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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

URN:NBN:no-3463



URN:NBN:no-3463

2. Background

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.

20



5. Discussion

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

24



5. Discussion

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

27

URN:NBN:no-3463



URN:NBN:no-3463

5. Discussion

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.

Spectra obtained by HR MAS spectroscopy are highly resolved, and provide detailed
information about tissue components at the same level as spectra from tissue extracts.
MAS spectroscopy also has the advantage of omitting the possible disturbance of
metabolic findings from the extraction procedure.

The detailed chemical profiles of neurodegenerated brain and cancerous cervical and
breast tissue were in accordance to patient diagnoses. Brain autopsy spectra showed
metabolic features connected to neuronal loss. Cervical and breast tissue showed elevated
levels of numerous metabolites, probably connected to general increased cellular activity.
MAS spectra from breast cancer samples also provided correlation to clinical findings. A
promising result was the possible correlation between the MR spectral profile from breast
cancer specimens and patient lymph node status.
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Abstract. Background In vivo characterisation of breast
tumors using proton ( H) MR spectroscopy relies upon in vitro
interpretation of tissue samples. The present study has
investigated metabolite composition in extracts from breast
tumors and non-involved breast tissue. Multivariate data
analysis was used to determinate combinations of metabolites
important for differentiation. Materials and Methods: Tumor
and non-involved breast tissue were obtained from 16 patients
undergoing surgical treatment. 'H NMR spectra of perchloric
acid tissue extracts were obtained at a BRUKER Avance
DRX600 spectrometer. The data was analysed using principal
component analysis and probabilistic neural networks.
Results: Low levels of glucose and high content of choline
compounds were dominant findings in the tumor spectra.
Principal component loadings demonstrated this strong
association. The spectra were correctly classified using neural
network analysis. Conclusions: Large differences in the
metabolite composition of breast tumors and surrounding
breast tissues have been documented.

In Nomway breast cancer is the leading cause of cancer-
related death among women and the incidence is strongly
increasing (1). Improved diagnostic methods for early
detection, for better differentiation, and for evaluation of
therapeutic effects are important in trying to gain control of
the increase. Dynamic contrast enhanced T1- weighted MR
imaging is established as an important diagnostic tool (2)
but differentiation between malignant and benign tumors IS
often difficult. Recently, new methods such as 12"
weighted first pass perfusion MRI have been shown to
increase the specificity for differentiating breast tumors (3;
4).
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MR spectroscopy (MRS) has a unique role in clinical
research as a technique for non- invasive monitoring of
body metabolism. In vivo applications of MRS have reached
the point where clinical trials are underway for a number of
different applications (5). Preul and co-workers have shown
that using in vivo "H chemical shift imaging (CSI) on
human brain tumors improves the preoperative clinical
diagnosis from 77% to 99% accuracy when combined with
pattern ented that 'H MRS can be utilised for identification
of brain tumors not detectable with contrast enhanced
MRI, and that this technique might be important for better
definition of tumor borders (7). Furthermore, addition of
MR spectroscopic imaging to MRI significantly improves
the spe01f1c1ty of prostate cancer diagnostics (8). In a recent
in vivo 'H MRS study, we demonstrated high
concentrations of choline compounds in breast carcinomas
(9). The ability of in vivo 'H MRS for differentiation of
benign and malignant tumors is now being investigated
(10).

Several studies have shown that ex vivo MR spectroscopy
of biopsies taken from suspicious thyroid, cervix, ovarian
and colon tissue can be used for discriminating benign
tumors from malignant (11; 12). Ex vivo 'H MRS could
also be used for distinguishing malignant from benign
prostatic tissue with high sensitivity and specificity, and
might be useful for discriminating fast and slow growing
prostate tumors (13). Recently, a study using ex vivo MR
spectroscopy to investigate fine- needle biopsy specimens of
benign and invasive breast cancer reported a sensitivity of
95% and a specificity of 96% in distinguishing benign
lesions from invasive breast cancer. This result was based
upon the ratio of the signal at 3.25 ppm to the signal at 3.05
ppm, calculated from measured peak heights in the spectra
(14).

In an approach aimed at charactcrlsatlon of breast
tumors in vivo we have reported 'H NMR studies of
perchloric acid (PCA) extracts of breast carcinomas and
non-involved breast tissue (15). Better resolved spectra
obtained from tissue extracts allow for more precise
assignment of resonances and identification of components
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seen in the low-resolution in vivo 'H spectra of breast
tissue. This information is also of crucial importance in
interpretation of ex vivo MR spectra of tissue biopsies. In
accordance with other reports (16), our studies
demonstrated variations in phosphocholine (PC) and
phosphoethanolamine (PE) content in malignant and non-
involved breast tissue from the same origin (15).
Differences in levels of other metabolites like amino acids,
sugars, lactate, inositols and phosphocreatine were also
observed (15).

Multivariate data analysis has been applied for
classification of NMR spectra using a number of different
methods (17). Examples of such supervised learning
techniques are principal component analysis and artificial
neural networks. Automated classification of human brain
tumors by neural network analysis using in vivo 'y magnetic
resonance spectroscopic metabolite data was successful
even if there was no simple stdtistically significant
metabolite concentration differences between the tissue
groups ( 18). MRS allows for observation of a large number
of metabolites simultaneously and without preselection.
Combined with the development of a suitable multivariate
data analysis, the user is not required to make objective
assumptions regarding which spectral factors are most
relevant to the problem under investigation.

The purpose of the present study was to investigate
metabolite composition and concentration of selected
metabolites in extracts from breast tumors and non-
involved breast tissue. Multivariate data analysis was used
for determination of metabolites or combinations of
metabolites important for distinguishing the two types of
tissues.

Materials and Methods

Patient selection/Tissue preparation. Tumor and non-involved tissue
were obtained from patients undergoing surgical treatment. A total of
16 patients were included in this study, with samples from tumor tissue
and non-involved tissue in the same breast. Patient data including
histology are listed in Table I. All specimens were immediately
immersed in liquid nitrogen and stored at -80°C until perchloric acid
extraction. Preparation of PCA extracts was performed according to
previously described procedure (19). Before NMR analysis, the
samples were dissolved in 600 u1 phosphate buffer (0.055 M KH2PO4
and 0.045 M NaOD, uncorrected pH of 7.50), containing 0.05 mM
TSPA-d4 (3-(trimethylsilyl-) 3,3,2,2-tetradeutero-propionic acid) for
internal reference.

NMR measurements. All experiments were performed on a BRUKER
Avance DRX600 spectrometer (BRUKER, Germany) using a 5 mm
QXI probe (H, X inverse) with triple gradients. The spectra were
acquired at 25°C. The ID-proton spectra were obtained using a water
presaturation period of 10 seconds followed by a 90° excitation pulse,
128 free induction decays of an accumulated spectral width of 12 kHz
were collected into 64 K data points. The acquisition time was 2.7
seconds, giving a total repetition time of 12.7 seconds.

Data analysis. The concentration of selected metabolites was
estimated by curve fitting using an internal standard (TSP). The areas
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of selected signals in the spectra were calculated using PeakFit (Jandel
Scientific). The curve fitting function used was Voigt area, which is a
combination of Lorentian and Gaussian lineshapes. The correlation
factor (r“) was better than 0.995 for all calculations.

For the principal component analysis, the estimated concentrations
of selected metabolites given in Table II were used as input values.
The first eigenvalue accounts for 66% of the total variance in the data,
the second and third account for 16.8% and 6.1%, respectively. Thus,
the first three eigenvalues account for almost 90% of the total
variance in the data.

Probabilistic Neural Networks (PNN) were used to categorise the
samples in two classes, each sample was assigned to either [1,0] for
non-infiltrated tissue or [0,1] for tumor tissue. Three different
approaches for network analysis were applied. First, the
concentrations of selected metabolites were used as input values.
Then two methods using raw data from the spectrum region 2.80—
3.50 ppm were tested as input without regard to detailed assignments
or preselection of peaks. One method employed all chemical shifts
within the stated range and in the other principal component scores
was first calculated. In the former case the analysis involved 1000
input values and the latter only 17. Output values represent
probability density estimates and add -up to 1. Highest output
corresponds to the most probable category and the minimum value for
classification was set to 0.501.

Results

Assignment of the metabolites in the spectra of tumors and
non-involved breast tissue was done according to published
data (20), spiking with authentic compounds and two-
dimensional NMR spectroscopy (i.e. COSY, J-resolved and
HSQC). The '"H NMR spectra of extracts of breast
specimens provided a comprehensive window into the
metabolic activities of the tissue. Identified metabolites
included  glucose  (Glc), lactate, amino  acids,
phosphocholine (PC), phosphoethanolamine (PE) and
polyamines (Figure 1).

Several differences in the metabolite content of extracts
are obvious when comparing spectra from tumors and non-
involved breast tissue. As we have reported earlier, the
spectra from non-involved breast tissue are dominated by
signals from glucose and other carbohydrates, while most
tumors have very low levels of Glc (15). This can also be
seen from the calculated concentrations for Glc given in
Table I. It was not possible to quantify Glc in 8 of 14 tumor
samples, while the concentration ranged from 0.12 to 1.1
umol /g wet weight in non-involved breast tissue (Table II).
The concentration of selected metabolites was estimated by
curve fitting using an internal standard (TSP). The
correlation factor (rz) was better than 0.995 for all
calculations.

