAL
ARTERY OF DEVELOPING PIGLETS

251.Aslak Steinsbekk: HOMEOPATHY IN THE PREVENTION OF UPPER RESPIRATORY
TRACT INFECTIONS IN CHILDREN

252.Hill-Aina Steffenach: MEMORY IN HIPPOCAMPAL AND CORTICO-HIPPOCAMPAL
CIRCUITS

253.Eystein Stordal: ASPECTS OF THE EPIDEMIOLOGY OF DEPRESSIONS BASED ON
SELF-RATING IN A LARGE GENERAL HEALTH STUDY (THE HUNT-2 STUDY)

254.Viggo Pettersen: FROM MUSCLES TO SINGING: THE ACTIVITY OF ACCESSORY
BREATHING MUSCLES AND THORAX MOVEMENT IN CLASSICAL SINGING

255.Marianne Fyhn: SPATIAL MAPS IN THE HIPPOCAMPUS AND ENTORHINAL CORTEX

256.Robert Valderhaug: OBSESSIVE-COMPULSIVE DISORDER AMONG CHILDREN AND
ADOLESCENTS: CHARACTERISTICS AND PSYCHOLOGICAL MANAGEMENT OF
PATIENTS IN OUTPATIENT PSYCHIATRIC CLINICS

257.Erik Skaaheim Haug: INFRARENAL ABDOMINAL AORTIC ANEURYSMS —
COMORBIDITY AND RESULTS FOLLOWING OPEN SURGERY

258.Daniel Kondziella: GLIAL-NEURONAL INTERACTIONS IN EXPERIMENTAL BRAIN
DISORDERS

259.Vegard Heimly Brun: ROUTES TO SPATIAL MEMORY IN HIPPOCAMPAL PLACE
CELLS

260.Kenneth McMillan: PHYSIOLOGICAL ASSESSMENT AND TRAINING OF ENDURANCE
AND STRENGTH IN PROFESSIONAL YOUTH SOCCER PLAYERS

261.Marit Seebe Indredavik: MENTAL HEALTH AND CEREBRAL MAGNETIC RESONANCE
IMAGING IN ADOLESCENTS WITH LOW BIRTH WEIGHT

262.0le Johan Kemi: ON THE CELLULAR BASIS OF AEROBIC FITNESS, INTENSITY-
DEPENDENCE AND TIME-COURSE OF CARDIOMYOCYTE AND ENDOTHELIAL
ADAPTATIONS TO EXERCISE TRAINING

263.Eszter Vanky: POLYCYSTIC OVARY SYNDROME — METFORMIN TREATMENT IN
PREGNANCY

264.Hild Fjertoft: EXTENDED STROKE UNIT SERVICE AND EARLY SUPPORTED
DISCHARGE. SHORT AND LONG-TERM EFFECTS

265.Grete Dyb: POSTTRAUMATIC STRESS REACTIONS IN CHILDREN AND
ADOLESCENTS

266.Vidar Fykse: SOMATOSTATIN AND THE STOMACH

267 Kirsti Berg: OXIDATIVE STRESS AND THE ISCHEMIC HEART: A STUDY IN PATIENTS
UNDERGOING CORONARY REVASCULARIZATION

268.Bjorn Inge Gustafsson: THE SEROTONIN PRODUCING ENTEROCHROMAFFIN CELL,
AND EFFECTS OF HYPERSEROTONINEMIA ON HEART AND BONE

2006

269.Torstein Baade Re: EFFECTS OF BONE MORPHOGENETIC PROTEINS, HEPATOCYTE
GROWTH FACTOR AND INTERLEUKIN-21 IN MULTIPLE MYELOMA

270.May-Britt Tessem: METABOLIC EFFECTS OF ULTRAVIOLET RADIATION ON THE
ANTERIOR PART OF THE EYE

271.Anne-Sofie Helvik: COPING AND EVERYDAY LIFE IN A POPULATION OF ADULTS
WITH HEARING IMPAIRMENT



272.Therese Standal: MULTIPLE MYELOMA: THE INTERPLAY BETWEEN MALIGNANT
PLASMA CELLS AND THE BONE MARROW MICROENVIRONMENT

273.Ingvild Saltvedt: TREATMENT OF ACUTELY SICK, FRAIL ELDERLY PATIENTS IN A
GERIATRIC EVALUATION AND MANAGEMENT UNIT — RESULTS FROM A
PROSPECTIVE RANDOMISED TRIAL

274 Birger Henning Endreseth: STRATEGIES IN RECTAL CANCER TREATMENT — FOCUS
ON EARLY RECTAL CANCER AND THE INFLUENCE OF AGE ON PROGNOSIS

275.Anne Mari Aukan Rokstad: ALGINATE CAPSULES AS BIOREACTORS FOR CELL
THERAPY

276.Mansour Akbari: HUMAN BASE EXCISION REPAIR FOR PRESERVATION OF GENOMIC
STABILITY

277.Stein Sundstrem: IMPROVING TREATMENT IN PATIENTS WITH LUNG CANCER —
RESULTS FROM TWO MULITCENTRE RANDOMISED STUDIES

278 Hilde Pleym: BLEEDING AFTER CORONARY ARTERY BYPASS SURGERY - STUDIES
ON HEMOSTATIC MECHANISMS, PROPHYLACTIC DRUG TREATMENT AND
EFFECTS OF AUTOTRANSFUSION

279.Line Merethe Oldervoll: PHYSICAL ACTIVITY AND EXERCISE INTERVENTIONS IN
CANCER PATIENTS

280.Boye Welde: THE SIGNIFICANCE OF ENDURANCE TRAINING, RESISTANCE
TRAINING AND MOTIVATIONAL STYLES IN ATHLETIC PERFORMANCE AMONG
ELITE JUNIOR CROSS-COUNTRY SKIERS

