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Abbreviations

Abbreviations

ADP adenosine diphosphate

ATP adenosine triphosphate

CIN cervical intraepithelial neoplasia
CLN1 infantile neuronal ceroid lipofuscinosis
CLN3 Jjuvenile neuronal ceroid lipofuscinosis
CNS central nervous system

CDP cytidine diphosphate

Cho choline

CoA coenzyme A

Cr creatine

1,2 DAG 1,2-diacylglycerol

FAD flavine adenine dinucleotide
FADH, flavine adenine dinucleotide (reduced form)
G-3-P glycerol-3-phosphate

GABA gamma-aminobutyric acid

GMP guanosine monophosphate

GPC glycerophosphocholine

Glc glucose

HPV human papillomavirus

HR high-resolution

Lac lactate

MAS magic angle spinning

MR magnetic resonance

MRI magnetic resonance imaging

MRS magnetic resonance spectroscopy
NAA M-acetyl-L-aspartate

NAD nicotinamide adenine dinucleotide
NADH nicotinamide adenine dinucleotide (reduced form)
NCL neuronal ceroid lipofuscinosis
m-Ino myo-inositol

PA phosphatic acid

PC phosphocholine

PCA principal component analysis

PE phsphoethanolamine

PNN probabilistic neural networks
ppm parts per million

PtdCho phosphatidylcholine

S/N signal to noise

s-Ino scyllo-inositol

Tau taurine

TCA tricarboxylic acid

TMAO trimethylamine A-oxide
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2. Background

2. Background
2.1 Cancer

Cancer is an increasing cause of death globally. More than ten million people are diagnosed
with cancer worldwide and more than six million die from the disease each year (1). The
forms of cancer with the highest incidence are lung, breast and colon, while highest
mortality is associated with cancer of the lungs, stomach and liver (2). Cancer is a term
covering more than 100 different diseases that vary in age of onset, invasiveness,
metastatic potential, response to treatment and prognosis (3, 4). Although fumors are
different in site and origin, malignancies have some common features. They all affect the
body's basic unit, the cell, and occur when cells become abnormal and divide without
control or order. Cancer cells are less differentiated than their normal counterparts. They
have the ability to invade and destroy adjacent normal tissue and to metastasize through
lymphatic channels or the blood. Cell proliferation is usually elevated in a fumor compared
to normal tissue, and tumors tend to grow despite starvation of the host. Tumor cells can
replicate an infinite number of times and evade apoptosis (programmed cell death) (5).

The principles of therapy are surgery, chemotherapy and radiotherapy, often in
combination. A patient treatment plan is determined by an increasing amount of markers,
where tumor size and metastatic potential are the most fundamental (2).

2.2 Breast cancer

Breast cancer is the most common type of cancer affecting women, with more than one
million new cases globally each year (1). In Norway, more than 2500 women are diagnosed
with breast cancer and about 800 die from the disease every year (6). Early detection is
important for successful treatment, and screening programs have been effected in most
western countries (2). The incidence is increasing, but mortality rates are declining in
developed countries. The enhanced perspectives for breast cancer patients have been
attributed to improvements in breast cancer diagnosis and treatment.

The majority of breast cancers originate from the ducts, and 70-80% of breast cancer
patients are diagnosed with invasive ductal carcinoma (7). Other common types of breast
cancer are invasive lobular carcinomas, medullary carcinomas, colloid carcinomas and
tubular carcinomas. Non-invasive cancers of the ducts or lobules are called ductal and
lobular carcinomas in situ (DCIS and LCIS). About one third of the women with in situ
cancers will develop invasive cancers if untreated.

The strongest prognostic factor for breast cancer patients is their axillary lymph node
status (8). About one third of the breast cancer patients die because of metastasis (9).
The most common sites of secondary tumors in breast cancer patients are bone, lung, liver
and brain (10). A patient treatment plan is based upon the patients age, axillary lymph node
status, steroid receptor status, tumor size and histologic grade (11). Conservative local
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surgery has proven equally effective as mastectomy in prolonging survival (10). Sentinel
lymph node biopsy has led to reduced morbidity in selected patients compared to axillary
lymph node resection. Adjuvant systemic treatment as chemotherapy and/or hormone
therapy has led to prolonged lives for patients with early detected breast cancer.

2.3 Cervical cancer

Screening for cervical cancer by smear test has contributed to a decline in incidence and
mortality over the last 50 years in western countries (2). The incidence of cervical cancer
in Norway has been decreasing over the last 30 years. In 2000, close to 300 women were
diagnosed with cervical cancer in Norway, and 99 died from the disease (6). In less
developed countries however, screening has often not been established and cervical cancer
is the most frequent form of cancer in many developing countries (2).

The most common type of cervical cancer by far is squamous cell carcinoma, representing
75-90% of all cases (7, 12). Squamous cell carcinomas generally evolve from precursor
cervical intraepithelial neoplasia (CIN) (7). Adenocarcinomas, arising from mucus producing
glands in the cervix, and variants of adenocarcinomas are the other types of cervical
cancers. Human papillomaviruses (HPV) are responsible for the majority of malignancies in
the cervix (13). More than 100 types of HPV have been identified, of which 13 are
considered oncogenic and infect the genital tract (14). Other coexisting risk factor are
smoking, nutrition, number of live births and long-term use of oral contraceptives.

The choice of treatment for cervical cancer depends on the location and size of the
tumor, the stage (extent) of the disease, the woman's age and general health, and other
factors (14). Most often, treatment for cervical cancer involves surgery and radiation
therapy (2).

2.4 Neuronal ceroid lipofuscinoses

Neuronal ceroid lipofuscinoses (NCL) comprise a group of progressive neurological diseases
of childhood. All forms of the disease are recessively inherited and characterized by
lysosomal storage of autofluorescent lipopigments in several types of tissues, in particular
in neurons of the central nervous system (CNS) (15). Storing of lipopigments is possibly
caused by an enzyme deficiency (16). Progressive neurodegeneration is also characteristic
for NCLs, in particular loss of neurons in the frontal cortex in the infantile forms (15). It
is not known if the lipopigment storage causes the neuronal death (16).

The first sign of the disease is often loss of vision (17). Over time, affected children
suffer mental impairment, worsening seizures, and progressive loss of sight and motor
skills. Eventually, children become blind, bedridden, and unable to communicate. Treatment
is focused on reducing seizures and other symptoms. All forms are fatal.

The forms of NCL are classified by age of onset, and eight underlying genes (CLN1 -
CLN8) have been defined (18). Infantile NCL (CLN1, INCL or Santavuori disease) is a
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rapidly progressing form. Onset is typically before two years of age, with extreme brain
atrophy and a life expectancy of 9-11 years (19). Juvenile NCL (CLN3, JNCL or Battens
disease) onsets before eight years of age, is associated with moderate brain atrophy and a
life expectancy of 25-35 years (19).

2.5 Metabolism in human cells

All cells are concerned with synthesis of macromolecules needed for cell structure and
function and energy requirements for biosynthesis, active transport over the cell
membrane and some have specialized functions (3). Although most cells contain the
enzymes needed for the various metabolic pathways, the level of expression is differently
regulated in different tissues.