The spectrum region 3.19 ppm to 3.31 ppm from a
carcinoma and non-involved breast tissue is plotted in
Figure 2. The major metabolites in this spectral region are
choline (Cho), PE, PC, glycerophosphocholine (GPC),
taurine (Tau), myo-inositol (myo-Ino) and B-Glc. The sum
of choline compounds, tCho (Cho+PC+GPC) is a factor
10-15 times larger in tumor extracts compared to non-
infiltrated tissue extracts. In extracts from non-infiltrated
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Table 1. Clinical and pathological characteristics.

no Age T Regional pT (mm) p(xly)  _ Histopathology Grade DNA Receptor
(years) (mm) lymph nodes analysis status
1 47 30 NO 25 /11 DC I Tetraploid neg
2 70 80 NO 45 2/13 DC I Aneuploid pos
3 73 15 NO 10 077 DC I NA pos
4 62 95 N1 NA 0/15 Low - NA neg
differentiated carcinoma
5 33 75 N1 NA NA DC 11T NA pos
6 66 55 NO 35 0/7 DC I Aneuploid pos
7 80 30 NO 20 NA LC +LCIS - Aneuploid NA
8 78 21 NO 25 0/8 DC I Tetraploid pos
9 83 80 N1 NA NA Medullary - NA neg
carcinoma
10 76 22 NO 20 177 DC I Aneuploid pos
11 79 60 NO 50 NA DC )i NA pos
12 70 60 NO 33 0/13 Mucinous - Diploid pos
carcinoma
13 48 45 NO 32 1/11 DC I Diploid neg
14 50 44 NO 30 1/14 DC 111 Diploid pos
15 53 TO NO 14 NA Fibroadenoma - NA NA
16 47 30 NO 35 077 DC I Aneuploid pos

Abbreviations used: NO: no palpable lymph nodes, N1: solitary palpable lymph nodes, DC: infiltatring ductal carcinoma, LC: infiltrating lobular
carcinoma, LCIS: lobular carcinoma in situ, NA: not analyzed, T: clinical tumor size, pT: pathological tumor size, p(x/y): number of positive lymph

nodes/number of analysed lymph nodes.

breast tissue, the GPC content is on average higher than the
PC content (0.042 vs. 0.029 pmol/g wet weight tissue), while
the level of Cho is approximately half the PC content. All
choline-containing compounds were increased in tumor
extracts and the relative composition of the metabolites was
altered. The PC concentration is 3 times higher than GPC,
which again is twice the concentration of Cho (Table II).
The PE /tCho ratio is within the same range (1.8) in the two
groups, due to a strong increase also in PE in tumor
extracts (Table II).

Glc is dominant in spectra from non-involved breast
tissue, whereas the content of myo-Ino is much more
variable. In five out of the 16 spectra of tumor tissue,
quantification of the myo-Ino peak at 3.28 ppm was not
possible. In the remaining 11 spectra, the contribution of
myo-Ino was larger than in spectra of non-involved tissue
extracts. Taurine had much higher values in the tumor
extracts, except for the samples from the mucinous
carcinoma and the lobular carcinoma with a large
proportion of in situ cancer.

The score plot of the two groups using the principal
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component analysis is shown in Figure 3. The first group
comprises most of the tumor samples while the second
includes most of non-infiltrated tissue samples. In the first
region all samples belong to a single class, the spread in the
points reflects the normal biochemical variation in
components of malignant tissues. The second region,
dominated by samples characteristic of the non-involved
tissue, also contain two samples (patient 7 and 15) which do
not belong in this category.

The relationship between the score plot positioning and
the metabolite composition can be explored by considering
loadings of eigenvectors in the principal component analysis
(Figure 3). A negative first principal component (PC1)
loading is strongly associated with the value of the 8-Glc
metabolite. Thus, this is a feature that separates the two
classes of tissue samples. A positive loading on PCl is
dominated in similar proportions by a combination of
metabolites PC, choline, GPC, taurine, PE, lactate and
alanine. Negative PC2 positioning of scores is related
mostly to myo-inositol and positive PC2 correlation by
phosphocholine.

1739



URN:NBN:no-3463

ANTICANCER RESEARCH 19: 1737-1746 (1999)

Table 1. Calculated concentrations (umollg wet weight) using curve fitting for a selected number of metabolites in non-infiltrated (A) and tumor (B)
extracts, using the resonances at: Choline (Cho) 3.21 ppm, phosphocholine (PC) 3.22 ppm, glycerophosphocholine (GPC) 3.23 ppm, phosphoetanolamine
(PE) 3.22 ppm, alanine (Ala) 1.47 ppm, lactate (Lac) 1.33 ppm, B-glucose (-Glc) 3.25 ppm, myo-inositol (m-Ino) 3.28 ppm and taurine (Tau) 3.27 ppm.
For some of the patients, two samples of the same tissue type were analysed. *Patient 5 had received tamoxifen treatment prior to operation.

tCho PE Ala Lac B-GIC mIno Tau

0.124 0.136 0.119 0.855 0.432 0.259 0.191
0.024 0.033 0.016 0.119 0.070 0.184 0.016
0.053 0.037 0.034 0.437 0.145 0.218 0.040
0.066 0.076 0.090 1.044 0.832 0.256 0.112
0.046 0.084 0.085 0.319 0.354 0.195 0.118
0.087 0.317 0.117 0.585 0.677 0.363 0.202
0.243 0.304 0.129 0.571 1.062 0.762 0.448
0.064 0.084 0.054 0.281 0.468 0.313 0.139
0.017 0.206 0.054 0.321 0.224 0.183 0.100
0.067 0.122 0.037 0.250 0.293 0.468 0.126
0.131 0.191 0.098 1.031 0.996 0.448 0.338

0.123 0.334 0.136 1.105 0.745 0.697 0.291

0.087 0.160 0.081 0.577 0.525 0.362 0.177

A

Patient no. Histology Cho GPC PC

3 N 0.024 0.066 0.035
4 N 0.005 0.014 0.005
5 N 0.008 0.028 0.016
6 N 0.020 0.025 0.021
7 N 0.015 0.018 0.013
8 N 0.022 0.035 0.030
10 N 0.025 0.143 0.075
12 N 0.008 0.039 0.017
13 N 0.008 0.005 0.004
14 N 0.007 0.050 0.010
15 N 0.019 0.047 0.065
16 N 0.032 0.029 0.062
Average 0.016 0.042 0.029
Standard deviation 0.009 0.036 0.025

0.062 0.109 0.041 0.349 0.332 0.197 0.126

In the neural network analysis of spectra using
concentrations of selected metabolites all spectra were
correctly classified. The lowest category probabilities were
0.572 (lobular/LCIS) and 0.615 for one control sample. All
samples were also correctly predicted when using raw data
from a defined spectrum region. Reducing the number of
input variables by principal component analysis give faster
calculations with the same high predictions (100 % correct).
The response was the same regardless of the choice of
test/training samples.

Discussion

One major focus for in vivo MRS in cancer diagnostics has
been differentiating tumor lesions and discriminating these
from surrounding tissue. The tissue types must have
different metabolic characteristics to obtain such
differentiation. In the present study, samples of non-
involved tissue surrounding the tumor were used as
controls. The major part of the non-involved specimens
consisted of fatty tissue (adipose cells) and glandular tissue
(epithelial and myoepithelial cells), with contribution from
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continued

small vessels. Thus, the metabolite composition expressed
in the spectrum represents several cell types. The fact that
tissue specimen contain different cell types and possibly
also different fractions of these in each sample, must be
considered when interpreting the MR spectra. Most tumor
samples were excised from carcinomas and one
fibroadenoma, which orginate from epithelial cells.
Furthermore, the tumor samples might also contain fatty
and glandular breast tissue.

Elevated levels of phosphomonoesters (PME) have been
found in most human cancers when comparing to
corresponding normal tissue (21; 22). This has also been
shown in animal tumor models as well as cell cultures (23;
24). PC and PE are derived from either uptake of
exogenous choline and ethanolamine, or produced by
phospholipase action on phosphatidylcholine and -
ethanolamine, respectively (25). The interests of non-
invasively observe PME levels are the unique opportunity to
monitor these metabolites in patients during treatment.
Decrease in PME has been observed in response to
treatment for different types of tumors (21). PME can also
in conjunction with other tumor metabolites detected with
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Table II. continued.

B
Patient no. Histology Cho GPC PC PE tCho Ala Lac B-GIC m-Ino  Tau
3 DC.I 0.103 0.278 0.414 1.358 0.794 0.409 7.738 ND 0.891 2.607
4 DC.II 0.381 0.200 0.506 1.063 1.086 0.980 7.176 0.581 2.386 2.541
6 DC.I 0.106 0.070 1.400 1.406 1.576 0.967 10.441  ND 0.453 2.107
7 DC+LCIS 0.046 0.025 0.061 0.283 0.132 0.164 1.737 0.487 0.426 0.315
8 DC.II 0.123 0.174 1.538 4.190 1.835 0.925 8.426 ND ND 8.278
9 Medullary 0.162 0.363 0.855 2.853 1.380 1.632 9.083 ND ND 5.222
carcinoma
10 DC.III 0.094 0.268 1.327 1.988 1.689 0.733 7.811 ND ND 3.930
11 DC.II 0.117 0.621 1.263 3.348 2.001 0.927 10461  ND ND 5.549
12 Mucinous 0.047 0.104 0.249 0.510 0.400 0.253 1.916 0.816 0.615 0.701
carcinoma
12 Mucinous 0.067 0.134 0.148 1.685 0.349 0.290 2328 0.662 0.874 0.759
carcinoma
13 DC.II 0.097 0.195 0.452 1.900 0.745 0.577 5.245 0.779 1.269 1.861
13 DC.II 0.202 0.676 0.455 3.441 1.333 0.845 8.693 ND 3.860 5.822
14 DC.III 0.120 0.304 0.718 2.459 1.141 0.692 8.555 1.098 1.853 3171
16 DC.II 0.134 0.442 1.640 2.362 2216 0.985 11.636  ND ND 2.984
Average 0.128 0.275 0.788 2.060 1.191 0.741 7.232 0.737 1.403 3.275
SD 0.084 0.195 0.545 1.131 0.644 0.388 3.233 0.215 1.132 2.27
15 Fibroadenoma 0.022 0.069 0.108 0.369 0.199 0.110 1.482 0.978 0.465 0.338
5 DC.III* 0.0046 0.134 0.105 0.839 0.245 0.357 1.433 1.149 1.938 1.203

MRS discriminate among different type and grade of
tumors (6). Despite all these observations, there is no clear
explanation for the variation of phospholipid metabolites in
tumor tissue (26).

The level of PC shows a significant variability in the
present study (Table II). Many studies have recently
focused upon parameters that might regulate the MR
visibility of these peaks. Aiken and Gillies (23) suggest from
their studies of different breast cancer cells that the PME
level is regulated by a combination of extrinsic (such as
necrosis, perfusion, availibility of nutrients) and intrinsic
(such as proliferative status) factors. They found that PE
was more under intrinsic control than PC (23). Ting et al
(26) have compared the metabolism of human mammary
epithelial cells and human breast cancer cells (MCF7 and
T47D) which proliferate at approximately same rate. The
results demonstrated significant Jower levels of PC, PE and
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glycerol derivatives in normal cells compared to cancer
cells. These results suggest that variations in phospholipid
metabolism are associated with malignancy, and not with
proliferation rate. The same group (24) demonstrated
enhanced choline transport and choline kinase activity in
breast cancer cells. They concluded that these two factors
are responsible for the presence of high PC in breast cancer
cells (24).