281.Per Olav Vandvik: IRRITABLE BOWEL SYNDROME IN NORWAY, STUDIES OF
PREVALENCE, DIAGNOSIS AND CHARACTERISTICS IN GENERAL PRACTICE AND
IN THE POPULATION

282.1dar Kirkeby-Garstad: CLINICAL PHYSIOLOGY OF EARLY MOBILIZATION AFTER
CARDIAC SURGERY

283.Linn Getz: SUSTAINABLE AND RESPONSIBLE PREVENTIVE MEDICINE.
CONCEPTUALISING ETHICAL DILEMMAS ARISING FROM CLINICAL
IMPLEMENTATION OF ADVANCING MEDICAL TECHNOLOGY

284.Eva Tegnander: DETECTION OF CONGENITAL HEART DEFECTS IN A NON-SELECTED
POPULATION OF 42,381 FETUSES

285 Kristin Gabestad Nersett: GENE EXPRESSION STUDIES IN GASTROINTESTINAL
PATHOPHYSIOLOGY AND NEOPLASIA

286.Per Magnus Haram: GENETIC VS. AQUIRED FITNESS: METABOLIC, VASCULAR AND
CARDIOMYOCYTE ADAPTATIONS

287.Agneta Johansson: GENERAL RISK FACTORS FOR GAMBLING PROBLEMS AND THE
PREVALENCE OF PATHOLOGICAL GAMBLING IN NORWAY

288.Svein Artur Jensen: THE PREVALENCE OF SYMPTOMATIC ARTERIAL DISEASE OF
THE LOWER LIMB

289.Charlotte Bjérk Ingul: QUANITIFICATION OF REGIONAL MYOCARDIAL FUNCTION
BY STRAIN RATE AND STRAIN FOR EVALUATION OF CORONARY ARTERY
DISEASE. AUTOMATED VERSUS MANUAL ANALYSIS DURING ACUTE
MYOCARDIAL INFARCTION AND DOBUTAMINE STRESS ECHOCARDIOGRAPHY

290.Jakob Nakling: RESULTS AND CONSEQUENCES OF ROUTINE ULTRASOUND
SCREENING IN PREGNANCY — A GEOGRAPHIC BASED POPULATION STUDY

291.Anne Engum: DEPRESSION AND ANXIETY — THEIR RELATIONS TO THYROID
DYSFUNCTION AND DIABETES IN A LARGE EPIDEMIOLOGICAL STUDY

292.0ttar Bjerkeset: ANXIETY AND DEPRESSION IN THE GENERAL POPULATION: RISK
FACTORS, INTERVENTION AND OUTCOME — THE NORD-TRONDELAG HEALTH
STUDY (HUNT)

293.Jon Olav Drogset: RESULTS AFTER SURGICAL TREATMENT OF ANTERIOR
CRUCIATE LIGAMENT INJURIES — A CLINICAL STUDY

294.Lars Fosse: MECHANICAL BEHAVIOUR OF COMPACTED MORSELLISED BONE — AN
EXPERIMENTAL IN VITRO STUDY

295.Gunilla Klensmeden Fosse: MENTAL HEALTH OF PSYCHIATRIC OUTPATIENTS
BULLIED IN CHILDHOOD

296.Paul Jarle Mork: MUSCLE ACTIVITY IN WORK AND LEISURE AND ITS ASSOCIATION
TO MUSCULOSKELETAL PAIN



297.Bjorn Stenstrom: LESSONS FROM RODENTS: I: MECHANISMS OF OBESITY SURGERY
—ROLE OF STOMACH. II: CARCINOGENIC EFFECTS OF HELICOBACTER PYLORI
AND SNUS IN THE STOMACH
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298.Haakon R. Skogseth: INVASIVE PROPERTIES OF CANCER — A TREATMENT TARGET ?
IN VITRO STUDIES IN HUMAN PROSTATE CANCER CELL LINES

299.Janniche Hammer: GLUTAMATE METABOLISM AND CYCLING IN MESIAL
TEMPORAL LOBE EPILEPSY

300.May Britt Drugli: YOUNG CHILDREN TREATED BECAUSE OF ODD/CD: CONDUCT
PROBLEMS AND SOCIAL COMPETENCIES IN DAY-CARE AND SCHOOL SETTINGS

301.Arne Skjold: MAGNETIC RESONANCE KINETICS OF MANGANESE DIPYRIDOXYL
DIPHOSPHATE (MnDPDP) IN HUMAN MYOCARDIUM. STUDIES IN HEALTHY
VOLUNTEERS AND IN PATIENTS WITH RECENT MYOCARDIAL INFARCTION

302.Siri Malm: LEFT VENTRICULAR SYSTOLIC FUNCTION AND MYOCARDIAL
PERFUSION ASSESSED BY CONTRAST ECHOCARDIOGRAPHY

303.Valentina Maria do Rosario Cabral Iversen:. MENTAL HEALTH AND PSYCHOLOGICAL
ADAPTATION OF CLINICAL AND NON-CLINICAL MIGRANT GROUPS

304.Lasse Lovstakken: SIGNAL PROCESSING IN DIAGNOSTIC ULTRASOUND:
ALGORITHMS FOR REAL-TIME ESTIMATION AND VISUALIZATION OF BLOOD
FLOW VELOCITY

305.Elisabeth Olstad: GLUTAMATE AND GABA: MAJOR PLAYERS IN NEURONAL
METABOLISM

306.Lilian Leistad: THE ROLE OF CYTOKINES AND PHOSPHOLIPASE Ajs IN ARTICULAR
CARTILAGE CHONDROCYTES IN RHEUMATOID ARTHRITIS AND OSTEOARTHRITIS