Proteins Polysaccharides Fat

l l l

Amino acid@]ucose Triglycerides

Pyruvate

*\ Acetyl CoA

ATP  ADP™,

O,
42 ___[ Citricacid | CoA
HOz _ e cycle
Oxidative
phosphory-
lation

Figure 1 Simplified, schematic presentation of the metabolism of nutrients for
energy generation in the citric acid cycle and subsequent oxidative
phosphorylation. Modified from Stryer, page 325 (20).

Dietary proteins, lipids and carbohydrates are digested and transported from the
intestines with the blood to distant tissues. Excess glucose can be stored as glycogen in
the liver, whereas surplus lipids are stored as neutral fat or triglycerides in adipose tissue.
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Cells receive nutrients from the blood as short peptides and amino acids, triglycerides,
fatty acids and glycerol, and glucose and other disaccharides. Exergonic reactions are used
for the synthesis of adenosine triphosphate (ATP), and the chemical bond energy of ATP
drives the energy dependent processes. A simplified overview of the generation of cellular
energy as ATP from nutrients is presented in Figure 1.

Proteins are broken down to amino acids, carbohydrates to glucose and lipids to
triglycerides. Glucose is converted to pyruvate in the process called glycolysis. This
reaction takes place in the cell cytoplasm and generates small amounts of ATP and NADH.
Pyruvate is transported to mitochondria, where it is oxidatively decarboxylated and
connected to coenzyme A (CoA), forming acetyl CoA. Fatty acids are degraded to acetyl
CoA by B-oxidation in mitochondria. Some surplus amino acids can be converted to
pyruvate, acetyl CoA, acetoacetate or intermediates of the citric acid cycle (TCA or Krebs
cycle). The amino group is usually removed initially in the amino acid catabolism to an o-
keto acid and further to urea which is excreted. The urea cycle is not active in the brain.

Acetyl CoA enters the citric acid cycle by a reaction of the acetyl group with oxaloacetate
to form citric acid. Citric acid is converted to oxaloacetate through a series of reactions,
generating two molecules of CO, and reducing nicotinamide adenine dinucleotide (NAD) and
flavine adenine dinucleotide (FAD) to NADH and FADH, respectively. The electrons from
the hydrogen atoms in NADH and FADH; are passed to molecular oxygen to form water,
after being passed through a complex chain of membrane-bound carriers in the inner
mitochondrial membrane. The energy released in these electron transfer steps provides
transport of hydrogen ions out of the mitochondria. The resulting electrochemical proton
gradient across the inner mitochondrial membrane drives the synthesis of most of the
cells ATP (3).

Biosynthesis of macromolecules in a cell is concerned with proteins, nucelotides and
membrane constituents. Amino acids can be precursors of a variety of molecules as
proteins, nucleotides and polysaccharides (20). Protein synthesis takes place on the
ribosomes, which are free in the cytoplasm or bound o the membranes of endoplasmatic
reticulum. All important properties of living cells depend on proteins, as oxygen transport
(hemoglobin) and membrane transport of ions and molecules (21).

Nucleic acids and nucleotides from the diet are poorly absorbed and we depend on
biosynthesis of purines and pyrimidines (21). Pyrimidine is synthesized in the cytosol from
aspartate and carbamoyl phosphate. The ribose is added in the final steps, leading to
uridine-5'-phosphate from which the other pyrimidine nucleotides can be converted (22).
The components of the purine ring are added stepwise to ribose, synthesizing inosine
monophosphate (IMP), which is converted to adenosine and guanosine monophosphate (AMP
and GMP) (22). The atoms in the synthesized purine ring originate from the amino acids
aspartate, glycine and glutamine, from CO, and from folates.

Cell membranes consist of a double layer of lipid molecules, embedded with various

membrane proteins. The most important types of membrane lipids are phospholipids,
sphingolipids and cholesterol (21). Most cells can synthesize these components themselves.
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The enzymes involved in the phosphoglyceride synthesis are located in the cytoplasm or
are associated with endoplasmatic reticulum membranes. The most common hydrophilic
ends in phosphoglycerides are phosphoethanolamine (PE), phosphocholine (PC),
phosphoserine and phosphoinositol.

Metabolism of tumors

The increased proliferation of tumors has as a consequent an increased biochemical
activity. One of the established theories of altered tumor metabolism is the increased
glycolytic activity in tumors first reported by Warburg (23). This high rate is believed to
depend on the glucose membrane transporters and overexpression of the respective genes
(24). The increased glucose flux and capacity of tumors to metabolize glucose in hypoxic
environments have been supported by numerous studies (25).

Degradation Synthesis

6-3-P =

glycerophosphocholine, choline kinase

phosphodiesterase

glycerol \
[ore] —= >
-

phosphocholine
cytidyltransferase

lysophospholijpase acetyl
transferase I

12DAG \

Lyso-PtdCho CDP-choline

phosphocholine

phospholipase A, transferase

arachidonic acid

\Z

eicosanoids

Figure 2 Pathways for synthesis and degradation of the phospholipid
phosphatidylcholine. From Ruiz-Cabello and Cohen (26). The following
abbreviations are used: GPC; glycerophosphocholine, PC. phosphocholine,
CDP; cytidine diphosphate, PtdCho; phosphatidylcholine, 6-3-P; glycerol-3-
phosphate, PA; phosphatic acid, 1,2 DAG; 1,2-diacylglycerol. Enzymes
regulating the major pathways are in italics.
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MR spectroscopic studies of different cancers have focused on altered phospholipid
metabolism (26, 27). In vivo studies of breast tumors (28-30) and astrocytomas (31) have
reported increased total choline in fumors compared to normal tissue. Studies of malignant
mammary cell lines have proven increased choline phospholipid metabolite levels (32). Ex
vivo studies have shown that PC and PE increase in tumors (26, 27). This increased pool of
PC and PE in many tumors is believed to be due to both biosynthesis and catabolism of
phospholipids (26, 27). It has also been shown that phospholipid metabolism is altered
when the patient receives successful tumor reducing treatment (33). Metabolic and
catabolic pathways of phospholipids are shown in Figure 2.

Figure 2 illustrates that choline acts as a substrate for phosphatidylcholine (PtdCho) and
is also a degradation product. PC is an intermediate in the PtdCho synthesis as well as a
product of catabolism. Glycerophosphocholine (GPC) is a degradation product of CDP-
choline and PtdCho. GPC can be utilized in PtdCho synthesis after conversion to choline,
glycerol-3-phosphate (6-3-P) or PC. The elevated levels of PC found in fumor cells cannot
result from increased PtdCho synthesis alone, but is likely to result from biosynthetic and
catabolic interactions (27). The biochemical mechanisms responsible for elevated PC levels
in tfumor cells are not fully understood. Increased transport of choline to the cell,
increased choline phosphorylation and growth factor-mediated activation of PtdCho-
specific phospholipases have been found (27).

Neurochemistry

There are two different types of brain cells: neurons and glial cells. Furthermore there
are three types of glial cells: astrocytes, oligodendrocytes and microglia (34). Neurons
receive, process and transmit information using biochemical or bioelectrical changes in the
cell. The primary function of glial cells is to shuttle nutrients to the neurons, remove
waste products and maintain the electrochemical surroundings of the neurons. Nerve cells
maintain almost no reserves of glycogen or fatty acids and rely almost entirely on a supply
of glucose from the bloodstream. The oligodendrocytes form the myelin sheets around
CNS axons, and surround CNS neuronal cell bodies. The microglia are the brain immune
effector cells. Astrocytes are important for several functions, as they maintain extra-
cellular ionic environment, secrete growth factors and support the neurons - structurally
and metabolically.