Previous in vitro MR spectroscopy studies of perchloric
acid extracts of excised breast cancer tissue and fine needle
specimens have demonstrated high levels of choline
compounds in malignant breast tissue, but low levels in
normal breast tissue (15). Recently, we published in vivo '
MR spectroscopy investigations of breast tumor and normal
breast tissue. Typically, such spectra show signals from
lipids (1.0-1.4 ppm) and in malignant lesions also signals
from choline containing compounds (3.2-3.3 ppm) (9).
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Figure 1. Representative 600 MHz 'H NMR spectra of PCA extracts from a ductal carcinoma (upper part) and non-involved breast tissue (lower part). In
the low frequency region of the spectra (A) signals from the following metabolites can be identified (numbers in ( ) indicate which proton): I Leucine, 2
Isoleucine, 3 Valine CH3, 4 3-hydroxybutyrate CH3, 5 Lactate CH3, 6 Alanine CH3, 7 Acetate, 8 Glutamate CHy(3), 9 Glutamine CH(3) and glutamyl
CH5 (3) in Glutathione disulfide (GSSG), 10 Glutamate CH>(4), 11 Succinate, 12 Glutamine CH>(4), 13 Glutathione disulfide (GSSG), glutamyl CH,
(4), 14 Aspartate, CH> (4), 15 Glutathione disulfide (GSSG), cystine CH3 (3), 16 Creatine CH3, 17 Phosphocreatine CH3, 18 Phosphoetanolamine (N), 19
Phosphocholine N(CH3)3, 20 Glycerophosphocholine N(CH3)3, 21 Taurine (N), 22 scyllo-Ino, 23 Glycine, 24 myo-Inositol (2), 25 Lactate CH, 26 f3-
Glucose (1), 27 Residual water. The high frequency region of the spectra (B) show signals from: 28 f3- Glucose (1), 29 Uridine diphospho-N-
acetylglucosamine UDP-GIcNAc (1) and galactosamine UDP-GalNAc (1), 30 Uridine diphosphate hexoses, 31 Ribonucleotide signals ribose (1), 32
Tyrosine (6 and 5), 33 Histidine (8 and 6), 34 Phenylalanine (5, 7 and 6), 35 Adenosine triphosphate, adenosine diphosphate, 36 Formate and 37 Nicotine

adenine dinucleotide.
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Figure 2. A) High-resolution 'H NMR spectra of a tumor and non-infiltrated breast tissue from the same patient, the spectrum region 3.19 ppm to 3.31 ppm
is shown. The assignments are as follows: PE, phosphoetanolamine; Cho, choline; PC, phosphocholine; GPC, glycerophospocholine; 8-Glc, 8-Glucose;
Tau, taurine; m-Ino, myo-inositol. The spectra are scaled according to wet weight of the tissue and internal standard TSP. B) Calculated (bottom) and
experimental (top) spectra of a sample from non-involved breast tissue. A non-linear curve fitting program using least square minimisation method was used
for calculating the theoretical spectrum. The correlation factor # was better than 0.995 for all the calculations. The calculated relative areas are shown in the

theoretical spectrum.

Together these studies indicate that in vivo ' MRS can be
utilized for detection of malignant breast lesions based on
the presence or absence of choline related compounds.
However, in a recent study from our laboratory, choline was
detected in 2 out of 10 benign lesions, and also in normal
breast tissue of lactating women (10). Thus, the presence of
a choline related peak in an in vivo MR spectrum is not
sufficient for the identification of malignancy.

A recent study has examined whether invasive breast
cancer can be distinguished from benign lesions based on ex
vivo 'H MR spectra (14). Based on the ratio of peak height
intensities of the signals at 3.25 ppm to 3.05 ppm, a
sensitivity of 95% and a specificity of 96 % for
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differentiation of benign and invasive cancer were obtained.
The increased Cho/Cr ratio found in carcinomas was
explained by elevated choline metabolite levels (14). In the
present study, we have examined closer the contribution to
the spectrum region 2.95-3.35 ppm. The major contribution
to the 3.25 ppm peak is from PC and GPC in the invasive
cancers. PE and taurine might also provide a significant
contribution, due to the high levels found in the tumors.
Our study documented that these metabolites are elevated
in malignant tumors compared to non- involved breast
tissue (Figure 2 and Table I). Glucose contributes to the
3.25 ppm signal in non-involved breast tissue. Due to J-
modulation of these dublets and triplets in the Y in vivo
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Figure 3. Principal components biplot. Solid squares denote scores for non-involved breast tissue samples and circles denote scores for tumor samples.
Relative contributions to the loadings of each principal component are denoted by the length and direction of the variables noted in the overlaid plot.

spectra the relative contribution will be less than from the
choline singlets due to spin echo experiments with relative
long echo times. Mackinnon et al (14) obtained high
sensitivity and specificity using peak height measurements
for determining Cho/Cr ratio, demonstrating the diagnostic
potential of MRS for breast tumor differentiation.

High concentration of PC in cells has also been linked to
energy metabolism. Roby ef al (27) observed accumulation
of PC in cytoplasm of plant cells during a long period of
sucrose starvation. They explained this by utilization of fatty
acids from membrane lipids as a carbon source for
respiratory purposes. Similar mechanisms have been
discussed for the variation in the level of PC in
differentiated and undifferentiated human colon adeno-
carcinoma cells (28) and it is well known that tumors have a
high rate of aerobic glycolysis. Our results have shown that
malignant breast tumors have low levels of glucose (Table
I). In the multivariate analysis (Figure 3) glucose gives one
of the heaviest loadings. Glucose was not quantified in 8 of
the malignant tumor extracts. Six of these tumors had the
highest PC levels found in the study. This result might be
interpreted as a connection between low glucose level and
high PC content, but more data are certainly needed to
establish the significance of the finding. With little or no
glucose left, there is a demand for other types of energy
supply and degradation of lipids is a likely alternative
energy source.

PE gives a large contribution to the signal at 3.2 ppm. In
non-involved breast tissue the average PE content is 0.145
+0.1 compared to 2.06 +1.13 pmol/g wet weight tissue in
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the tumor group. Possible .metabolic pathways to explain
this large difference can be the same route as for PC. The
average content of total Cho in the tumor group is about
half of the PE content, which is also the case for PE in non-
infiltrated breast tissue compared to the tumors.

The relationship between the score plot positioning and
the metabolite composition can be explored by considering
loadings of the eigenvectors in the principal component
analysis. A negative PCI loading is strongly associated with
the value of the B-Glc metabolite; this is one feature that
separates the two classes of tissue samples. A positive
loading on PCl is dominated in similar proportions by a
combination of metabolites: PC, choline, GPC, taurine,
PE, lactate, and alanine. This behaviour indicates that
numerous simultaneous variations in metabolite concentra-
tions occur in malignant tissue. This is also a reason why
simple linear regression analyses may be incapable of
quantifying/modelling such data. Non-linearity may be
significant. Negative PC2 positioning of scores is most
related to myo-inositol concentration and positive PC2
correlation by PC.

The second region was dominated by samples of non-
involved tissue, but also contained two samples that should
be categorised otherwise. In the case of patient 15, a
fibroadenoma, there is reason to believe that the metabolite
distribution should not be that associated with malignant
tissue. However, it would be desirable for such samples to
be better discriminated from the other classes. Finally,
patient 7, with a lobular carcinoma with a large in situ
component, is associated with the normal tissue region.
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Clearly, discrimination fails for this sample with this
methodology. The overall variation in metabolite
composition in the score appears to be smaller for the
normal tissues than for the malignant tissues. This reflects
the variability of the metabolite concentrations for the two
populations of samples (i.e., tumors versus non- infiltrated
breast tissue).

For differentiating the two tissue groups, curve fitting
and calculation of concentrations are a time demanding
process. Using the spectrum region from 3.0 to 3.35 ppm,
correct classifications of the spectra were obtained using
probabilistic neural network analysis. Two methods were
tested, one employing all chemical shifts within the stated
range (1000) and another whereby principal component
scores were calculated in a pre-processing step to reduce
the dimensionality of the calculations (to 17) and to
improve the speed of the calculations. The choice of the
number of eigenvalues to keep was based on accounting for
approximately 90% of the variance in the original data set.
However, it was noted that a smaller number might also
lead to equally acceptable results. By retaining only such
linear combinations corresponding to some subset of the
largest eigenvalues, it is assumed that the effect of noisy or
correlated variables in the original data matrix has been
removed. A potential danger is that the effects of interest in
the data may account for only a small proportion of the
total variance in the data. In this case information related
to these small effects would be lost along with some of the
smaller eigenvalues. By using the dimensionality-reduced
data set generated by the PCA pre-processing step,
predictions of similar quality as those obtained using the
complete chemical shift range were obtained. Compared
with the analyses performed using the pre-selected
metabolite components, the present data are of similar
quality.

In conclusion, this study has documented large
differences in the metabolite composition of breast tumors
and surrounding breast tissue. These findings encourage in
vivo MRS studies of breast tumors. It has also been shown
that composition and amount of metabolites in breast
tumors can be analysed by multivariate data analysis, which
might provide a fast data analysis of complex high
resolution NMR spectroscopy data set. Future work need to
document the metabolic composition of tumors related to
histopathology, in order to explore the potentials of MR
spectroscopy as a tool in breast cancer diagnostics.
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ABSTRACT: High-resolution magic angle spinning (HR MAS) may develop into a new diagnostic tool for studying
intact tissue samples, and several types of cancer have been investigated with promising results. In this study HR
MAS spectra of breast cancer tissue from 10 patients have been compared to conventional high-resolution spectra of
perchloric acid extracts of the same tissue type. The HR MAS spectra show resolution comparable to spectra of
extracts, and two-dimensional techniques lead to identification of a majority of the constituents. More than 30
different metabolites have been detected and assigned. To our knowledge this is the most detailed assignment of
biochemical components in intact human breast tissue. The spectra of intact breast cancer tissue differ from perchloric
acid extracts by the presence of lipids and fewer signals in the low field region. HR MAS analysis of intact breast
tissue specimens is a rapid method, providing spectra with resolution where relative quantification of the majority of
the detected metabolites is possible. Copyright © 2002 John Wiley & Sons, Ltd.