307.Arne Vaaler: EFFECTS OF PSYCHIATRIC INTENSIVE CARE UNIT IN AN ACUTE
PSYCIATHRIC WARD

308.Mathias Toft: GENETIC STUDIES OF LRRK2 AND PINK1 IN PARKINSON’S DISEASE

309.Ingrid Lovold Mostad: IMPACT OF DIETARY FAT QUANTITY AND QUALITY IN TYPE
2 DIABETES WITH EMPHASIS ON MARINE N-3 FATTY ACIDS

310.Torill Eidhammer Sjebakk: MR DETERMINED BRAIN METABOLIC PATTERN IN
PATIENTS WITH BRAIN METASTASES AND ADOLESCENTS WITH LOW BIRTH
WEIGHT

311.Vidar Beisvag: PHYSIOLOGICAL GENOMICS OF HEART FAILURE: FROM
TECHNOLOGY TO PHYSIOLOGY

312.0lav Magnus Sendend Fredheim: HEALTH RELATED QUALITY OF LIFE ASSESSMENT
AND ASPECTS OF THE CLINICAL PHARMACOLOGY OF METHADONE IN PATIENTS
WITH CHRONIC NON-MALIGNANT PAIN

313.Anne Brantberg: FETAL AND PERINATAL IMPLICATIONS OF ANOMALIES IN THE
GASTROINTESTINAL TRACT AND THE ABDOMINAL WALL

314.Erik Solligdrd: GUT LUMINAL MICRODIALYSIS

315.Elin Tollefsen: RESPIRATORY SYMPTOMS IN A COMPREHENSIVE POPULATION
BASED STUDY AMONG ADOLESCENTS 13-19 YEARS. YOUNG-HUNT 1995-97 AND
2000-01; THE NORD-TRONDELAG HEALTH STUDIES (HUNT)

316.Anne-Tove Brenne: GROWTH REGULATION OF MYELOMA CELLS

317.Heidi Knobel: FATIGUE IN CANCER TREATMENT — ASSESSMENT, COURSE AND
ETIOLOGY

318. Torbjern Dahl: CAROTID ARTERY STENOSIS. DIAGNOSTIC AND THERAPEUTIC
ASPECTS

319.Inge-Andre Rasmussen jr.. FUNCTIONAL AND DIFFUSION TENSOR MAGNETIC
RESONANCE IMAGING IN NEUROSURGICAL PATIENTS

320.Grete Helen Bratberg: PUBERTAL TIMING — ANTECEDENT TO RISK OR RESILIENCE ?
EPIDEMIOLOGICAL STUDIES ON GROWTH, MATURATION AND HEALTH RISK
BEHAVIOURS; THE YOUNG HUNT STUDY, NORD-TRONDELAG, NORWAY

321.Sveinung Serhaug: THE PULMONARY NEUROENDOCRINE SYSTEM.
PHYSIOLOGICAL, PATHOLOGICAL AND TUMOURIGENIC ASPECTS

322.0lav Sande Eftedal: ULTRASONIC DETECTION OF DECOMPRESSION INDUCED
VASCULAR MICROBUBBLES

323.Rune Bang Leistad: PAIN, AUTONOMIC ACTIVATION AND MUSCULAR ACTIVITY
RELATED TO EXPERIMENTALLY-INDUCED COGNITIVE STRESS IN HEADACHE
PATIENTS



324.Svein Brekke: TECHNIQUES FOR ENHANCEMENT OF TEMPORAL RESOLUTION IN
THREE-DIMENSIONAL ECHOCARDIOGRAPHY

325. Kristian Bernhard Nilsen: AUTONOMIC ACTIVATION AND MUSCLE ACTIVITY IN
RELATION TO MUSCULOSKELETAL PAIN

326.Anne Irene Hagen: HEREDITARY BREAST CANCER IN NORWAY. DETECTION AND
PROGNOSIS OF BREAST CANCER IN FAMILIES WITH BRCAIGENE MUTATION

327.Ingebjorg S. Juel : INTESTINAL INJURY AND RECOVERY AFTER ISCHEMIA. AN
EXPERIMENTAL STUDY ON RESTITUTION OF THE SURFACE EPITHELIUM,
INTESTINAL PERMEABILITY, AND RELEASE OF BIOMARKERS FROM THE MUCOSA

328.Runa Heimstad: POST-TERM PREGNANCY

329.Jan Egil Afset: ROLE OF ENTEROPATHOGENIC ESCHERICHIA COLI IN CHILDHOOD
DIARRHOEA IN NORWAY

330.Bent Havard Hellum: /N VITRO INTERACTIONS BETWEEN MEDICINAL DRUGS AND
HERBS ON CYTOCHROME P-450 METABOLISM AND P-GLYCOPROTEIN TRANSPORT

331.Morten André Haydal: CARDIAC DYSFUNCTION AND MAXIMAL OXYGEN UPTAKE
MYOCARDIAL ADAPTATION TO ENDURANCE TRAINING
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332. Andreas Mollerlokken: REDUCTION OF VASCULAR BUBBLES: METHODS TO
PREVENT THE ADVERSE EFFECTS OF DECOMPRESSION

333.Anne Hege Aamodt: COMORBIDITY OF HEADACHE AND MIGRAINE IN THE NORD-
TRONDELAG HEALTH STUDY 1995-97

334. Brage Hoyem Amundsen: MYOCARDIAL FUNCTION QUANTIFIED BY SPECKLE
TRACKING AND TISSUE DOPPLER ECHOCARDIOGRAPHY — VALIDATION AND
APPLICATION IN EXERCISE TESTING AND TRAINING

335.Inger Anne Naess: INCIDENCE, MORTALITY AND RISK FACTORS OF FIRST VENOUS
THROMBOSIS IN A GENERAL POPULATION. RESULTS FROM THE SECOND NORD-
TRONDELAG HEALTH STUDY (HUNT?2)