The human brain contains approximately 10' to 10% connections between neurons, and
communication at most of these is mediated by chemical messengers (35). The majority of
signaling within the nervous system is performed by amino acid transmitters, specifically
glutamate and gamma-aminobutyric acid (GABA). Astrocytes play an important role in
regulation of glutamate and GABA neuro-transmission. Glutamate is synthesized from
glutamine or a-ketoglutarate in the neuron. Much of the glutamate within the synaptic
cleft is transported into astrocytes where it is converted to glutamine. The glutamine is
transported to the presynaptic terminal and reconverted to glutamate. GABA released
from GABAergic neurons can be partially accumulated into astrocytes. However, most of
the GABA is taken back into the presynaptic neuron (34).

1
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Other examples of small molecules that act as chemical messengers are the amino acids
glycine and taurine, the biogenic amines acetylcholine and dopamine and adenosine
(nucleotide) and ATP (nucleoside) (35). Several neuropeptides are also probable
messengers, as oxytocin and angiotensin IT.

2.6 MR spectroscopy

MR imaging and spectroscopy both exploit the magnetic properties exhibited by nuclei
with nuclear spin (I=0) when placed in a uniform magnetic field. The nuclear spins are then
oriented in 2I+1 different energy levels by equilibrium processes, and a radio frequency
(rf) energy is applied to induce transmission between the different energy states. The
excited nuclei return to equilibrium via longitudinal (T;) and transversal (T,) relaxation
processes. This time dependent decay is acquired and Fourier transformed into a
frequency dependent spectrum. The appearance of a specific peak depends on the
molecular environments of the originating nuclei and physical, chemical, and biological
properties of the studied sample can be revealed from MR spectra (36).

Metabolic characteristics of various human diseases have been explored by MR
spectroscopy for 20 years (37). MR spectroscopy applied on cultured cells (38), animal
models (38), intact human tissue (39) and extracts of tissue (40) has contributed to the
understanding of different biological processes in conditions of health and disease.

Correlation of MR spectra to patient diagnosis and histopathology have been established
by conventional MR spectroscopy of intact tissue samples (39, 41, 42). Spectral resolution
in such spectra is however low and the biochemical information thereby limited. MR
spectra of cell or tissue extracts provide detailed information on chemical composition,
but at the cost of tissue destruction and possibly modified composition.

2.7 High-resolution magic angle spinning (HR MAS)

Tissue can be considered as a semisolid and broad lines are achieved in ex vivo spectra
obtained by conventional MR spectroscopy. The lack of molecular mobility leads to
anisotropic interactions, imposing a spin orientation dependence on the MR frequency (43).
Anisotropic interactions are direct homonuclear and heteronuclear magnetic dipolar
interactions, indirect electron coupled interactions, electric quadrupolar interactions and
electron shielding interactions.

Andrew et al. (44) and Lowe (45) first described the narrowing of MR lines when solids
were spun at the magic angle. Line broadening in solids can be reduced by spinning the
sample rapidly about an axis inclined 54.7° to the direction of the static magnetic field
(Figure 3). The spinning splits the broad resonance into a narrow line at the isotropic
resonance frequency and spinning sidebands (46). All spin interactions become time-
dependent and sidebands appear at integer multiples of the spinning rate. The time
independent part of the anisotropic interactions is dependent on (3cos?0-1) and cancelled

12
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by the choice of angle. The time dependent anisotropic interactions average over a rotor
period. If the spinning rate is much larger than the anisotropic spin interaction the
sidebands are well separated from the central line and their intensity decrease with
increasing spinning rate. As a consequence, anisotropic interactions are averaged to their
isotropic value, resulting in substantial line narrowing.

Applied magnetic
field, Bo

A

Spinning axis

Figure 3 Schematic presentation of a sample in a magic angle spinning probe. 0 is the
magic angle, 54.7 °, By is the static magnetic field.

Although narrower lines are obtained because of the MAS effect, large molecules like
proteins and lipids appear as broad signals in the MAS spectrum. A common method to
reduce these broad signals is by utilizing their short T, values. This can be performed by a
spin-echo sequence for acquisition (47).

One of the pioneer publication on HR MAS of human tissue was a study of human lymph
nodes presented by Cheng in 1996 (48). The HR MAS technique was shown to provide
highly resolved spectra from intact tissue samples. In addition to studies of animal and
human tissue, the MAS technique has been used in studies of cells (49) and bio-membranes
(50, b1).

MAS has been applied in numerous types of tissue, and provided detailed descriptions of
the chemical composition of healthy and affected tissue from, for instance, kidney (52,
53), brain (54, 55) and prostate (56). A study of human kidney has provided classification
of renal carcinomas (57) while MAS studies of brain tissue have shown that specific
metabolites and metabolite ratios correlate to density of specific cell types (58) and
fraction of cancerous and necrotic areas (59). Also in MAS studies of prostate tissue,
metabolite concentration has been found to correlate to tissue composition (60, 61). MAS
MR spectra could also discriminate malignant prostate from healthy glandular tissue (61).
One study on breast cancer tissue has previously been performed using HR MAS MR
spectroscopy (62). The study showed that breast carcinomas could be distinguished from
non-involved breast tissue based on infensities and T, relaxation values of cellular
metabolites. The HR MAS technique gives the opportunity to investigate the same sample

13
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by microscopy after MR analysis, providing direct comparisons of morphological and
chemical characteristics (59-61).

2.8 Spectral analysis

Biological samples, such as blood, urine and tissue, comprise a vast amount of MR
detectable compounds and the resulting high field proton MR spectra can be very complex.
Different approaches are used to investigate MR spectra. Spectral characteristics can be
explored by examining peak intensities or peak areas. Peak areas can be obtained by
integration or, in spectra where peaks are overlapping, by deconvolution (63). Metabolites
of interest can be quantified by comparing peak areas to an internal reference like water
(60, 64) or to an added reference (63). Peak-by-peak investigations to extract information
have been useful in many studies, and makes direct comparison between chemical and
biological features possible (29, 65-68).

MR spectra from biological samples are often investigated with respect to a specific
disease. Characterization of spectral findings from the disease can be attempted by
comparisons between samples from different stages or to controls. Several MR
spectroscopic studies have shown that almost all resonances influence the spectral
patterns (69, 70) and visual inspection of such spectra yield limited information from the
available data. In recent years multivariate analysis has gained a lot of interest in MR data
handling. Multivariate spectral analyses can be applied to entire data sets. They can be
used to reduce the complexity in the data and generate and test scientific hypotheses
(71).

An often used unsupervised method for analyses of MR spectroscopic data, is principal
component analysis (PCA) (69-72). The objective of PCA is to convert the multiple and
possibly correlated parameters from the measurements to a non-correlated and much
smaller set of parameters (69). PCA creates linear combinations from the original spectra
based on the variance, leading to a reduced set of independent variables describing the
original data set. A set of MR spectra can be considered as a D-dimensional vector x,
consisting of possibly correlated elements. D corresponds to the number of points
describing the spectra. PCA then transforms the vector x into another D-dimensional
vector y, whose elements are not correlated. From the resulting y-vector, d variables (d is
smaller than D) are selected that approximately represent the original measured vector x.
These variables are called principal components. The first principal component (PC1)
contains the largest part of the variance in the data set, and correspondingly smaller
amounts of the variance are contained in the following principal components (71). In
general, there are no reasons for large variances to indicate discrimination and PCA is
merely considered as a method for visualization of complex data and to reduce data input
before classification (69). However, PCA has been applied on MR spectra resulting in
sample grouping based on score values for the principal components (57, 73, 74).