KEYWORDS: HR MAS:; breast cancer; tissue; PCA extract

INTRODUCTION

Breast cancer is one of the major causes of death among
women in the Western world. The incidence is increas-
ing, but a slight decline in mortality has been registered
from the mid 1980s." In Norway, more than 2200 women
were diagnosed with the disease in 1995 and nearly 800
died.>® Much research has been done to increase the
understanding of the causes of breast cancer, and to
develop new methods for diagnosis and treatment
evaluation. Early diagnosis is believed to be an important
factor for reducing breast cancer deaths.* Screening
X-ray mammography of defined age groups has been
started in most Western countries, even though the
benefit of screening is a much debated topic.” '® The
pursuit of improved diagnosis has also resulted in
development of new methods for magnetic resonance

*Correspondence to: B. Sitter, SINTEF Unimed, MR Center, N-7465
Trondheim, Norway.

Email: Beathe.Sitter@unimed.sintef.no
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Abbreviations used: Cho, choline: Cr, creatine; CPMG, Carr—
Purcell-Meiboom-Gill; DCIS, ductal carcinoma in situ: GPC,
glycerophosphocholine: IDC, infiltrating ductal carcinoma, MAS,
magic angle spinning; PCA, perchloric acid; PC, phosphocholine; s-
Ino, scyllo-inositol; Tau, taurine.
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imaging (MRI). MRI has so far proven useful in
differentiating malignant and benign tumors,'"'? as well
as evaluating breast cancer treatment. In addition to
early detection and good characterization of the tumors,
predicting severity of the disease in each patient might be
an important factor for choosing the optimal treatment.
MR spectroscopy of extracts from human tissue has
been discussed as an additional method to histopatho-
logical analysis for many years.'*”'” Biochemical altera-
tions in cancerous tissue are expected to be detectable
before any visible morphological changes, and MR
spectroscopy of extracts could yield substantial informa-
tion. Spectra of extracts contain detailed information on
different components in tissue and have contributed to an
increased understanding of biochemical changes in
cancer. Extraction of either the water- or fat-soluble
fractions yields spectra with narrow lines and good
separation of signals arising from different metabolites.
The extraction procedure is, however, time-consuming
and labor-intensive. Also, large tissue samples (typically
0.5-2.0 g) are required to assure a reasonable S/N ratio. 18
MR analyses of extracts from breast tissue have
documented a relative increase in phosphocholine
compared with other choline compounds in cancerous
tissue.'®'? Other findings were the lowered glucose and
carbohydrate levels in tumor tissue. Furthermore, the
myo-inositol profile follows the lowered levels of

NMR Biomed. 2002;15:327-337
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glucose, while metabolites such as lactate, taurine and
succinate were found to be increased.'**

Analysis of intact tissue specimens omits the extrac-
tion. A traditional MR spectrum of a tissue sample
consists of broad overlapping peaks due to unresolved
anisotropic interactions, both intra- and intermolecular.
In spite of this, conventional MR spectroscopic studies of
tissue samples have shown high sensitivity and specifi-
city in differentiating malignant and benign tumors. In a
study on breast cancer biopsies from 191 patients it was
shown that the MR spectra could be used to separate
benign from malignant tumors with a high degree of
sensitivity and specificity (95 and 96%, respectively).?' A
study of a total of 159 cervical biopsies showed that MR
spectroscopy  differentiated pre-invasive lesions and
invasive cancer with a high degree of sensitivity using
conventional MR spectroscopy.22 Smith er al.?*** have
in several reports shown good classification of different
cancer tissue samples like ovarian, prostate and brain
tumors, using conventional spectroscopy and multi-
variate analysis.

High-resolution magic angle spinning (HR-MAS) is
a method where broadening due to anisotropic inter-
actions in solid material is reduced by spinning the
sample about its own axis at a 54.7° angle to the static
magnetic field.>>2° An angular factor (Bcos?0 — 1)
contributes to anisotropic broadening in solids, where ¢
corresponds to the angle between the sample spinning
axis and the static magnetic field. Under MAS
conditions the term cos’d — 1 equals 0 and fast
spinning leads to narrowed lines. Spectra with narrow
lines are obtained with more detailed information than
conventional MR spectra of tissue samples. The
extraction procedure is omitted, and spectra with
acceptable signal-to-noise ratios are achieved from
small tissue specimens (~20 mg).27 Millis et al.*® have
classified human liposarcoma and lipoma based on
lipid profiles in HR-MAS spectra. The lipid profile in
renal carcinoma has been found to correlate with
malignancy of kidney tissue.?? Kidney tissue has also
been studied using HR MAS by Garrod et al.,*® who
identified numerous metabolites and found differences
in the metabolic profile in the medulla and cortex.
Cheng et al.*' have shown that HR MAS spectra of
tissue biopsies from breast cancer patients correlate
well with histopathological examinations and that it is
possible to separate the different choline metabolites.
In healthy breast only small amounts of phosphocho-
line are detected, while it is the dominant contributor to
the choline signals in ductal carcinoma.?

Histopathological evaluation of breast tumor speci-
mens is, in combination with lymph node status, the basis
for the patient treatment plan. These evaluations are
performed on a small fraction of the surgically excised
tumors, raising the issue of sample handling and the
reliability of observer interpretation.”’  Additional
methods for diagnosis and prediction of the disease

Copyright © 2002 John Wiley & Sons. Ltd.

Table 1. Pathological patient characteristics

Patient Age (years) Histopathology Grade
1 68 IDC I
2 54 IDC 11
3 63 IDC I
4 49 IDC 11
5 32 IDC I
6 91 IDC I
7 59 IDC 11
8 33 IDC 11
9 72 IDC 11

10 78 DCIS —

IDC; infiltrating ductal carcinoma, DCIS; ductal carcinoma in sifu.

development using tissue samples could be important for
better treatment strategies.

The lipid content in breast tissue is often high,
concealing water-soluble metabolites in MR spectra. In
this work, experimental conditions were explored to
achieve profiles of low-concentration water-soluble
metabolites in intact breast tissue specimens. Metabolite
composition in PCA extracts of breast cancer tissue and
healthy breast tissue has previously been explored in
detail.'®'>3? The purpose of the present study was to
establish the metabolic profile of breast tumor and non-
involved breast tissue in HR MAS spectra compared with
previously obtained results from extracts. Two-dimen-
sional HR MAS experiments were performed to support
identification of individual metabolites.

EXPERIMENTAL
Tissue samples

Specimens of breast cancer tissue and adjacent non-
involved tissue were excised from patients (n=10)
undergoing scheduled surgery for breast cancer. Patient
data are presented in Table 1. All subjects provided
informed written consent and the local independent ethics
committee approved the study protocol. The tissue
samples (96.4 + 13.7 mg) were put in liquid nitrogen
immediately after dissection and stored until MR
analysis. Before HR MAS analysis, all samples were
cut to fit a MAS rotor (4 mm o.d.). Two of the breast
cancer samples were flushed with D,O prior to HR MAS
analysis. The other eight breast cancer specimens were
put in the MAS rotor and D,O added before HR MAS
analysis. Two of these tumor samples were taken out of
the rotor and flushed in DO before repeated HR MAS
analysis. Non-involved breast tissue specimens also had
D,0 added before MR spectroscopic analysis. Sample
and instrument preparation took one hour or more for all
samples. The MAS data were compared with previously
obtained results on PCA extracts,'®'%-3?

NMR Biomed. 2002;15:327-337
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Figure 1. High-resolution proton spectra of breast cancer tissues, showing (A) the high-field region, 4.9-0.7 ppm, and (B)
low-field region, 9.5-4.9 ppm. The MAS spectrum (top) of an intact breast cancer specimen (invasive ductal carcinoma
grade Il) is compared with a high-resolution spectrum of PCA extract (bottom) of tumor tissue (invasive ductal carcinoma
grade lil). Scaling of the spectra led to cutting the residual water signal at 4.7 ppm. In the high field region (A) of the MAS
spectrum (top) the lactate doublet at 1.33 ppm and lipid signals at 1.3 and 0.9 ppm have been cut. Assignments are given

in Table 2
MR experiments gradient along the magic angle axis (Bruker Spectrospin,
Germany). Samples were spun at 6 kHz and acquisitions
High-resolution proton MAS spectra were recorded using obtained using a one-dimensional spin-echo sequence
a Bruker Avance DRX600 spectrometer equipped with a with water presaturation (cpmgpr, Bruker). One-hundred
'H/'3C MAS probe able to provide a magnetic field and twenty-eight transients over a spectral region of

Copyright © 2002 John Wiley & Sons, Ltd. NMR Biomed. 2002:15:327-337
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Table 2. Tentative 'H chemical shift assignment on HR MAS spectra of human breast cancer tissue. Chemical shift
referencing is relative to alanine doublet (CH;) at 1.47 ppm downfield of TSP in MAS spectrum