336.Vegard Bugten: EFFECTS OF POSTOPERATIVE MEASURES AFTER FUNCTIONAL
ENDOSCOPIC SINUS SURGERY

337.Morten Bruvold: MANGANESE AND WATER IN CARDIAC MAGNETIC RESONANCE
IMAGING

338.Miroslav Fris: THE EFFECT OF SINGLE AND REPEATED ULTRAVIOLET RADIATION
ON THE ANTERIOR SEGMENT OF THE RABBIT EYE

339.Svein Arne Aase: METHODS FOR IMPROVING QUALITY AND EFFICIENCY IN
QUANTITATIVE ECHOCARDIOGRAPHY — ASPECTS OF USING HIGH FRAME RATE

340.Roger Almvik: ASSESSING THE RISK OF VIOLENCE: DEVELOPMENT AND
VALIDATION OF THE BROSET VIOLENCE CHECKLIST

341.0ttar Sundheim: STRUCTURE-FUNCTION ANALYSIS OF HUMAN ENZYMES
INITIATING NUCLEOBASE REPAIR IN DNA AND RNA

342.Anne Mari Undheim: SHORT AND LONG-TERM OUTCOME OF EMOTIONAL AND
BEHAVIOURAL PROBLEMS IN YOUNG ADOLESCENTS WITH AND WITHOUT
READING DIFFICULTIES

343.Helge Gardsen: THE TRONDHEIM MODEL. IMPROVING THE PROFESSIONAL
COMMUNICATION BETWEEN THE VARIOUS LEVELS OF HEALTH CARE SERVICES
AND IMPLEMENTATION OF INTERMEDIATE CARE AT A COMMUNITY HOSPITAL
COULD PROVIDE BETTER CARE FOR OLDER PATIENTS. SHORT AND LONG TERM
EFFECTS

344.0lav A. Foss: “THE ROTATION RATIOS METHOD”. A METHOD TO DESCRIBE
ALTERED SPATIAL ORIENTATION IN SEQUENTIAL RADIOGRAPHS FROM ONE
PELVIS

345.Bjorn Olav Asvold: THYROID FUNCTION AND CARDIOVASCULAR HEALTH

346.Torun Margareta Melo: NEURONAL GLIAL INTERACTIONS IN EPILEPSY

347.Irina Poliakova Eide: FETAL GROWTH RESTRICTION AND PRE-ECLAMPSIA: SOME
CHARACTERISTICS OF FETO-MATERNAL INTERACTIONS IN DECIDUA BASALIS

348.Torunn Askim: RECOVERY AFTER STROKE. ASSESSMENT AND TREATMENT; WITH
FOCUS ON MOTOR FUNCTION

349.Ann Elisabeth Asberg: NEUTROPHIL ACTIVATION IN A ROLLER PUMP MODEL OF
CARDIOPULMONARY BYPASS. INFLUENCE ON BIOMATERIAL, PLATELETS AND
COMPLEMENT



350.Lars Hagen: REGULATION OF DNA BASE EXCISION REPAIR BY PROTEIN
INTERACTIONS AND POST TRANSLATIONAL MODIFICATIONS

351.Sigrun Beate Kjotrad: POLYCYSTIC OVARY SYNDROME — METFORMIN TREATMENT
IN ASSISTED REPRODUCTION

352.Steven Keita Nishiyama: PERSPECTIVES ON LIMB-VASCULAR HETEROGENEITY:
IMPLICATIONS FOR HUMAN AGING, SEX, AND EXERCISE

353.Sven Peter Nasholm: ULTRASOUND BEAMS FOR ENHANCED IMAGE QUALITY

354.Jon Stale Ritland: PRIMARY OPEN-ANGLE GLAUCOMA & EXFOLIATIVE GLAUCOMA.
SURVIVAL, COMORBIDITY AND GENETICS

355.Sigrid Botne Sando: ALZHEIMER’S DISEASE IN CENTRAL NORWAY. GENETIC AND
EDUCATIONAL ASPECTS

356.Parvinder Kaur: CELLULAR AND MOLECULAR MECHANISMS BEHIND
METHYLMERCURY-INDUCED NEUROTOXICITY

357.1smail Ciineyt Giizey: DOPAMINE AND SEROTONIN RECEPTOR AND TRANSPORTER
GENE POLYMORPHISMS AND EXTRAPYRAMIDAL SYMPTOMS. STUDIES IN
PARKINSON’S DISEASE AND IN PATIENTS TREATED WITH ANTIPSYCHOTIC OR
ANTIDEPRESSANT DRUGS

358.Brit Dybdahl: EXTRA-CELLULAR INDUCIBLE HEAT-SHOCK PROTEIN 70 (Hsp70) — A
ROLE IN THE INFLAMMATORY RESPONSE ?

359.Kristoffer Haugarvoll: IDENTIFYING GENETIC CAUSES OF PARKINSON’S DISEASE IN
NORWAY

360.Nadra Nilsen: TOLL-LIKE RECEPTOR 2 —-EXPRESSION, REGULATION AND SIGNALING

361.Johan Hakon Bjerngaard: PATIENT SATISFACTION WITH OUTPATIENT MENTAL
HEALTH SERVICES — THE INFLUENCE OF ORGANIZATIONAL FACTORS.

362.Kjetil Hoydal : EFFECTS OF HIGH INTENSITY AEROBIC TRAINING IN HEALTHY
SUBJECTS AND CORONARY ARTERY DISEASE PATIENTS; THE IMPORTANCE OF
INTENSITY,, DURATION AND FREQUENCY OF TRAINING.

363.Trine Karlsen: TRAINING IS MEDICINE: ENDURANCE AND STRENGTH TRAINING IN
CORONARY ARTERY DISEASE AND HEALTH.