14
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3. Objectives

Morphologically visible changes in tissue are believed to have parallel biochemical changes,
possibly detectable by MRS. The main objective of this study was to establish HR MAS as
a method to study biochemical properties of human tissue, in particular breast cancer. The
more specific aims of this thesis were to:

1
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Establish a protocol for HR MAS analysis of tissue samples, preserving the
specimens for histopathologic evaluation.

Compare obtained information on tissue properties from HR MAS to findings from
extract studies.

Investigate the chemical profiles from intact tissue samples in order to obtain
increased understanding of biological processes in affected tissue.

Investigate correlation of the biochemical profiles of tissue specimens to clinical
parameters using multivariate analysis.

15
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4. Summary of papers

Paper I

Gribbestad IS, Sitter B, Lundgren S, Krane J, Axelson D. Metabolite composition in
breast tumors examined by proton nuclear magnetic resonance spectroscopy. Anticancer
Research (1999) 19: 1737-1746.

The aim of this study was to use MR spectra of perchloric acid extracts to characterize
the biochemical composition of breast tumors and non-involved breast tissue. Involved and
non-involved breast tissue specimens were excised from 16 patients undergoing scheduled
surgery for breast cancer. Tissue specimens were extracted using perchloric acid and the
extracts were analyzed by 'H MR spectroscopy on a BRUKER DRX 600 spectrometer
operating at 600 MHz for protons. Metabolic concentrations were calculated from peak
areas obtained by curve fitting (PeakFit from Jandel Scientific) relative to TSP as an
internal reference. PCA and probabilistic neural networks (PNNs) were applied on the
calculated concentrations. In addition PNNs were applied to the raw data (spectra). The
spectra from the cancerous samples differed from the non-involved samples by absence of
glucose in half of the spectra, but higher (10-20 times) content of cholines, PE, alanine,
lactate and taurine. The PCA performed on the calculated values of the nine metabolites
almost enabled classification of fumor and non-involved samples (three malignant samples
overlapping the non-involved group of samples). The same result was found by PNNs.

Paper II

Sitter B, Sonnewald U, Spraul M, Fjosne HE, Gribbestad IS. High-resolution magic angle
spinning MRS of breast cancer tissue. NMR in Biomedicine (2002) 15: 327 - 338.

The main objective of this paper was to compare HR MAS spectra from intact breast
cancer specimens with previously obtained high-resolution spectrum of a perchloric acid
extract from the same kind of tissue. Breast cancer specimens and non-involved adjacent
tissue were excised from 10 patients and examined using HR MAS spectroscopy. Spin-echo
acquisitions of spectra were performed to reduce the appearance of broad signals, leading
to a relative increase in signals from small molecules. The spectral resolution was found to
be comparable to the presented spectrum from a perchloric acid extract. Two-dimensional
techniques combined with literature values of chemical shifts led to assignment of 99
peaks from 30 different metabolites. The largest observed difference from perchloric
acid extract spectra were the absence of nucleotide signals in the low field region (9.0 -
6.0 ppm). Resonance peaks from choline, PC and GPC were found to be individually
separable in the MAS spectra. The paper also describes reduced S/N ratios in two
samples after flushing the samples in solvent as compared to the exact same specimens
immersed in solvent demonstrating extraction of metabolites from the tissue.
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Paper III

Sitter B, Lundgren S, Bathen TF, Halgunset J, Fjosne HE, Gribbestad IS. Comparison of
HR MAS MR spectroscopic profiles of breast cancer tissue to clinical parameters.
Submitted to NMR in Biomedicine.

Tumor samples from 85 patients and adjacent non-involved tissue from 18 of these
patients were analyzed by water suppressed and spin-echo HR MAS MR spectroscopy.
Tumor samples could be distinguished from non-involved samples (82% sensitivity, 100%
specificity) based on relative intensities of signals from GPC, PC and choline in spin echo
spectra. Tissue concentrations were estimated from water suppressed spectra for eight
metabolites: B-glucose, glycine, taurine, myo-inositol, GPC, PC, choline and creatine. Non-
involved spectra showed low content of water-soluble metabolites, and metabolite
estimations from these spectra could generally not be performed. The tissue metabolite
estimates were compared fo patient diagnosis, tumor grading, tumor size, patient lymph
node status and microscopic evaluation of tissue composition for each sample. Significant
higher tissue concentrations of choline and glycine were found for tumors larger than 2 cm
compared to smaller fumors. Principal component analysis was used to compare the MR
spectra fo the same parameters as metabolite concentrations. Metabolite estimates and
PCA of MAS spectra indicate that the spectral patterns depend on sample tissue
composition. A possible prediction of spread to axillary lymph nodes was found in PCA of
samples without fat tissue from patients with invasive ductal carcinomas.

Paper IV

Sitter B, Bathen T, Hagen B, Arentz C, Skjeldestad FE and Gribbestad IS. Cervical cancer
tissue characterized by high-resolution magic angle spinning MR spectroscopy. MAGMA, in
press.

Cervical specimens from patients in surgery for cervical cancer (n=8) and for non-
malignant diseases of the uterus (n=8) were analyzed using HR MAS spectroscopy. MAS
spectra were acquired using water suppression as well as a spin-echo sequence. The two
sets of MR spectra served as inputs in two separate matrices for principal component
analysis. Both resulting score plots of principal components one and two (PC1 versus PC2)
classified malignant from non-malignant cervical biopsy specimens. The separation of
malignant from non-malignant was better from spin-echo spectra where signals from lipids
and macromolecules were reduced, leaving the smaller water-soluble metabolites to
dominate the MR spectrum. Higher levels of cholines and amino acid residues distinguished
malignant from non-malignant cervical tissue in addition to lower glucose content. The
principal component analysis of spectra containing lipids led to positioning of
adenocarcinomas (n=2) and squamous cell carinomas with lymphatic spread (n=2) in two
distinct groups. Methyl and methylene signals from lipids, lactate and cholines gave the
largest contribution to the separation from remaining samples. The tissue specimens had
been subject to room temperatures for more than 1.5 hours when the MAS spectra were
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recorded. Sample score values and the time period each sample had experienced room
temperature were not correlated. Although providing detailed biochemical information, a
study performed at lower temperature to reduce biochemical degradation on a larger
patient group ought to be performed to verify the findings.

Paper V

Sitter B, Autti T, Tyyneld J, Sonnewald U, Bathen TF, Puranen J, Santavuori P, Haltia MJ,
Paetau A, Polvikoski T, Gribbestad IS, Hakkinen A-M. HR MAS 'H MR spectroscopy reveal
significantly altered neuronal metabolite profiles in CLNI but not in CLN3. Accepted for
publication in Journal of Neuroscience Research.

In this study, /n vivo 'H magnetic resonance (MR) brain spectra of patients with neuronal
ceroid lipofuscinosis (NCL) and controls, were compared to ex vivo 'H high-resolution magic
angle spinning (HR MAS) MR spectra of brain autopsy tissue from similar patients. The
purpose was to investigate if the ex vivo HR MAS technique could provide information
about altered neuronal metabolites in NCL brain tissue. The tissue material for MAS
analysis was autopsy samples.