Metabolite Assigned number 'H multiplet MAS PCA
Fatty acids —CH; 1 t 0.89 ND
Isoleucine 6CHj5 2 t 0.95 0.94
Leucine §'CH; 3 d 0.96 0.96
Leucine O6CH; 4 d 0.97 0.97
Valine yCH3 5 d 0.98 0.99
Isoleucine 7CH; 6 d 1.00 1.02
Valine 7'CHj; 7 d 1.03 1.05
Fatty acids —(CH,),, 8 m 1.30 ND
Lactate CH; 9 d 1.32 1.33
Fatty acids —CH,—CH; 10 m 1.35 ND
Isoleucine 7'CH 11 m 1.45 1.45
Lysine 7CH, 12 m 1.45 1.45
Alanine CH; 13 d 1.47 1.48
Fatty acids —CH,—CH,—CO— 14 m 1.58 ND
Leucine yCH 15 m 1.68 ND
Lysine 6CH, 16 m 1.68 1.69
Leucine SCH, 17 m 1.72 1.72
Lysine SCH, 18 m 1.90 1.89
Acetate (CH3) 19 s 1.91 1.92
Isoleucine SCH 20 m 1.97 1.96
Fatty acids —CH=CH—CH,—CH,— 21 m 2.02 ND
Glutamate SCH, 22 dt 2.07 2.09
Glutamine SCH, 23 c 2.13 2.14
Fatty acids —CH,—CH,—CO— 24 m 2.25 ND
Valine SCH 25 m 2.27 2.27
Glutamate yCH, 26 t 2.34 2.34
Succinate (a,fCH,) 27 S 2.41 241
Glutamine yCH, 28 c 2.44 2.45
Aspartate SCH 29 dd 2.67 2.68
Fatty acids —CH=CH—CH,—CH=CH— 30 m 2.75 ND
Aspartate p'CH 31 dd 2.81 2.79
Aspargine SCH 32 dd 2.85 2.87
Aspargine p'CH 33 dd 2.95 2.95
Lysine ¢CH, 34 t 3.02 3.01
Creatine CH; 35 S 3.03 3.04
Phosphocreatine CH; 36 s ND 3.05
Tyrosine 1/2 f-CH, 37 dd 3.03 3.05
Tyrosine 1/2 f-CH, 38 dd 3.11 3.15
Choline N(CH3); 39 S 3.19 3.21
Phosphocholine N(CHj3); 40 S 3.21 3.23
Glycerophosphocholine N(CHs);3 41 S 3.22 3.24
Phosphoethanolamine N—CH, 42 t 3.23 3.24
f-Glucose C2H 43 dd 3.24 3.26
Taurine N—CH, 44 t 3.25 3.27
myo-Inositol CSH 45 t 3.27 3.28
scyllo-Inositol 46 S 3.34 3.35
Taurine S—CH, 47 t 3.42 343
f-Glucose C3H 48 t 3.49 34
Choline SCH, 49 m 3.51 3.43
myo-Inositol CIH, C3H 50 dd 3.52 3.54
a-Glucose C2H 51 t 3.53 3.54
Glycine «CH» 52 S 3.55 3.56
myo-Inositol C4H, CoH 53 dd 3.61 3.62
Leucine aCH 54 t 3.68 ND
Glutamate «CH 55 t 3.75 3.75
Glutamine oCH 56 t 3.76 3.77
Lysine oaCH 57 t 3.77 3.74
Alanine «CH 58 q 3.78 3.77
Aspartate oaCH 59 dd 3.90 3.89
Creatine CH, 60 S 3.92 3.94
Phosphocreatine CH, 61 S ND 3.94

Copyright © 2002 John Wiley & Sons, Ltd.

Continued
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Table 2. Continued

Metabolite Assigned number  'H multiplet MAS PCA
Tyrosine o«CH 62 dd 3.99 3.93
Aspargine oCH 63 dd 4.00 4.00
Phosphoethanolamine P—O—CH, 64 t 4.01 ND
Choline oCH, 65 m 4.06 3.96
myo-Inositol C2H 66 t 4.06 4.07
Glyceryl in triglycerides 3CH,OCOR 67 m 4.10 ND
Lactate CH 68 q 4.11 4.12
Glyceryl in triglycerides s*CH>OCOR 69 m 4.30 ND
f-Glucose CIH 70 d 4.64 4.65
Water, residual (HOD) 71 m 475 4.85
Glyceryl in triglycerides —C2H— 72 m 5.23 ND
o-Glucose CIH 73 d 5.23 5.24
Fatty acids —CH=CH—CH,—CH=CH— 74 m 5.34 ND
UDP-GlcNAc and GalNAc CIH 75 d ND 5.52
Uracil C6H, ring 76 d 5.79 ND
Uridine diphosphate hexoses CIH 77 d ND 6.1

NADH NI'H 78 d ND 6.04
NADH Al'H 79 d ND 6.09
Ribose in ribonucleotides CIH 80 d ND 6.15
Tyrosine C3H, 5H ring 81 d 6.88 6.90
Histidine C4H, ring 82 S 7.13 7.07
Tyrosine C2H, 6H ring 83 d 7.18 7.20
Phenylalanine C2H, C6H, ring 84 m 7.32 7.33
Phenylalanine C4H, ring 85 m 7.37 7.38
Phenylalanine C3H, C5H, ring 86 m 7.42 7.41
Uracil C5H, ring 87 d 7.86 ND
Histidine C2H, ring 88 S 7.97 7.81
NADH NS ring 89 d ND 8.19
Inosine C2 ring 90 S 8.22 8.24
ADP and ATP C2 ring 91 s ND 8.27
Inosine C8 ring 92 S 8.34 8.35
NADH A8H ring 93 s ND 8.43
Formate HCOO' 94 s ND 8.46
ADP C8 ring 95 S ND 8.53
ATP C8 ring 96 s ND 8.54
NADH N4 ring 97 d ND 8.83
NADH N6 ring 98 d ND 9.14
NADH N2 ring 99 s ND 9.33

ND, not detected.

10kHz were collected into 32K points, giving an
acquisition time of 1.64 s. The T>-filtering was performed
with a delay of 1 ms repeated 48, 136 and 272 times,
giving three different spectra with effective echo times of
102, 270 and 580 ms. The raw data were multiplied with
a 0.7Hz exponential line broadening before Fourier
transformation into 64K points. Chemical shift referen-
cing was performed relative to the methyl group in the
alanine resonance that shifts 1.47 ppm downfield from
TSP.

J-resolved spectra were obtained by a standard spin-
echo sequence with 2s water presaturation (Jrespr,
Bruker). Eight transients were collected into 8K data
points over a 10 kHz spectral region. The interpulse delay
was incremented 64 times, resulting in 78.1 Hz spectral
region in the F1 dimension. The raw data were processed
using an unshifted sine window function in both
dimensions, tilted and symmetrized. Homonuclear corre-

Copyright © 2002 John Wiley & Sons, Ltd.
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lated spectra (COSY) were recorded by acquisition of 16
transients per increment for 512 increments collected into
2K data points. A spectral width of 8 kHz was used in
both dimensions. The time domain data were zero-filled
and multiplied with a sine window function in both
dimensions before Fourier transformation.

RESULTS

CPMG spin-echo '"H MAS MR spectra of intact tissue
(top) and PCA extract from breast cancer tissue (bottom)
are shown in Fig. 1. The tissue specimens are from two
patients diagnosed with invasive ductal carcinoma, grade
II and III respectively. Assigned metabolites are
presented in Table 2. The assignments of MAS spectra
were performed using published data,’®**~*> previous
studies of PCA extracts'® and two-dimensional J-

NMR Biomed. 2002:15:327-337
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Figure 2. High-resolution J-resolved MAS spectrum of a
breast cancer tissue sample (invasive ductal carcinoma grade
). The displayed region is 2.95-3.45 ppm. Annotations of
peaks are as in Table 2

resolved and proton-proton correlated spectroscopy
(COSY). More than 30 different metabolites were
detected and assigned. The resonances are well resolved,
as can clearly be seen in the spectral region of 0.9—
1.2 ppm [Fig. 1(A)], where CHj signals from the amino
acids valine, isoleucine and leucine can be separated. The
predominant resonances in the MAS spectra arise from
lipids, amino acids and choline-containing compounds.
Lactate was apparent as a shoulder on the lipid peak, but
is not shown due to scaling. In the PCA extract spectrum,
however, lactate is clearly visible. In the low field region
[Fig. 1(B)], the aromatic amino acids phenylalanine and
tyrosine are intense signals in the MAS spectra. The
nucleotide signals dominating the same region in the
PCA extract spectra have not been detected in MAS
spectra of intact breast cancer specimens.

A J-resolved spectrum of a tumor sample from
patient no. 4 is presented in Fig. 2; the spectral region
shown is from 3.1 to 3.5 ppm. Choline, phosphocho-
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Figure 3. Proton chemical shift correlated spectrum of a breast cancer specimen (invasive ductal carcinoma
grade I). The spectral region shown is 0.6-5.6 ppm. Assignments are in accordance with Table 2. Spinning
sidebands can be seen parallel to the diagonal and are denoted SB
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Figure 4. Spectra of tumor tissue sample acquired with
water presaturation (A) and a spin echo sequence (cpmgpr;
Bruker) with varied repetitions of the echo sequence,
resulting in different echo times of 102 (B), 290 (C) and
580 ms (D). The water suppressed spectrum (E) and spin-
echo spectrum (F) of non-involved breast tissue are shown as
well. The spectrum in (F) is recorded with a 580 ms total echo
time

line, glycerophosphocholine and phosphoethanolamine
as well as f-glucose, myo-inositol and taurine have
resonance peaks in the spectral region 3.19 to
3.27 ppm. The J-resolved spectrum enables the triplet
from phosphoethanolamine (N-CH,) to be distin-
guished from the singlets from the CHj groups in

Copyright © 2002 John Wiley & Sons, Ltd.
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cholines. The C2H signals from f-glucose and the
triplets from taurine (N-CH3) and myo-inositol (C5H)
are also clearly separated in the J-resolved spectrum.
These compounds can be individually assigned in the
MAS spectra of intact breast cancer specimens. The
signal often called the creatine peak at 3.03 ppm
consists of three resonances. From the two-dimensional
spectra it can be confirmed that the signal also
comprises tyrosine (3-CH,) and lysine (e-CH»).

Assignments performed by J-resolved spectra were
compared with proton—proton correlated spectra. In Fig.
3, the spectral region 5.6-0.6 ppm of a COSY spectrum is
presented (patient number 1); assignments correlate with
the data in Table 2. This spectrum in particular reveals
the connections of triglycerides with fatty acids and the
glycerol backbone. The presence of triglycerides is
confirmed by detection of characteristic resonances from
the glycerol backbone at 4.10 ppm (:CH,), 4.30 ppm
(:CH,) and 5.23 ppm (C2H) that show cross correlations
to each other. In addition to the dominating resonances
and cross peaks from fatty acids, this two-dimensional
spectrum reveals cross-correlations within the amino acid
residues, for instance leucine, isoleucine and valine (Fig.
3).

Different T»-filtering was explored to optimize the
suppression of lipid signals. Three different spectra with
different echo times are displayed in Fig. 4(B-D) in
addition to a spectrum recorded with water presaturation
alone [Fig. 4(A)] of a tumor sample from patient number
7 (Table 1). The relative intensities of the lipid signals at
0.9 and 1.3 ppm change with increasing echo times, as
well as there being an overall reduction. In general,
increasing echo time leads to a loss in signal-to-noise
ratio. Lipid signals and signals from macromolecules are
more reduced than signals from smaller molecules, which
leads to an efficient increase in signals from low
molecular weight metabolites. A spectrum of non-
involved breast tissue specimen recorded with water
presaturation is shown in Fig. 4(E) and a spin-echo
spectrum, with echo time of 512 ms, of the same sample
in Fig. 4(F). The majority of peaks in the spectra arise
from lipids.