364.Marte Thuen: MANGANASE-ENHANCED AND DIFFUSION TENSOR MR IMAGING OF
THE NORMAL, INJURED AND REGENERATING RAT VISUAL PATHWAY

365.Cathrine Broberg Vagbe: DIRECT REPAIR OF ALKYLATION DAMAGE IN DNA AND
RNA BY 2-OXOGLUTARATE- AND IRON-DEPENDENT DIOXYGENASES

366.Arnt Erik Tjenna: AEROBIC EXERCISE AND CARDIOVASCULAR RISK FACTORS IN
OVERWEIGHT AND OBESE ADOLESCENTS AND ADULTS

367.Marianne W. Furnes: FEEDING BEHAVIOR AND BODY WEIGHT DEVELOPMENT:
LESSONS FROM RATS

368.Lene N. Johannessen: FUNGAL PRODUCTS AND INFLAMMATORY RESPONSES IN
HUMAN MONOCYTES AND EPITHELIAL CELLS

369.Anja Bye: GENE EXPRESSION PROFILING OF INHERITED AND ACQUIRED MAXIMAL
OXYGEN UPTAKE — RELATIONS TO THE METABOLIC SYNDROME.

370.0Oluf Dimitri Ree: MALIGNANT MESOTHELIOMA: VIRUS, BIOMARKERS AND GENES.
A TRANSLATIONAL APPROACH

371.Ane Cecilie Dale: DIABETES MELLITUS AND FATAL ISCHEMIC HEART DISEASE.
ANALYSES FROM THE HUNT1 AND 2 STUDIES

372.Jacob Christian Holen: PAIN ASSESSMENT IN PALLIATIVE CARE: VALIDATION OF
METHODS FOR SELF-REPORT AND BEHAVIOURAL ASSESSMENT

373.Erming Tian: THE GENETIC IMPACTS IN THE ONCOGENESIS OF MULTIPLE
MYELOMA

374.0le Bosnes: KLINISK UTPR@OVING AV NORSKE VERSJONER AV NOEN SENTRALE
TESTER PA KOGNITIV FUNKSJON

375.0la M. Rygh: 3D ULTRASOUND BASED NEURONAVIGATION IN NEUROSURGERY. A
CLINICAL EVALUATION

376.Astrid Kamilla Stunes: ADIPOKINES, PEROXISOME PROFILERATOR ACTIVATED
RECEPTOR (PPAR) AGONISTS AND SEROTONIN. COMMON REGULATORS OF BONE
AND FAT METABOLISM

377.Silje Engdal: HERBAL REMEDIES USED BY NORWEGIAN CANCER PATIENTS AND
THEIR ROLE IN HERB-DRUG INTERACTIONS

378.Kristin Offerdal: IMPROVED ULTRASOUND IMAGING OF THE FETUS AND ITS
CONSEQUENCES FOR SEVERE AND LESS SEVERE ANOMALIES



379.0ivind Rognmo: HIGH-INTENSITY AEROBIC EXERCISE AND CARDIOVASCULAR
HEALTH

380. Jo-Asmund Lund: RADIOTHERAPY IN ANAL CARCINOMA AND PROSTATE CANCER
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381.Tore Griiner Bjastad: HIGH FRAME RATE ULTRASOUND IMAGING USING PARALLEL
BEAMFORMING

382.Erik Sendenaa: INTELLECTUAL DISABILITIES IN THE CRIMINAL JUSTICE SYSTEM

383.Berit Rostad: SOCIAL INEQUALITIES IN WOMEN’S HEALTH, HUNT 1984-86 AND
1995-97, THE NORD-TRONDELAG HEALTH STUDY (HUNT)

384.Jonas Crosby: ULTRASOUND-BASED QUANTIFICATION OF MYOCARDIAL
DEFORMATION AND ROTATION

385.Erling Tronvik: MIGRAINE, BLOOD PRESSURE AND THE RENIN-ANGIOTENSIN
SYSTEM

386.Tom Christensen: BRINGING THE GP TO THE FOREFRONT OF EPR DEVELOPMENT

387.Hakon Bergseng: ASPECTS OF GROUP B STREPTOCOCCUS (GBS) DISEASE IN THE
NEWBORN. EPIDEMIOLOGY, CHARACTERISATION OF INVASIVE STRAINS AND
EVALUATION OF INTRAPARTUM SCREENING

388.Ronny Myhre: GENETIC STUDIES OF CANDIDATE TENE3S IN PARKINSON’S
DISEASE

389.Torbjern Moe Eggebe: ULTRASOUND AND LABOUR

390.Eivind Wang: TRAINING IS MEDICINE FOR PATIENTS WITH PERIPHERAL ARTERIAL
DISEASE

391.Thea Kristin Véatsveen: GENETIC ABERRATIONS IN MYELOMA CELLS

392.Thomas Jozefiak: QUALITY OF LIFE AND MENTAL HEALTH IN CHILDREN AND
ADOLESCENTS: CHILD AND PARENT PERSPECTIVES

393.Jens Erik Slagsvold: N-3 POLYUNSATURATED FATTY ACIDS IN HEALTH AND
DISEASE — CLINICAL AND MOLECULAR ASPECTS

394 Kristine Misund: A STUDY OF THE TRANSCRIPTIONAL REPRESSOR ICER.
REGULATORY NETWORKS IN GASTRIN-INDUCED GENE EXPRESSION

395.Franco M. Impellizzeri: HIGH-INTENSITY TRAINING IN FOOTBALL PLAYERS.
EFFECTS ON PHYSICAL AND TECHNICAL PERFORMANCE

396.Kari Hanne Gjeilo: HEALTH-RELATED QUALITY OF LIFE AND CHRONIC PAIN IN
PATIENTS UNDERGOING CARDIAC SURGERY

397.Qyvind Hauso: NEUROENDOCRINE ASPECTS OF PHYSIOLOGY AND DISEASE

398.Ingvild Bjellmo Johnsen: INTRACELLULAR SIGNALING MECHANISMS IN THE INNATE
IMMUNE RESPONSE TO VIRAL INFECTIONS

399.Linda Temmerdal Roten: GENETIC PREDISPOSITION FOR DEVELOPMENT OF
PREEMCLAMPSIA — CANDIDATE GENE STUDIES IN THE HUNT (NORD-TRONDELAG
HEALTH STUDY) POPULATION