In vivo spectra of late stage patients with CLN1 (n=3) revealed marked decrease in all
metabolites compared to control subjects, except myo-inositol and lipids. NAA was
especially strongly decreased. The spectra of patients with CLN3 (n =13) did not differ
from those of controls (n =15). Ex vivo spectra from CLN1 autopsy brain tissue (n=10) were
clearly different from the other two groups, while no differences were found in
metabolite levels between CLN3 (n=5) and control autopsy tissue (n=9). Principal
component analysis showed that decreased levels of GABA, NAA, glutamine and glutamate
and increased levels of inositols characterized the CLN1 spectra. Also, the
methylene/methyl ratio of lipids in CLN1 patients was decreased compared to CLN3
patients and controls.

In conclusion, the ex vivo spectroscopic findings were in strong agreement with the /in vivo

findings. Furthermore, HR MAS spectra facilitated refined detection of numerous
neuronal metabolites, including GABA and composition of lipids, in autopsy brain tissue.
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5. Discussion

5.1 Establishing a HR MAS protocol

Implementation of a new method for metabolite studies also infroduces the risk of
unforeseen errors into the measurements. When applying HR MAS as a tool for human
tissue characterization, it was attempted to preserve the metabolic information from the
living tissue. The treatment of specimens from sample collection to MR analysis will
influence the chemical composition of specimens because of chemical processes after
tissue excision. Storing, additives, MAS conditions and temperature affect the extent of
these reactions.

In the HR MAS studies of this thesis (paper II-V), tissue specimens have been put in
cryogenic vials without any additives and stored in liquid nitrogen (except for the brain
specimens (paper IV) that were stored at -80°C) as soon as possible after surgical
removal. In previous studies, the freezing of kidney tissue has reportedly led to increased
amounts of amino acids and decreased contents of choline, GPC, glucose, myo-inositol,
trimethylamine Aoxide (TMAO) and taurine (75, 76). A storage buffer has been added
before cryo storage of sample (41, 62), presumably fo increase heat transfer and thereby
minimize formation of ice crystals and the consequent damage of cells and cell components
(77). We held the risk of metabolite leakage to the storage buffer, as described by
Bourne et al. (78), as far more of a disadvantage than the risk of increased tissue damage
by a slower freezing process. The long-time storage in liquid nitrogen is assumed to not
affect the chemical composition. In paper III, sample storage periods and metabolic
profiles were compared. No obvious correlation could be found, and degradation during
liquid nitrogen storing was assumed insignificant.

Sample treatments for MAS analyses have been performed by two different procedures.
The breast tissue specimens studied in paper IIT were analyzed at temperature-controlled
conditions (5.8 °C). Samples were immersed in phosphate buffered saline in a MAS rotor
with inserts providing a 50 pL sample volume. All other samples (specimens from breast,
cervix and brain in paper II, IV and V respectively) were examined using rotors of about
100 pL and added D,O. These samples were analyzed using a MAS probe without the
possibility of air cooling, leading to sample temperatures of 25-28°C (paper IV). There are
a few publications on HR MAS of tissue specimens where D,O is added (56, 79, 80).
Addition of water to cells or a tissue sample cause osmotic pressure (3), and saline or a
saline buffer is preferred to limit tissue damage. Attempts were made on packing MAS
rotors without adding any fluid. This procedure for sample preparation introduced air
bubbles in the sample volume, and the large susceptibility differences made it very
difficult to obtain highly resolved MR spectra. In the protocol for MAS studies
established by the work presented in paper III, saline PBS was used in sample
preparations.
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Tissue rinsing prior to HR MAS analysis is reported in numerous publications (48, 61, 74,
80-83), sometimes stated as necessary to remove residual blood (74, 76, 83, 84) and
improved water suppression (55, 56). Effects on resulting spectra have been examined by
Waters et al. (76) and Bourne et al. (78). Waters et al. found enhanced resolution in HR
MAS spectra from rat kidney tissue after saline D,O perfusion, but the spectra also
showed a profound loss of glycine. Prostate samples rinsed with D,O were described by
Bourne et al. to have 40-50% of measured metabolites in the storage buffer (78). Tissue
perfusion by an aqueous solution lead to a washout of water-soluble metabolites. The
degree will probably depend on the tissue, and so will the spectral benefits of tissue
perfusion (76). We reported a reduced S/N ratio when breast cancer tissue was subject
to rinsing in D,O prior to MAS analysis, and could not find improvements in resolution
(paper II).

Sample preparation for HR MAS analysis is simple and fast. There are however continuing
biochemical processes in the tissue during analysis. Such processes are reduced by low
temperatures, and 2-5 °C are commonly used during HR MAS acquisitions (54, 58, 64, 85-
87). High-energy phosphate compounds are readily decomposed after tissue excision. As
presented in paper II, the high-energy compounds ATP, adenosine diphosphate (ADP) and
PCr were detectable in the spectrum from extract but not in MAS spectra of intact
specimens analyzed at room temperature. Neither could these compounds be detected in
spectra of breast cancer specimens acquired at low temperature (paper III).
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Figure 4 Changes in metabolite concentration in one breast cancer tissue specimen

from patient diagnosed with invasive ductal carcinoma grade III, analyzed
by HR MAS at 1.5 °C over a 14 hours time span.
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The concentration of selected metabolites (glycine, myo-inositol, taurine, GPC, PC, choline
and creatine) in breast cancer specimens analyzed at 1.5 °C (calculated from glucose and
water signals as described by Farrant et al. (88)), were estimated at different time
periods after sample thawing. Results obtained from one sample are presented in Figure 4.
Changes in tissue metabolite levels after 4.3 hours were less than 15% for all metabolites
except choline (33% increase). The metabolite levels were further changed 14.5 hours
after thawing in this sample, especially for glycine and choline. Spectra were recorded
within 1 hour and 40 minutes for all samples in paper III, and the observed tissue
metabolite profiles were assumed to not be significantly altered by tissue degradation.

Breast tissue specimens analyzed by HR MAS, presented in paper II and paper III were
analyzed at 30 °C and 5.8 °C respectively. In the spectra in paper II, the amino acids
aspargine, isoleucine, leucine, lysine and valine are more dominant than in spectra in paper
III, indicating that elevated amino acid levels partly result from protein degradation.
Waters et al. have explored how spectra are affected by biochemical changes in rat liver
and kidney with time (76). MAS spectra from rat liver tissue were not found to be
significantly altered after several hours at 30°C. They registered an increase in GPC in
kidney after four hours at 0°C, and reduced triglycerides and TMAO after four hours at
30°C. There are obviously large variations between various tissue types in compound
stability. Metabolites in human breast tissue appear to be less stable than in human
cervical tissue.

Cervical samples (paper IV) and brain autopsy samples (paper V) were analyzed at room
temperature, with presumable faster degradation rates than in Figure 4. It is assumed
that for cervical cancer samples analyzed at 27°C after 1.6 hours, metabolite degradation
has been significant. In addition, the one-hour difference samples were exposed to 27°C
which might have a large impact on spectral patterns. That the two groups can be
identified based on the spectral pattern after such treatment indicates that the
differences between malignant and non-malignant samples are so distinct that degradation
processes do not mask the variation between the groups (paper IV). In the brain autopsy
study (paper V), analyses were performed on samples that were dissected at various times
after death. The HR MAS analyses were performed at room temperature approximately
the same time after thawing. HR MAS provided separation of the most severe
lipofuscinosis (CNL1), implying that the brain tissue specimens were metabolically
different after probable severe tissue degradation.