Intensities of choline components vary in spectra of
cancer specimens from different patients, illustrated in
Fig. 5. All choline metabolites, choline, phosphocholine
and glycerophosphocholine, can be detected. In the
spectra of tumor samples from patient numbers 3, 6 and
9 glycerophosphocholine can only be seen as a low field
shoulder on the phosphocholine peak. Scyllo-inositol is
detected in all spectra except that of the specimen from
patient number 6.

The difference in spectra of a sample from patient
number 9, first analyzed in D,O, thereafter flushed and
analyzed in D0, is demonstrated in Fig. 6. For both
samples subjected to this protocol it was found that
flushing with D,O led to a reduction in signal-to-noise by
more than 50%.
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Patient 3 Patient 6
invasive ductal carcinoma grade IT

Patient 4 Patient 5
invasive ductal carcinoma grade IIT

invasive ductal carcinoma grade IT

invasive ductal carcinoma grade IIT

Patient 9
invasive ductal carcinoma grade IT

Patient 10
ductal carcinoma in situ

348 3.40 3.32 3.24 3.16 3.08 3.00 2.92(ppm) 3.48 3.40 3.32 3.24 3.16 3.08 3.00 2.92(ppm) 3.48 3.40 3.32 3.24 3.16 3.08 3.00 2.92 (ppm)

Figure 5. Spin-echo "H HR MAS spectra (total echo time of 290 ms) from six different tumor samples. The spectral region shown
is 3.50-2.90 ppm. Assignments are given in the lower left spectrum (patient 4). Tau, taurine; s-Ino, scyllo-inositol; GPC,
glycerophosphocholine; PC, phosphocholine; Cho, choline; Cr, creatine

DISCUSSION

The high-resolution one-dimensional MAS spectrum
presented in Fig. 1 shows resolution comparable to the

4443424140393837 3.??;'.“.’; 3433323.13.029282726

Figure 6. Spin-echo 'H HR MAS spectra of breast tumor
sample from patient number 9 analyzed in D,0 (A) and in
D,O0 after flushing in solvent (B)

Copyright © 2002 John Wiley & Sons, Ltd.

PCA extract spectrum. Most of the metabolites detected
in PCA extracts were also detected in the MAS spectra of
intact breast cancer tissue (Table 2). This includes
metabolites like amino acids, lactate, choline, inositol
and glucose. In addition to providing detailed informa-
tion on metabolic composition close to what is obtained
by high-resolution MR of extracted tissue, the informa-
tion is not restricted to water- or lipid-soluble compo-
nents. Even in regions with dominant lipid signals the
combination of MAS and spin-echo experiments pro-
vides good resolution, as in the spectral region of 1.3—-
0.9 ppm (Fig. 1).

Some metabolites found in spectra of PCA extracts are
not detected in the MAS spectrum. This is clearly visible
in the low-field region from the water resonance at 4.7 to
9.4 ppm, where the number of MR-detectable metabolites
is much lower in the MAS spectrum. In particular most
signals from different nucleotides are absent. Degrada-
tion will occur under the experimental conditions and
might contribute to this observation. The degradation
products generate resonance signals in this spectral
region. However, the low content of signals in this
region suggests other possible effects. The ditferences
between PCA extract and HR MAS spectra of breast
tumor tissue in this respect are not fully understood and
should be further investigated.

The heterogeneity of breast tissue makes it difficult to
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obtain homogeneous magnetic fields. In addition lipids
and macromolecules appear as broad and overlapping
resonances, hiding signals from metabolites that are more
interesting for comparison with PCA extracts. This
complex profile of breast tissue is simplified by the
application of spin-echo experiments with the appro-
priate 7> relaxation delays (Fig. 4). Spin echo techniques
have the advantage of reducing signal contributions from
lipids and macromolecules, enhancing the relative signal
intensity of smaller molecules. It also leads to resolution
enhancement since the signals that are filtered by this
method are low in intensity and appear as an elevation of
the baseline. Disadvantages of the spin-echo method
include the general loss of signal intensity. Furthermore,
for quantitative measurements of the different metab-
olites detected using spin-echo techniques, 7, values
should be measured.

The various signals in the choline region (Fig. 5) are
believed to be related to histopathological grading as well
as percentage of tumor in the investigated tissue sample.
In spectra from patient numbers 3, 6 and 9 choline is
about half the intensity of phosphocholine, while in the
spectra of patient numbers 4, 5 and 10 choline and
phosphocholine are about equal in intensity. Glycero-
phosphocholine is found to be lower in intensity than
phosphocholine in all spectra, except for the spectrum of
tumor tissue from patient number 5. /n vivo MRS studies
of breast cancer patients have shown elevated levels of
choline metabolites in malignant tumors, but only rarely
in benign tissues.?**° Findings in these studies have also
demonstrated large variations in choline levels in
different tumor tissues.”****” In a recent study of PCA
extracts from breast cancer and non-involved tissue we
found that the total amount of cholines on average is
more than 10 times higher in tumor tissue than in non-
involved tissue.> The relative intensities of the reso-
nances of these compounds were also found to be
different in cancerous and non-involved tissue. In tumor
tissue phosphocholine was found in concentrations three
times that of glycerophosphocholine and as the dominat-
ing contribution to total choline, while glyceropho-
sphocholine was found in twice as large amounts as
phosphocholine in non-involved tissue. Natarajan et al.
have recently shown that phospholipid profiles of
invasive breast cancer cells change during anti-inflam-
matory treatment towards a non-malignant profile of the
choline components.*®

Sample preparation and handling are important when
analyzing intact tissue specimens. Freezing of rat renal
tissue has been reported by Middleton e al.*® to lead to
an increase in signal intensities from water soluble amino
acids. Waters er al.*° also found that frozen renal cortex
specimens contained increased amounts of smaller amino
acids and decreased choline, glucose, glycerophospho-
choline, myo-inositol, trimethylamine N-oxide and taur-
ine compared to fresh tissue. HR MAS spectra of frozen
rat liver samples, however, did not show significant

Copyright © 2002 John Wiley & Sons, Ltd.
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differences compared with fresh liver. A snap freezing
procedure was reported to minimize changes in metabolic
profile due to sample freezing.’® All the samples
analyzed in this project were fast frozen. It is presumed
that the sample handling in freezing and defrosting steps
has minor influence on the MAS spectra of breast cancer
tissue.

The sample temperature is assumed to increase due to
the rapid spinning during MAS analysis. HR MAS
spectra were recorded at room temperature, while the
actual temperature in the tissue sample presented in Fig. 1
was calculated to be 29.8 °C.*' The temperature of the
sample will affect the spectral intensities and resolution
due to the Boltzman distribution and increased mobility
of molecules. The spinning speed can be lowered without
significant loss of resolution and sample heating due to
rapid spinning can be reduced.*® Tissue degradation
increases with temperature so keeping the sample
temperature down (0-2 °C) during sample handling and
MR analysis suppresses degradation processes. Due to
the effect of temperature on excised tissue specimens the
exploration of HR MAS analysis as a possible diagnostic
tool in cancer should preferably be performed at low
temperatures. The aims of this study were to identify
metabolites in breast tumor tissue and compare with PCA
extract spectra of the same tissue type. For studies with
quantitative comparisons, a low sample temperature is
important.

Waters et al.”” also found that in situ superfusion of the
organs with D,O increased resolution of the MAS
spectra, presumably due to removal of residual blood
and reducing susceptibility effects due to erythrocytes.
Analyzing tissue samples in solvent will also remove air
in the sample, minimizing the paramagnetic contribution
from oxygen. In Fig. 6 two spectra of the same sample
(patient number 9) are presented, analyzed without and
with flushing in solvent (D,0). The lipid content of this
sample was high and the relative intensities of low
molecular weight metabolites low. The spectra of
samples flushed with solvents showed reduction in
intensities of cholines by more than 50% and lipid
signals by 40% compared with the spectra without
solvent flushing. Since breast tissue often contains large
amounts of adipose tissue, optimizing the conditions for
studying the water-soluble components is a major
challenge. In addition, the heterogeneous nature of breast
tissue might lead to different degrees of washout of these
components. Since the metabolites of interest can be
separated in spectra of tissue without prior flushing of the
sample, the gain in resolution is considered less important
than the danger of losing metabolites.

HR MAS analysis of intact tissue specimens is at an
early stage. Before this method can become an additional
tool in diagnosis, results have to be compared with the
well-established histopathological evaluation. The major
advantages of this new technique appears to be rapid and
simple sample handling prior to HR MAS analysis and

40
L

NMR Biomed. 2002;15:327-337



URN:NBN:no-3463

336 B. SITTER ET AL.

that an HR MAS spectrum can be recorded within a few
minutes. This leads to a total analysis time of about
15 min, which is highly competitive with today’s
traditional histopathological methods. HR MAS provides
a rapid and simple way into the biochemical complexity
of healthy and cancerous tissue.

CONCLUSION

High-resolution MAS spectra of intact breast tissue
specimens show resolution close to conventional MR
spectroscopy of PCA extracts of breast tumor tissue,
giving a unique opportunity to study the biochemical
composition of intact tissue specimens.

Most of the metabolites detected in PCA extracts were
also detected in MAS spectra of intact breast cancer
tissue. Choline-containing compounds, which have been
found to correlate to histology in PCA extracts of breast
tumor tissue, can be detected and separated in the HR
MAS spectra. A study including a larger group of breast
patients is needed to assess the value of HR MAS as
method in breast cancer diagnosis.
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Abstract

High resolution magic angle spinning (HR MAS) MR spectra were acquired of breast
cancer tissue from 85 patients and adjacent non-involved tissue from 18 of these
patients. Tissue specimens were investigated by microscopy after MR analysis. Tumor
samples could be distinguished from non-involved samples (82% sensitivity, 100%
specificity) based on relative intensities of signals from glycerophosphocholine,
phosphocholine and choline in spin echo spectra. Tissue concentrations were estimated
from water suppressed spectra for eight metabolites: choline, creatine, B-glucose,
glycerophosphocholine, glycine, myo-inositol, phosphocholine and taurine. Metabolite
concentrations were compared to patient diagnosis, tumor grading, tumor size, patient
lymph node status and microscopic evaluation of tissue composition for each sample.
The tissue concentrations of choline and glycine were found to be significantly higher in
tumors larger than 2 cm compared to smaller tumors. Principal component analysis
(PCA) was used to compare the MR spectra to 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.