400.Trude Teoline Nausthaug Rakvag: PHARMACOGENETICS OF MORPHINE IN CANCER
PAIN

401.Hanne Lehn: MEMORY FUNCTIONS OF THE HUMAN MEDIAL TEMPORAL LOBE
STUDIED WITH fMRI

402.Randi Utne Holt: ADHESION AND MIGRATION OF MYELOMA CELLS — IN VITRO
STUDIES —

403.Trygve Solstad: NEURAL REPRESENTATIONS OF EUCLIDEAN SPACE

404.Unn-Merete Fagerli: MULTIPLE MYELOMA CELLS AND CYTOKINES FROM THE
BONE MARROW ENVIRONMENT; ASPECTS OF GROWTH REGULATION AND
MIGRATION

405.Sigrid Bjernelv: EATING— AND WEIGHT PROBLEMS IN ADOLESCENTS, THE YOUNG
HUNT-STUDY

406.Mari Hoff: CORTICAL HAND BONE LOSS IN RHEUMATOID ARTHRITIS.
EVALUATING DIGITAL X-RAY RADIOGRAMMETRY AS OUTCOME MEASURE OF
DISEASE ACTIVITY, RESPONSE VARIABLE TO TREATMENT AND PREDICTOR OF
BONE DAMAGE

407.Siri Bjergen: AEROBIC HIGH INTENSITY INTERVAL TRAINING IS AN EFFECTIVE
TREATMENT FOR PATIENTS WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE

408.Susanne Lindqvist: VISION AND BRAIN IN ADOLESCENTS WITH LOW BIRTH WEIGHT

409.Torbjern Hergum: 3D ULTRASOUND FOR QUANTITATIVE ECHOCARDIOGRAPHY



410.Jorgen Urnes: PATIENT EDUCATION IN GASTRO-OESOPHAGEAL REFLUX DISEASE.
VALIDATION OF A DIGESTIVE SYMPTOMS AND IMPACT QUESTIONNAIRE AND A
RANDOMISED CONTROLLED TRIAL OF PATIENT EDUCATION

411.Elvar Eyjolfsson: 13C NMRS OF ANIMAL MODELS OF SCHIZOPHRENIA

412.Marius Steiro Fimland: CHRONIC AND ACUTE NEURAL ADAPTATIONS TO STRENGTH
TRAINING

413.0Qyvind Steren: RUNNING AND CYCLING ECONOMY IN ATHLETES; DETERMINING
FACTORS, TRAINING INTERVENTIONS AND TESTING

414.Hakon Hov: HEPATOCYTE GROWTH FACTOR AND ITS RECEPTOR C-MET.
AUTOCRINE GROWTH AND SIGNALING IN MULTIPLE MYELOMA CELLS

415.Maria Radtke: ROLE OF AUTOIMMUNITY AND OVERSTIMULATION FOR BETA-CELL
DEFICIENCY. EPIDEMIOLOGICAL AND THERAPEUTIC PERSPECTIVES

416.Liv Bente Romundstad: ASSISTED FERTILIZATION IN NORWAY: SAFETY OF THE
REPRODUCTIVE TECHNOLOGY

417.Erik Magnus Berntsen: PREOPERATIV PLANNING AND FUNCTIONAL
NEURONAVIGATION — WITH FUNCTIONAL MRI AND DIFFUSION TENSOR
TRACTOGRAPHY IN PATIENTS WITH BRAIN LESIONS

418.Tonje Strommen Steigedal: MOLECULAR MECHANISMS OF THE PROLIFERATIVE
RESPONSE TO THE HORMONE GASTRIN

419.Vidar Rao: EXTRACORPOREAL PHOTOCHEMOTHERAPY IN PATIENTS WITH
CUTANEOUS T CELL LYMPHOMA OR GRAFT-vs-HOST DISEASE

420.Torkild Visnes: DNA EXCISION REPAIR OF URACIL AND 5-FLUOROURACIL IN
HUMAN CANCER CELL LINES
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421.John Munkhaugen: BLOOD PRESSURE, BODY WEIGHT, AND KIDNEY FUNCTION IN
THE NEAR-NORMAL RANGE: NORMALITY, RISK FACTOR OR MORBIDITY ?

422.Ingrid Castberg: PHARMACOKINETICS, DRUG INTERACTIONS AND ADHERENCE TO
TREATMENT WITH ANTIPSYCHOTICS: STUDIES IN A NATURALISTIC SETTING

423.Jian Xu: BLOOD-OXYGEN-LEVEL-DEPENDENT-FUNCTIONAL MAGNETIC
RESONANCE IMAGING AND DIFFUSION TENSOR IMAGING IN TRAUMATIC BRAIN
INJURY RESEARCH

424.Sigmund Simonsen: ACCEPTABLE RISK AND THE REQUIREMENT OF
PROPORTIONALITY IN EUROPEAN BIOMEDICAL RESEARCH LAW. WHAT DOES
THE REQUIREMENT THAT BIOMEDICAL RESEARCH SHALL NOT INVOLVE RISKS
AND BURDENS DISPROPORTIONATE TO ITS POTENTIAL BENEFITS MEAN?