In the outer part of a 4 mm MAS rotor spun at 5 kHz, tissue will experience centrifugal
forces of about 5100 g (m/s?). The analyses presented in this thesis have all been
performed at high spinning rates (3.5 - 6 kHz), and tissues are likely o be influenced by
this. The high spin-rates were used to avoid spinning sidebands in the spectra. Garrod et
al. presented a HR MAS study on rat renal cortex and medulla (74). They found that
spinning speeds of 12 kHz increased resolution in spectra of renal cortex compared to
spectra recorded at spin rate 4.2 kHz, and furthermore, that the changes were reversible.
Cheng et al. reported that the histopathologic characteristics of a sample were not
disturbed by HR MAS analysis after 2.3 kHz brain sample spinning (85). Increased
spectral resolution by increasing spinning rates has been reported by Cheng et al. (48) and
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Garrod et al. (74). Wind et al. (79) however state that spinning at high speed like 4.3 kHz
led to sample deformation. Several studies report MAS experiments of tissue specimens
where rotor spinning speed is low (40 - 700 Hz) to avoid sample damage from centrifugal
forces (79, 87, 89). Taylor et al. demonstrated the better preservation of tissue for
histopathological evaluation of low speed spinning (700 Hz) compared to high (3 kHz) (87).
A disadvantage of slow magic angle spinning is that spectral sidebands must be removed by
the pulse sequence (89). For our purposes, simple acquisition procedures and high spectral
resolution were preferred over improved tissue preservation for histopathology. In our
study of breast cancer samples analyzed at low temperatures and 5 kHz spinning rates
(paper III), 82 of 85 tumor samples could be evaluated by microscopy after HR MAS
analysis.

It has been demonstrated by Waters et al. (76) that MAS rotors of small sample volumes
(12 plL) increased the spectral resolution due to increased sample homogeneity and
optimized localization in the MAS probe. We have performed experiments with three
types of MAS rotors. MAS rotors without inserts contain a sample volume of
approximately 100 pL, and were used in the MAS experiments presented in paper II, IV
and V. Because of the limited detection area of the coil, parts of the sample volume are
possibly not detected in such rotors. In addition, it was difficult to obtain stable rotor
spinning in the MAS probe with cooling possibilities. MAS rotors with small spherical
volumes (12 pL) have also been used in MAS experiments. The small sample volumes led to
longer acquisition times in order to obtain satisfactory S/N. MAS rotors with spherical
inserts of 50 uL provided sufficient S/N within five minutes of acquisition (paper III) and
spinning was stable.

Many papers on MAS MR spectroscopy of tissue specimens describe the use of a spin-echo
sequence for suppression of broad signals (section 2.6), for instance (59, 61, 62, 64, 81).
T, values have been measured for various metabolites and suggested to differ in
accordance with clinical state (62). Diffusion parameters have also been recorded,
enabling separation of large molecules and smaller metabolites (86). We chose to focus on
MR sequences which were easy to apply, such as water suppression acquisitions in
combination with spin-echo suppression of broad signals (paper II - V). For the HR MAS
protocol to become a routine clinical tool, the analysis should be fast and kept as simple as
possible. The protocol we have established requires 1 to 1.5 hours spectrometer time per
sample, which can be shortened to approximately 30 minutes by reducing the number of
MR experiments per sample.

The use of a standard for metabolite quantification is more complicated in MAS
experiments than in conventional high-resolution MRS. Addition of the standard with the
sample or buffer within the rotor volume involves a probable loss of standard in MAS
rotor assembling due to excess fluid removal. In addition, the conventional standard TSP
has the ability to bind to proteins (90). Protein binding leads to shorter T, values and a
reduction of the TSP signal in spin-echo spectra, which depends on the degree of binding
to proteins. We tested if TSP could be used as an external standard by adding it above
the 50 pL inserts. HR MAS spectra acquired from these samples contained no signal from
the TSP due to the restricted detection area of the coil. Attempts on internal and
external referencing for quantitative measures of tissue metabolites from MAS spectra
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have been described in the literature. In HR MAS studies of brain specimens, tissue water
has been used as an internal standard to estimate brain metabolite concentrations (54). A
method using silicone rubber sample as external standard has been described by Taylor et
al. (87). As described in paper III, we chose to use TSP as an internal reference for
quantification. Inaccuracy due to standard loss in rotor assembling was assumed to be
similar for all samples and loss of TSP with the buffer was corrected for in the metabolite
estimations. In further studies, we will attempt to use other standards like formate (90)
and quantify metabolites from spin-echo spectra.

5.2 MAS spectra of intact tissue compared to spectra of extracts

MR spectra from tissue extracts show high resolution (paper I). The extraction process is
however laborious, time consuming and it destroys the specimens. Direct comparison to
histopathology is impossible. Compounds that are MR visible when analyzing the intact
tissue may not pass into extracts and tissue compounds may undergo chemical changes
during the extraction procedure. Askenasy et al. (91) showed by 'H/3'P spectroscopy that
signals observable from intact tissue were absent in spectra from extracts, and that new
signals were infroduced in extract spectra from hydrolysis of RNA. In our comparison of
extract and MAS spectra of breast cancer tissue (paper II), we found the major
differences to be the presence of signals from lipids and reduced number of signals in the
low-field region in MAS spectra of intact breast cancer specimens. UDP-hexoses, NADH,
ATP and ADP identified in the extract spectra from breast tissue (paper II) are possible
hydrolysis products since they only are observed in spectra from extracts. Breast tissue
can contain large amounts of fat, and lipid signals may dominate a MAS spectrum of breast
cancer tissue (paper IIT). The dominating lipid signals can mask smaller signals from
metabolites like lactate (paper III). This problem can be reduced by using a spin-echo
sequence for acquisition of spectra (paragraph 2.7).

As can be seen in Figure 5, the spectral resolution in spin-echo acquired HR MAS spectrum
(B) is close to the resolution found in the MR spectrum of a tissue extract (C). Lipid
signals at 4.1 and 4.3 ppm in (A) are completely removed by the spin-echo sequence, and
lactate can clearly be detected in (B) at 4.11 ppm.

The effectiveness of the extraction procedure is probably incomplete and differs for
different compounds. Cheng compared neuronal metabolites studied in intact specimens
and extracts, and found choline and PC to be remarkably less intense in spectra from
extracts (64). HR MAS spectroscopy of intact specimens provides high resolution
compared to spectra of perchloric acid extracts (paper II). A specimen analyzed by HR
MAS is practically untreated, and tissue architecture and relative cellular composition are
maintained. Tissue samples analyzed by the MAS technique can be examined by microscopy
after MR analysis, and the spectral profile can be compared to tissue composition (paper
III).
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Figure 5

Spectral region 470 to 2.90 ppm from three different spectra from
breast cancer tissue. A: MAS spectrum acquired using a water suppression
sequence, B: MAS spectrum from the same sample as in A recorded using a
spin-echo sequence with 285 ms total echo time and C: spectrum of an
extract of breast cancer tissue acquired using water suppression. Some
peak assignments are given in B, the following abbreviations are used: p-Glc;
B-glucose, Lac; lactate, Cr; creatine, m-Ino; myo-inositol, Gly; glycine, Tau

taurine,

s-Ino;  scyllo-inositol, GPC;  glycerophosphocholine, PC;
phosphocholine and Cho; choline.