Keywords: HR MAS, MR spectroscopy, breast cancer, tissue samples
Abbreviations used: Cho; choline, GPC; glycerophosphocholine, DCIS, ductal
carcinoma in situ; IDC, infiltrating ductal carcinoma, MAS; magic angle spinning; PC;

phosphocholine and PCA; principal component analysis



Introduction

Breast cancer is the cancer form with the highest incidence and mortality of all
malignant diseases among women globally, with more than one million new cases each
year.! Early detection is important for successful treatment, and screening programs
have been effected in most western countries.” Histopathologic evaluation of the tumor
and lymph node status are the basis for the patient treatment plan. The strongest
prognostic factor for breast cancer patients is their lymph node status. In a retrospective
study of 384 breast cancer patients with negative axillary lymph nodes, the 5-year

survival rate was found to be almost 86%.°

In Europe, 72.5% of all breast cancer patients survive more than five years.2 The risk of
recurring breast cancer is highest the first two years post surgery but is present for the
rest of the patients life.* The most common sites of secondary tumors in breast cancer
patients are bone, lung, liver and brain.’ About 25% of node negative patients
experience recurrence or metastasis.® Increased sensitivity in detection of tumor spread
could provide better distinction between patients in need of close follow-up. Metabolic
patterns in tumors have been suggested as tools in cancer characterization and as
possible prognostic factors. Lactate concentration in biopsies from cervix of the uterus
has been found to correlate to metastatic spread’ and chemical profiles of fine needle
aspirates from breast cancer patients have been found to predict lymph node

involvement.®

In vitro studies of cell culturesg, extracts of tissue'® and intact tissue'! using MR

spectroscopy have been applied in cancer research since the late 1980’s. MR
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spectroscopy provide detailed information on chemical composition of the studied
sample and has contributed to increased understanding of cancer biology.'? Several
studies of breast cancer using MR spectroscopy have reported that the biochemical
properties can characterize the tumor.'*" In a study of perchloric acid extracts of breast
tissue the different cholines were shown to be elevated in tumor compared to adjacent
non-involved tissue.'® Conventional MR spectroscopy of fine needle aspirates have
been described to classify cancer tissue.*'” MacKinnon et al.'” were able to distinguish
malignant (n=82) from benign (n=106) breast lesions based on the total choline to
creatine ratio. In a study using multivariate analysis of the MR spectrag, malignant
lesions (n=59) could be discriminated from benign lesions (n=49) (98% sensitivity, 94%
specificity) and positive lymph nodes (n=29) could be predicted (96% sensitivity, 94%

specificity) in samples with low fat content.

Magic angle spinning (MAS) MR spectroscopy has provided the opportunity to study
intact tissue specimens since 1996. Increased spectral resolution give more detailed
metabolic information than conventional MR spectroscopic analysis. The specimens can
be evaluated by microscopy after spectral analysis, making direct comparisons to
morphologic characteristics feasible. The HR MAS technique has been applied in
studies of various human tissues and diseases, as cancer in the brainlg’lg, prostatezo’21
and breast.'>* In a study by Cheng et al.', 19 specimens from breast cancer patients

were examined using HR MAS. The results suggested a possible correlation between

metabolites and tumor grading.



The purpose of this study was to investigate if HR MAS spectra of biopsies from breast
cancer patients correlated to clinical parameters. Spectra were acquired of tumor
samples from 85 patients and from non-involved adjacent tissue from 18 of the same
patients. The resulting spectra were examined by three different approaches for
comparisons to clinical parameters: [1] Relative intensities of glycerophosphocholine
(GPC), phosphocholine (PC) and choline were examined, [2] Tissue concentrations of
selected metabolites were estimated from the recorded spectra and [3] the spectra were
used as input in principal component analysis (PCA). Tissue samples were examined by

a pathologist after the MAS analysis for evaluation of tissue composition.

Materials and Methods

Subjects

The local ethics committee approved the study protocol and all patients signed an
informed written consent. Specimens of breast cancer tissue and adjacent non-involved
tissue were excised from patients (n=85) with palpable breast lesions undergoing
scheduled surgery for breast cancer at St. Olavs Hospital in Trondheim, Norway. The
average age of the patients was 61.0 years (range 30.5 - 91.6). Samples were divided in
classes based on histopathological diagnosis and ranked within each group by

increasing tumor size. Patient data are summarized in Table 1.

Samples
The tissue samples were put in liquid nitrogen immediately after dissection and stored

from 9 to 41 months before HR MAS analysis. All tissue samples (n = 103) were cut to

URN:NBN:no-3463



URN:NBN:no-3463

fit a 4 mm o.d. rotor with inserts (total sample volume 50 pL). The sample was
immersed in 40 uL phosphate buffered saline (PBS) in D,O in the rotor, and excess
fluid was removed when assembling the rotor. Two different concentrations were used
of the internal standard trimethylsilyl tetradeuteropropionic acid (TSP). One group of
samples (n=25) were added PBS containing 1 mM TSP, while the remaining samples
(n=78) were added buffer with SmM TSP. Samples weighed 20.5 mg in average (2.6 to

40.1 mg).

MR experiments

HR MAS experiments were performed on a Bruker AVANCE DRX600 spectrometer
equipped with a "H/">C MAS probe with gradient aligned with the magic angle axis
(Bruker BioSpin GmbH, Germany). Samples were spun at 5 kHz and all experiments
performed at instrumental temperature setting of 4° C. (Actual temperature was
measured to 5.8°C in spectra with glucose signals (n=68), as described by Farrant et

al.*). Spectra were recorded within 1 hour and 40 minutes for all samples.

Two sets of one-dimensional experiments were performed for all samples. A single
pulse experiment with 2.0 seconds of water presaturation (zgpr; BRUKER) was
performed using a 60° flip angle over a sweep width of 20 ppm. The FID was acquired
during 1.64 seconds and Fourier transformed into 64K after 0.7 Hz line broadening. The
baseline was corrected using a cubic approximation and chemical shift scale was

calibrated to the TSP signal at O ppm.



Spin-echo experiments (cpmgpr; BRUKER) were performed using 2 seconds of water
suppression prior to a 90 degrees excitation pulse. 128 transients over a spectral region
of 10 kHz were collected into 32K points, giving an acquisition time of 1.64 seconds.
The T,-filtering was obtained using a delay of 1 ms repeated 136 times resulting in 285
ms effective echo time. Spectra were Fourier transformed after 0.7 Hz linebroadening
and baseline was adjusted using a linear function. Chemical shifts were calibrated to the
TSP singlet at O ppm. Spectral assignments were performed based on a previous study

on HR MAS of breast cancer lesions® and renal and hepatic tissue.”*

Histopathologic examination of MAS analyzed tissue samples

After HR MAS analysis, the tissue specimens were fixed in 10% formalin and
embedded in paraffin. One 5 um section was cut from each block, stained with
haematoxylin, erythrosin and saffron, and examined microscopically. The relative areas
of normal and neoplastic epithelial elements, necrotic tissue, fat and fibrous connective
tissue were scored visually. Three tumor samples and seven non-involved samples were

severely traumatized and could not be evaluated microscopically.

Estimating metabolite concentrations

Tissue metabolic concentrations were estimated from the water suppressed spectra for
B-glucose, glycine, myo-inositol, taurine, GPC, PC, choline and creatine. The spectral
regions 4.6 to 4.7 ppm (B-glucose) and 3.0 to 3.6 ppm (metabolite regions) and +0.1 to
0.1 ppm (TSP) were individually baseline corrected using a 5™ order function. Peak
areas were calculated using combined Lorentzian and Gaussian line functions (Voigt

area) in a curve fitting program (PeakFit from Jandel Scientific, USA). A HR MAS
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spectrum and the corresponding calculated spectrum is shown in Figure 1. The

correlation coefficient, > was 0.98 or larger for all area calculations.

Metabolite peak areas were related to the internal standard TSP and sample wet weight.
It was assumed that only buffer (with TSP) was lost in rotor assembling (sample
preparation for MAS analysis) for sample weight and TSP concentration calculation.
The MAS rotor was reassembled for nine tumor samples before spectral analysis,
involving loss and refilling of buffer with TSP. Spectra from these samples were
excluded in metabolite estimations. Spectra from the samples that were too damaged for
microscopy (three tumor and seven non-involved samples) and from two non-involved
samples that proved to contain cancer cells were left out from peak fitting. Totally 73
spectra from tumor and nine spectra from non-involved samples were analyzed for
metabolite concentrations. Estimates of B-glucose was excluded from samples where
glucose was undetectable in water suppressed spectra (glucose concentration set to 0
pmol per gram tissue) but apparent in spin echo spectra (three tumor and one non-
involved sample). B-Glucose was estimated from spectra from 70 tumor and eight non-
involved samples. Signal intensities in the metabolite region (3.0 - 3.6 ppm) were low
(creatine S/N < 10) in spectra from one tumor sample and eight non-involved samples.
The selected signals could be identified in spin-echo spectra but not peak fitted from
water suppressed spectra. As a result, tissue metabolic concentrations were estimated
from 72 spectra from tumor and one non-involved specimens. Statistical significance

testing of calculated values was performed using ANOVA and Student t-test (SPSS).



Principal component analysis

PCA were performed using both water suppressed spectra and spin-echo spectra. The
spectral region 0.5 - 4.7 ppm from the water suppressed spectra and 2.9 - 4.7 ppm from
spin-echo spectra of all samples (n=103) were used as the two basic matrices. Various
spectral regions and sample groups were selected for PCA. Spectra from patients treated
with chemotherapy prior to surgery, from tumor samples without tumor cells and non-

involved samples containing tumor cells were excluded systematically.

Spectral regions were normalized (by mean normalization) before PCA with full cross
validation (The Unscrambler, from Camo, Norway). Score values and principal
components were visually compared to patient diagnosis, tumor grading, tumor size,
patient age, lymph node status, microscopic evaluation of sample tissue composition

and sample storage period.