425.Astrid Woodhouse: MOTOR CONTROL IN WHIPLASH AND CHRONIC NON-
TRAUMATIC NECK PAIN

426.Line Rorstad Jensen: EVALUATION OF TREATMENT EFFECTS IN CANCER BY MR
IMAGING AND SPECTROSCOPY

427.Trine Moholdt: AEROBIC EXERCISE IN CORONARY HEART DISEASE

428.Qystein Olsen: ANALYSIS OF MANGANESE ENHANCED MRI OF THE NORMAL AND
INJURED RAT CENTRAL NERVOUS SYSTEM

429.Bjorn H. Grenberg: PEMETREXED IN THE TREATMENT OF ADVANCED LUNG
CANCER

430.Vigdis Schnell Husby: REHABILITATION OF PATIENTS UNDERGOING TOTAL HIP
ARTHROPLASTY WITH FOCUS ON MUSCLE STRENGTH, WALKING AND AEROBIC
ENDURANCE PERFORMANCE

431.Torbjern @ien: CHALLENGES IN PRIMARY PREVENTION OF ALLERGY. THE
PREVENTION OF ALLERGY AMONG CHILDREN IN TRONDHEIM (PACT) STUDY.

432.Kari Anne Indredavik Evensen: BORN TOO SOON OR TOO SMALL: MOTOR PROBLEMS
IN ADOLESCENCE

433.Lars Adde: PREDICTION OF CEREBRAL PALSY IN YOUNG INFANTS. COMPUTER
BASED ASSESSMENT OF GENERAL MOVEMENTS

434 Magnus Fasting: PRE- AND POSTNATAL RISK FACTORS FOR CHILDHOOD
ADIPOSITY

435.Vivi Talstad Monsen: MECHANISMS OF ALKYLATION DAMAGE REPAIR BY HUMAN
AlkB HOMOLOGUES

436.Toril Skandsen: MODERATE AND SEVERE TRAUMATIC BRAIN INJURY. MAGNETIC
RESONANCE IMAGING FINDINGS, COGNITION AND RISK FACTORS FOR
DISABILITY



437.Ingeborg Smidesang: ALLERGY RELATED DISORDERS AMONG 2-YEAR OLDS AND
ADOLESCENTS IN MID-NORWAY — PREVALENCE, SEVERITY AND IMPACT. THE
PACT STUDY 2005, THE YOUNG HUNT STUDY 1995-97

438.Vidar Halsteinli: MEASURING EFFICIENCY IN MENTAL HEALTH SERVICE
DELIVERY: A STUDY OF OUTPATIENT UNITS IN NORWAY

439.Karen Lehrmann ZAgidius: THE PREVALENCE OF HEADACHE AND MIGRAINE IN
RELATION TO SEX HORMONE STATUS IN WOMEN. THE HUNT 2 STUDY

440.Madelene Ericsson: EXERCISE TRAINING IN GENETIC MODELS OF HEART FAILURE

441 .Marianne Klokk: THE ASSOCIATION BETWEEN SELF-REPORTED ECZEMA AND
COMMON MENTAL DISORDERS IN THE GENERAL POPULATION. THE
HORDALAND HEALTH STUDY (HUSK)

442 .Tomas Ottemo Stelen: IMPAIRED CALCIUM HANDLING IN ANIMAL AND HUMAN
CARDIOMYOCYTES REDUCE CONTRACTILITY AND INCREASE ARRHYTHMIA
POTENTIAL - EFFECTS OF AEROBIC EXERCISE TRAINING

443 .Bjarne Hansen: ENHANCING TREATMENT OUTCOME IN COGNITIVE BEHAVIOURAL
THERAPY FOR OBSESSIVE COMPULSIVE DISORDER: THE IMPORTANCE OF
COGNITIVE FACTORS

444 Mona Levlien: WHEN EVERY MINUTE COUNTS. FROM SYMPTOMS TO ADMISSION
FOR ACUTE MYOCARDIAL INFARCTION WITH SPECIAL EMPHASIS ON GENDER
DIFFERECES

445 Karin Margaretha Gilljam: DNA REPAIR PROTEIN COMPLEXES, FUNCTIONALITY AND
SIGNIFICANCE FOR REPAIR EFFICIENCY AND CELL SURVIVAL

446.Anne Byriel Walls: NEURONAL GLIAL INTERACTIONS IN CEREBRAL ENERGY — AND
AMINO ACID HOMEOSTASIS — IMPLICATIONS OF GLUTAMATE AND GABA

447 Cathrine Fallang Knetter: MECHANISMS OF TOLL-LIKE RECEPTOR 9 ACTIVATION

448 Marit Folsvik Svindseth: A STUDY OF HUMILIATION, NARCISSISM AND TREATMENT
OUTCOME IN PATIENTS ADMITTED TO PSYCHIATRIC EMERGENCY UNITS

449 Karin Elvenes Bakkelund: GASTRIC NEUROENDOCRINE CELLS — ROLE IN GASTRIC
NEOPLASIA IN MAN AND RODENTS

450.Kirsten Brun Kjelstrup: DORSOVENTRAL DIFFERENCES IN THE SPATIAL
REPRESENTATION AREAS OF THE RAT BRAIN

451.Roar Johansen: MR EVALUATION OF BREAST CANCER PATIENTS WITH POOR
PROGNOSIS

452.Rigmor Myran: POST TRAUMATIC NECK PAIN. EPIDEMIOLOGICAL,
NEURORADIOLOGICAL AND CLINICAL ASPECTS

453 Krisztina Kunszt Johansen: GENEALOGICAL, CLINICAL AND BIOCHEMICAL STUDIES
IN LRRK2 — ASSOCIATED PARKINSON’S DISEASE

454.Pal Gjerden: THE USE OF ANTICHOLINERGIC ANTIPARKINSON AGENTS IN
NORWAY. EPIDEMIOLOGY, TOXICOLOGY AND CLINICAL IMPLICATIONS

455.Else Marie Huuse: ASSESSMENT OF TUMOR MICROENVIRONMENT AND
TREATMENT EFFECTS IN HUMAN BREAST CANCER XENOGRAFTS USING MR
IMAGING AND SPECTROSCOPY

456.Khalid S. Ibrahim: INTRAOPERATIVE ULTRASOUND ASSESSMENT IN CORONARY
ARTERY BYPASS SURGERY — WITH SPECIAL REFERENCE TO CORONARY
ANASTOMOSES AND THE ASCENDING AORTA