5.3 Chemical profiles connected to biological processes

HR MAS spectra of human tissues show an extensive picture of MR detectable
metabolites, whi

ch are related to biochemical processes. The spin-echo HR MAS spectra
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of cervix and breast cancer specimens (paper II, IIT and IV) were dominated by the same
metabolites amino acids (taurine and glycine), cholines (GPC, PC and choline), myo-inositol,
creatine and lactate. The spectra from brain autopsy samples (paper V) also contained
substantial amounts of amino acids, cholines, myo-inositol and lactate, but in addition
neuron specific molecules (GABA and NAA) were important contributors to the spectral
profiles.

All compounds we can study in cancerous tissues are intermediates in processes where
oncogenes play a part. Cancer cells in primary tumors mainly differ from their normal
counterparts by elevated cell proliferation. As stated by B. D. Ross: It is /ikely that we are
looking for the same metabolites as normally present, but in abnormal proportions (92).
Another possible contribution to observed differences between cancerous and normal
tissue is the altered physiology. Alterations in blood and substrate supply, tumor necrosis
and nutritional disturbances in the host are all factors likely to contribute.

The increased glycolytic activity in solid tumors was expected to be reflected in spectra
of cancer ftissue, possibly as reduced glucose concentration compared to non-involved
tissue. In paper I, glucose was undetectable in eight of 15 malignant breast samples
analyzed after perchloric acid extraction. The average glucose concentration in tumor
tissue was 0.32 pmol/gram, compared to 0.52 pmol/gram in non-involved tissue. The
difference was statistically non-significant (student t-test, p=0.159). In a study of breast
tissue extracts by Beckonert et al. (93), glucose levels were found to be higher in control
tissue compared to fumor tissue.

In the cervical cancer study (paper IV), glucose levels were found to contribute to cervical
cancer classification based on PCA. Glucose levels estimated from HR MAS spectra of
breast cancer samples (paper IIT) varied within each group, and non-involved samples (0.62
umol/gram tissue) was not significantly different from glucose in tumor tissue (1.34
umol/gram tissue). Glucose was undetectable in several of the spectra from adjacent non-
involved breast specimens. The high content of fat tissue in non-involved samples is a
probable reason for non-measurable levels of selected metabolites (choline, creatine, B-
glucose, GPC, glycine, myo-inositol, PC and taurine) as well as glucose. This finding of low
glucose content in non-involved tissue is not yet understood, and should be looked into
further. In our study of extracts of breast cancer tissue (paper I), lactate concentration
was significantly higher (student t-test, p < 0.001) in tumor tissue (1.23 pumol/gram tissue)
than in adjacent non-involved breast tissue (0.58 umol/gram tissue). Lactate has previously
been found to correlate to metastasis in cervical cancer, which might be related to
hypoxia (94). Roslin et a/. measured metabolites in astrocytes using microdialysis and found
weakly lower glucose levels in tumor compared to control tissue, whereas lactate levels
were significantly higher in tumor (95). Elevated lactate might be a better measure of
increased glycolytic activity in tissue from tumors than reduced glucose, as glucose flux
also is increased in cancerous tissue (96).

Higher content of choline compounds in cancerous tissue compared to control tissue was
found to contribute to classification of cervical cancer samples (paper IV). Choline was

found to correlate to tumor size in the MAS study on samples from breast cancer patients
(paper III). Perchloric acid extracts of breast cancer samples showed a tenfold higher
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level of cholines than non-involved samples (Paper I). The elevated cholines in breast and
cervical cancer tissue correspond to findings in other studies on breast (27), prostate
(61), colon (97) and brain cancers (98). In cancer studies using MRS, the altered pattern
of choline-compounds have added important diagnostic information (99).

In our studies of cervical cancer (paper IV) and breast cancer (paper IIT) where PCA was
performed and compared to clinical evaluations, the cholines, and PC in particular, were
found to influence tumor sample characteristics. Numerous studies confirm the altered
pattern of choline metabolites in tumors (27), but the mechanisms are not fully
understood. Studies of malignant and benign brain cells have shown that relative
proportions of PC and GPC vary in different types of tumors (100). Studies on prostate cell
lines verify that increased total choline concentration found in prostate cancer is due to
altered phospholipid metabolism (101). Enhanced choline transport and increased synthesis
of betaine and PC were found to dominate increased levels of cholines in malignant
mammary cell lines (102). Choline kinase activity is increased in lung, prostate, colon (97,
103) and breast carcinomas (104).

Glycine has been found to be increased in accordance to degree of malignancy in
glioblastomas (105). Altered glycolysis in tumors has been suggested as a source of
elevated glycine (106). Increased glycine levels contributed to cancer tissue classification
in cervical tissue (paper IV). Glycine was elevated in samples from large breast tumors
(paper III) and was furthermore important in characterization of samples from lymph
node positive breast cancer patients (paper IIT). Glycine is also a substrate in nucleotide
synthesis (section 2.5) and as most amino acids, a substrate in protein synthesis. It
constitutes one third of the most common type of collagen in connective tissue (20).
Ductal carcinomas are in part characterized by large fractions of connective tissue (7),
and high levels of glycine in tissue from such tumors might be connected to collagen
synthesis.

Taurine represents one of the dominant peaks in spectra from both cervical and breast
tissue. In the cervical cancer study (paper IV) taurine was elevated in cancerous tissue,
and when comparing MAS spectra of breast cancer samples (paper III), taurine was
slightly increased with tumor grade for invasive ductal carcinomas. It was also found to be
important in the possible discrimination of samples from lymph node positive patients
(paper III). The roles of taurine are not fully understood, and it appears to have different
functions in different tissues (107). It is an osmolyte and antioxidant and stimulates
glycolysis and glucogenesis. Increased taurine levels have been found in malignant
compared to non-involved tissue studies of breast (93), pancreatic (108), colon (109) and
prostate cancer (61).

Similar to taurine, the role of myo-inositol is not fully understood. The role of inositol-
phosphates as second messengers have gained significant attention in recent years (110).
However, since it is essential that the concentration of these messengers is small, it is
unlikely that they influence the spectra. Myo-inositol can be the polar group on membrane
phospholipids (paragraph 2.5) and its levels might reflect membrane phospholipid
composition. Myo-inositol did not contribute to characterization of cervical cancer (paper
IV) and was not found to be important in the first principal components in PCA of breast
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cancer samples (paper III). Tissue metabolite estimates in breast cancer samples (paper
IIT) showed slightly higher levels of myo-inositol in samples from patients with positive
lymph nodes. In our study of extracts from breast cancer (paper I), the level of myo-
inositol was not significantly higher in tumor tissue (0.90 pmol/gram tissue) compared to
non-involved (0.36 umol/gram tissue) (student t-test, p=0.101). Beckonert et a/. found myo-
inositol to be elevated in healthy tissue in a study of breast tissue extracts (93). Myo-
inositol is not significantly altered in malignant tissue of the cervix and breast compared
to non-involved tissue of the same origin.