Results

Histopathologic evaluation of MAS analyzed tissue samples

The tumor and non-involved samples showed different tissue composition. Eleven of
the 18 non-involved samples could be examined by microscopy after HR MAS analysis.
Cancer cells were identified in two of them (5% or less of section area) and nine
samples were described as fat and connective fibrous tissue. The remaining samples

were damaged by the MR procedure and could not be examined in detail.
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Cancer cells were confirmed in 76 of the 82 tumor samples investigated by microscopy
(three samples could not be examined due to tissue damage), while no cancer cells
could be identified in the six remaining samples. Tumor samples were mainly
dominated by connective tissue and cancer cells. The investigated tissue slices showed
typical cancer cell contents of 10 to 50% (48 samples). Eighteen of the tumor samples
contained cancer cells in less than 10% of the sample area, while 10 samples contained
more than 50% cancer cells. 25 of the 76 verified cancerous samples contained
additional fat tissue, 12 samples contained a significant proportion of glandular cells

and five samples were partly necrotic (up to 35% of the sample).

MAS spectra

Representative spectra from tumor and adjacent non-involved tissue from a patient with
invasive ductal carcinoma (IDC) grade II are shown in Figure 2. The cancerous sample
(A) was described as 95% connective tissue and 5% tumor samples, whereas the non-
involved specimens (B) consisted of 85% connective tissue and 15% fat. Both water
suppressed spectra (al and bl) showed a high content of lipid signals, which was typical
for all spectra. The water soluble metabolites in the spectral region from 3.0 to 4.8 ppm
(a2 and b2) are better resolved and more intense in the spectrum from the cancerous
sample. Better signal-to-noise ratio for all observed peaks can be seen in the tumor
spectrum compared to the spectrum from the non-involved sample (a3 and b3). GPC
show the most intense signal from cholines in the selected region of the spin-echo
spectrum from the non-involved sample, whereas PC is the dominant choline in the
spectrum from the tumor. Glycine, taurine and lactate represent the most intense

metabolite signals in the spectrum from the tumor, whereas none of these peaks
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dominate the spectrum from the non-involved specimen. Glucose can be found in both

spectra.

The relative intensities of GPC, PC and choline were examined in spectra from the
microscopy confirmed cancerous (n=76) and non-involved samples (n=9). GPC showed
the most intense signal of the cholines in spin-echo spectra from non-involved samples,
whereas PC was the dominant choline peak in the majority of spectra from tumor
samples. By describing intensities of PC or choline being larger than GPC in spin-echo
MAS spectra from tumor samples (PC>GPC or Cho>GPC), tumor samples could be
discriminated from non-involved with a sensitivity and specificity of 82 and 100%,

respectively.

Spin-echo 'H HR MAS spectra of invasive ductal carcinoma specimens from four
breast cancer patients are presented in Figure 3, the spectral region 2.9 to 4.8 ppm is
shown. The spectrum shown in Figure 3A is from a large tumor (5.3 cm) from a patient
diagnosed with invasive ductal carcinoma, grade III and is dominated by betaine,
choline containing compounds, taurine and lactate. GPC give the most intense signal of
the choline resonances. Glucose could not be detected. The sample was described to
contain 30% tumor cells, 65% connective tissue and 5% fatty tissue. Spectra in Figure
3B and 3C are acquired from tumor samples from patients diagnosed with invasive
ductal carcinoma, grade II. Tumor size was 1.6 and 1.5 cm respectively, and both
specimens were described as 15% tumor cells and 85% fibrous connective tissue. The
two spectra show many similar features, but have clearly different levels of glucose and

glycine. Figure 3D shows a spectrum from tumor sample from patient with ductal

11
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carcinoma in situ (DCIS). The biopsy was described as 80% tumor and 20% connective
tissue. The glycine peak is dominant, and choline gives the most intense resonance

signal of the choline metabolites.

Twenty of the 85 HR MAS spectra obtained from tumor samples showed one singlet at
3.28 ppm and one at 3.92 ppm (Figure 3A), tentatively assigned to the N-(CH3)3 and
CH, group in betaine respectively.”* These resonances were detected in spectra of
samples from patients diagnosed with different histopathologic breast cancer types. The

tentative betaine signals could not be verified in spectra from non-involved samples.

Tissue metabolite concentrations

Tissue metabolite calculations were estimated from 72 tumor samples and one non-
involved sample. B-glucose concentrations were calculated from 70 spectra from tumors
and eight spectra from non-involved samples. Samples from chemotherapy treated
patients and tumor samples without verified cancer cells were removed from the
original grouping in Table 1 and separated in two new groups. Metabolite
concentrations from sample from metastasis from lung (patient number 83) was kept
out. Tissue concentrations for all selected metabolites are presented in Table 2. ANOVA
of mean tissue concentrations showed that differences between the groups were not
significant, except for choline and creatine. Pairwise multiple comparisons (Bonferoni,
SPSS) showed that samples from tumors without cancer cells was significantly different
from IDC III in concentration of choline and from chemotherapy treated patients in
levels of creatine. Some trends of different metabolite levels between groups could be

observed for other metabolites. Content of choline and GPC increased with grading of
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IDC (Table 2). Samples from patients treated with chemotherapy before surgery had

variable contents of GPC and PC.

Four of the samples analyzed for metabolite contents contained necrotic tissue, three
from patients with IDC and one from patient with metastasis from lung. The tissue
sample from the lung metastasis was found to have high concentration of myo-inositol
(23.0, umol / gram tissue), while the three samples from patients with invasive ductal

carcinoma did not show remarkable values of any of the investigated metabolites.

Tissue metabolite concentrations were also compared to patient lymph node status and
tumor size. Metabolite concentrations in tissue samples from patients who received
chemotherapy before surgery were left out. In addition, tumor size and lymph node
status were inaccessible from three patients, resulting in comparisons of 60 samples.
The results are presented in Figure 4. Tumors larger than 2.0 cm were found to have
significant higher levels of glycine (p=0.03) and choline (p=0.04) compared to tumors
smaller than or equal to 2.0 cm. When comparing tissue levels of metabolites to patients
lymph node status no significant differences could be found in samples from node
positive and negative patients. There was however a trend of increased myo-inositol in
samples from node positive patients (p=0.08). A comparison of glycine to taurine
concentration ratio of these samples (34 from negative and 26 from positive lymph node
patients) showed no difference between negative (0.4910.38) and positive (0.5120.48)

lymph node samples.

13
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Principal component analysis

Inspection of the different score plots against clinical parameters revealed few apparent
relationships. The most noticeable connection was found between PCA score values of
the HR MAS spectra and fraction of tumor cells in samples. This tendency was found in
both water suppressed and spin echo spectra. A PCA of spin-echo spectra (spectral
region 4.8 to 2.9 ppm) of all samples (n=103) led to a grouping of twenty samples
(results not shown). These twenty samples were verified non-involved samples (n=8),
unconfirmed non-involved samples (n=6) and six tumor samples containing 0% (n=5)
and less than 5% (n=1) tumor cells. Score values of the remaining samples had a weak
tendency of increased distance to the non-involved samples score values with tumor cell
content. The clearest association between spectral profile and sample content of tumor
cells was found by PCA of samples from patients diagnosed with invasive ductal
carcinoma, grade II. A PCA score plot and loading profile based on the spin echo
spectra (spectral region 2.9 to 4.7 ppm) of samples from these patients are shown in
Figure 5. Samples of higher fraction tumor tissue showed higher scores for PC1, which
was dominated by glycine and PC. Tumor cells of this histopathologic cancer class tend
to contain relatively higher levels of glycine and PC than fat and fibrous connective

tissue.

Samples from breast cancer patients with spread to lymph nodes could generally not be
classified based on principal component analysis. A trend towards grouping of samples
from node negative and positive samples were found for samples from IDC patients
(Figure 6A). Samples from patients with unknown lymph node status were left out

(n=4). Samples from lymph node positive patients have higher scores for PC2,
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representing high glycine and PC and low taurine and GPC. B-glucose, lactate, creatine,
betaine and choline also contributed to this principal component (Figure 6B). Nearly
separation of lymph node positive and negative samples was found for IDC patients
when spectra from samples containing fat tissue were excluded (Figure 6C). Lymph
node positive samples showed higher score for PC4 and slightly lower for PC3
compared to lymph node negative samples. PC4 was dominated by a positive glycine
peak and negative contribution from taurine (Figure 6D). B-glucose, lactate, GPC, PC,
choline and betaine also contributed to this principal component. A comparison of the
score values for PC4 showed a highly significant difference (p=0.001 by Student t-test,
equal means) between tumor samples from node positive and node negative patients.
This finding indicate increased content of glycine and reduced taurine in samples from

node positive relative to node negative IDC patients.

Discussion

MR spectra from breast cancer specimens of different histopathologic type and grading,
different tumor size and fraction of tumor tissue have many similar characteristics, as
demonstrated in Figure 3. Analyses of HR MAS spectra of breast cancer samples
indicated that the diversities in the metabolic profiles from specimens of different

clinical classifications may be small.

Tissue metabolite concentrations estimated from the HR MAS spectra were not

accurate. The concentrations of the internal standard in the different samples are

approximate due to the excess fluid removal in MAS rotor assembling. Peak areas

calculated by curve fitting may also vary due to heavily overlapping peaks, especially in

15
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the choline region. In several of the spectra from samples in PBS buffer with SmM TSP,
the intensity difference between TSP and metabolites of interest was large and buffer
with ImM TSP was preferred. A Student t-test between tissue metabolite concentrations
estimated from the differently prepared samples showed no significant differences for

any of the measured metabolites.

The samples had been stored for several months before MR analyses were performed.
The metabolite degradation at -196 °C is considered negligible, whereas tissue rupture
and the risk of metabolic leakage due to the storage condition can be extensive.”?¢
Breast tissue specimens were frozen without storage buffer, avoiding metabolite leakage
to buffer. Reports suggest that the procedure of freezing and thawing are more
important than storage pelriod.26 Storage period for each sample was compared to score
values in PCA and estimated tissue metabolite content (ANOVA). No significant
correlation could be found. Except for buffer TSP concentration, the sample treatment
was similar concerning storage procedures, MAS experiments and metabolite analysis.

This first attempt on quantification of metabolites in intact breast cancer tissue from

MAS spectra allowed a comparison of metabolite levels between various samples.

Tissue concentration of lactate from the water suppressed spectra could not be
calculated due to overlapping lipid signals with both lactate resonances. Also, low
molecular weight molecules in non-involved tissue were undetectable from water
suppressed spectra. Spin echo spectra show effective suppression of signals from lipids
and macromolecules with short T, values and increase the S/N ratio for water soluble

metabolites (Figure 2). However, in order to determine metabolite concentrations from
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