457.Bjorn Oglend: ANTHROPOMETRY, BLOOD PRESSURE AND REPRODUCTIVE
DEVELOPMENT IN ADOLESCENCE OF OFFSPRING OF MOTHERS WHO HAD
PREECLAMPSIA IN PREGNANCY

458.John Olav Roaldset: RISK ASSESSMENT OF VIOLENT, SUICIDAL AND SELF-
INJURIOUS BEHAVIOUR IN ACUTE PSYCHIATRY — A BIO-PSYCHO-SOCIAL
APPROACH

459.Havard Dalen: ECHOCARDIOGRAPHIC INDICES OF CARDIAC FUNCTION — NORMAL
VALUES AND ASSOCIATIONS WITH CARDIAC RISK FACTORS IN A POPULATION
FREE FROM CARDIOVASCULAR DISEASE, HYPERTENSION AND DIABETES: THE
HUNT 3 STUDY

460. Beate André: CHANGE CAN BE CHALLENGING. INTRODUCTION TO CHANGES AND
IMPLEMENTATION OF COMPUTERIZED TECHNOLOGY IN HEALTH CARE

461. Latha Nrugham: ASSOCIATES AND PREDICTORS OF ATTEMPTED SUICIDE AMONG
DEPRESSED ADOLESCENTS — A 6-YEAR PROSPECTIVE STUDY



462.Havard Bersas Nordgaard: TRANSIT-TIME FLOWMETRY AND WALL SHEAR STRESS
ANALYSIS OF CORONARY ARTERY BYPASS GRAFTS — A CLINICAL AND
EXPERIMENTAL STUDY

Cotutelle with University of Ghent: Abigail Emily Swillens: A MULTIPHYSICS MODEL FOR

IMPROVING THE ULTRASONIC ASSESSMENT OF LARGE ARTERIES
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463. Marte Helene Bjork: DO BRAIN RHYTHMS CHANGE BEFORE THE MIGRAINE
ATTACK? A LONGITUDINAL CONTROLLED EEG STUDY

464. Carl-Jorgen Arum: A STUDY OF UROTHELIAL CARCINOMA: GENE EXPRESSION
PROFILING, TUMORIGENESIS AND THERAPIES IN ORTHOTOPIC ANIMAL MODELS

465. Ingunn Harstad: TUBERCULOSIS INFECTION AND DISEASE AMONG ASYLUM
SEEKERS IN NORWAY. SCREENING AND FOLLOW-UP IN PUBLIC HEALTH CARE

466. Leif Age Strand: EPIDEMIOLOGICAL STUDIES AMONG ROYAL NORWEGIAN NAVY
SERVICEMEN. COHORT ESTABLISHMENT, CANCER INCIDENCE AND CAUSE-
SPECIFIC MORTALITY

467. Katrine Hoyer Holgersen: SURVIVORS IN THEIR THIRD DECADE AFTER THE NORTH
SEA OIL RIG DISASTER OF 1980. LONG-TERM PERSPECTIVES ON MENTAL HEALTH

468. MarianneWallenius: PREGNANCY RELATED ASPECTS OF CHRONIC
INFLAMMATORY ARTHRITIDES: DISEASE ONSET POSTPARTUM, PREGNANCY
OUTCOMES AND FERTILITY. DATA FROM A NORWEGIAN PATIENT REGISTRY
LINKED TO THE MEDICAL BIRTH REGISTRY OF NORWAY

469. Ole Vegard Solberg: 3D ULTRASOUND AND NAVIGATION — APPLICATIONS IN
LAPAROSCOPIC SURGERY

470. Inga Ekeberg Schjerve: EXERCISE-INDUCED IMPROVEMENT OF MAXIMAL OXYGEN
UPTAKE AND ENDOTHELIAL FUNCTION IN OBESE AND OVERWEIGHT
INDIVIDUALS ARE DEPENDENT ON EXERCISE-INTENSITY

471. Eva Veslemoy Tyldum: CARDIOVASCULAR FUNCTION IN PREECLAMPSIA — WITH
REFERENCE TO ENDOTHELIAL FUNCTION, LEFT VENTRICULAR FUNCTION AND
PRE-PREGNANCY PHYSICAL ACTIVITY

472. Benjamin Garzon Jiménez de Cisneros: CLINICAL APPLICATIONS OF MULTIMODAL
MAGNETIC RESONANCE IMAGING

473. Halvard Knut Nilsen: ASSESSING CODEINE TREATMENT TO PATIENTS WITH
CHRONIC NON-MALIGNANT PAIN: NEUROPSYCHOLOGICAL FUNCTIONING,
DRIVING ABILITY AND WEANING

474. Eiliv Brenner: GLUTAMATE RELATED METABOLISM IN ANIMAL MODELS OF
SCHIZOPHRENIA

475. Egil Jonsbu: CHEST PAIN AND PALPITATIONS IN A CARDIAC SETTING;
PSYCHOLOGICAL FACTORS, OUTCOME AND TREATMENT

476. Mona Heysater Fenstad: GENETIC SUSCEPTIBILITY TO PREECLAMPSIA : STUDIES ON
THE NORD-TRONDELAG HEALTH STUDY (HUNT) COHORT, AN AUSTRALIAN/NEW
ZEALAND FAMILY COHORT AND DECIDUA BASALIS TISSUE

477. Svein Erik Gaustad: CARDIOVASCULAR CHANGES IN DIVING: FROM HUMAN
RESPONSE TO CELL FUNCTION

478. Karin Torvik: PAIN AND QUALITY OF LIFE IN PATIENTS LIVING IN NURSING
HOMES

479. Arne Solberg: OUTCOME ASSESSMENTS IN NON-METASTATIC PROSTATE CANCER

480. Henrik Sahlin Pettersen: CYTOTOXICITY AND REPAIR OF URACIL AND 5-
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