The MR lipid profiles of breast cancer tissue, obtained by water suppressed spectra, did
not provide correlation to patient diagnoses (paper III). Parts of spin echo spectra,
strictly dominated by small, water-soluble metabolites, were found to provide sample
grouping in relation to clinical parameters. Lipid profiles have been reported to be
different in malignant breast tissue compared to healthy (111). The lipid signals in the HR
MAS spectra of breast tissue (paper III) probably merely reflect fat tissue content. Lipid
profiles in cervical cancers are associated with viral infections (112, 113). Although lipid-
containing spectra from cervical tissue were examined, a direct comparison to viral
infection could not be performed, as the HPV status of patients was unknown.

In the study of brain autopsy samples (paper V), there was a clear difference between
spectra from CLNI patients compared to controls and CLN3 patients. The
neurotransmitter GABA was undetectable in most CNL1 spectra. Also NAA was
undetectable in these spectra, and glutamine and glutamate were reduced. These findings
reflect neuronal death (64) and astrocyte dysfunction. As described in paragraph 2.5,
GABA and glutamate are neurotransmitters, whereas glutamine is synthesized by
astrocytes and connected to glutamate and GABA synthesis. NAA is synthesized and
stored primarily in the neurons, but catabolized in oligodendrocytes. Recent evidence
shows that one important role of the NAA intercompartmental cycle is osmoregulation, by
removing intracellular water from myelinated neurons (114).

Increased inositol levels were found to strongly contribute in the classification of CLN1
samples in the MAS study of brain autopsy samples (paper V). Myo-inositol is a glial marker
(115). The neuronal death in CLN1 leads to progressive axonal degeneration and gliosis
(116). An increased number of glial cells might cause increased levels of myo-inositol (116,
117). However, the reverse was observed for glutamine and might point to altered
astrocyte metabolism. Furthermore, an increased lipid CH,/CHs ratio of CLN1 patients was
found, supporting a previous study suggesting shorter fatty acids in CLN1 brain (118). The
mechanism for this is not yet understood.

5.4 HR MAS spectral profiles compared to clinical parameters

The main purpose of the MR spectroscopic studies presented in this thesis was to
investigate if MR spectral profiles correlated to clinical parameters. Tissue from
cancerous breast and cervix (paper I-IV) and pathological brain (paper V) have been
compared to non-involved tissue of the same origin (brain and cervix) or adjacent tissue
(breast). This should provide the opportunity to compare metabolic patterns of unaltered
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tissue to that of affected tissue. The MAS spectra presented in paper IT were not
directly compared to clinical parameters.

Cervical cancer samples could be separated from non-involved cervical samples based on
the MR spectral profiles from spin-echo experiments (paper IV). The separation of
cancerous and non-cancerous samples were poorer when water suppressed spectra were
used as input in the principal component analysis, but led to a grouping of samples from
patients with adenocarcinomas and patients with spread to lymph nodes. The MAS MR
spectral profiles showed clear relationships to patient diagnosis. Previous MR
spectroscopic studies on cervical cancers have been performed using conventional
spectroscopy on intact tissue samples (39, 65, 119). The correlation to patient diagnosis in
these studies has been good, but the biochemical information has been limited by low
spectral resolution.

The MAS study of brain autopsy samples (paper V) showed that spectra of samples from
patients with CLN1 were different from spectra obtained from patients with CLN3 and
controls. MAS MR spectroscopy of the brain autopsy samples were applied in order to
investigate if this technique could contribute to an increased understanding of altered
biochemical processes in the brains of children affected by this neurodegenerative
disease. The detected differences were caused by neuronal loss in the frontal cortex in
CLN1 patients, as lower levels of NAA and GABA dominated the principal component
separating CLN1 from CLN3 and controls. Our findings confirmed previous knowledge of
severe neuronal loss in the frontal cortex of CLN1 patients and a moderate loss of frontal
cortex neurons in patients affected by CLN3.

The impact of breast cancer tissue heterogeneity on MAS spectra was demonstrated in
paper III as the percentage of tumor cells in the specimens was found to influence the
spectral profiles. Similar effects on MAS spectra from cell type composition of specimens
has been reported by other groups in studies on cancers of other organs (59, 85). It was
also shown in paper III that MAS spectral profiles enabled correlation to clinical
parameters in spite of heterogeneous tissue samples. The same finding was reported by
Swanson et al. in a MAS study of prostate tissue (61). Early on it was suggested by Smith
et al. that other types of tissue dilute the information from cancer cells metabolism (120).
As reported by Jagannathan et al., breast tissue from controls and non-involved tissue
from patients are dominated by lipid signals (28). In paper I, where samples have been
extracted, tissue origin is not verified by microscopy on the same sample.

Several correlations could be found between MAS spectral profiles of breast cancer
tissue and clinical descriptions of the tumors (paper III). Relative intensities of cholines
were different in tfumor tissue compared to non-involved, and tissue concentrations of
choline and glycine were elevated in large tumors (> 2 cm). Cheng et al/. possibly found a
method to discriminate invasive ductal carcinomas of different grading (62). In our study
however, we could not find apparent correlation between spectral patterns and tissue
samples from patients with different histologic type of breast cancer. However, the MAS
spectra were found fo possibly predict patient lymph node status. A previous study on
breast cancer tissue by Smith et al also found a possible connection between breast
tumor biochemical profile and lymph node status (121). Both these possible methods of
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5. Discussion

lymph node prediction are restricted to samples without fat tissue. The high fat content
in breast tissue limits such a method, and attempts should be made to include samples of
all possible tissue compositions.

The correlation of MAS spectral profiles to patient diagnosis (paper IV and V), verify that
the biochemical profiles obtained by the HR MAS technique correspond to pathological
changes. MAS spectra of autopsy samples from NCL patients could not provide new
information about the deficits, but discriminated the most severe type of the diseases by
characterizing neuron loss. However, the potential of HR MAS as a clinical tool for NCL
patients is limited. Screening programs and successful treatment have led to high survival
rates of cervical cancer in western countries (2). MAS spectra of cervical tissue clearly
distinguished cancerous from non-involved samples, and MAS MR spectroscopy under
temperature controlled conditions might provide biochemical information about the
altered metabolism of tumors.

Negative findings of tumor spread in the axillary lymph nodes of breast cancer patients
are associated with good prognosis for the patient. Still, about 25% of these patients
experience recurrence or spread of their breast cancer (8). A method that could provide a
higher level of confidence in predicting patients with high probability of recurrence or
metastasis would make a profound effect for the large number of women affected by the
disease. Eight of the 19 samples from negative lymph node patients showed principal
component scores values comparable to samples from patients with lymph node spread
(paper III). In future studies we would like o compare the possible correlation between
MAS spectral profiles of breast tumor tissue and lymph node status to patient outcome
after 5 and possibly 10 years. Also, a larger number of samples should be analyzed and
compared to these preliminary findings.
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6. Conclusion

6. Conclusion

The HR MAS spectra presented in this thesis provide detailed information about the
molecular composition of breast, cervical and brain tissue specimens. HR MAS analysis of
intact tissue specimens should be performed at low temperatures to reduce degradation
of sample components and minimize the influence from sample treatment on the detected
metabolic profiles. Most breast cancer specimens analyzed by HR MAS could be examined
by microscopy after HR MAS analysis for a direct comparison to tissue anatomy.
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