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Cervical cancer tissue characterized
by high-resolution magic angle
spinning MR spectroscopy

Abstract Objective: In recent years,
high-resolution magic angle spin-
ning (HR MAS) has provided the
opportunity to explore detailed
biochemical composition of intact
tissue. Previous studies of intact
cervical biopsies with high-resolu-
tion magnetic resonance spectros-
copy (MRS) have correlated well
with histopathology. Lactate level
in cervical cancer tissue has been
found to correlate to metastatic
spread. The purpose of this study
was to explore the potential of the
HR MAS technique as a tool for
chemical characterization of cervi-
cal cancer tissue. Materials and
methods: Tissue samples from the
cervix were collected after hyster-
ectomy from patients with cervical
cancer (n = 8) and patients with
nonmalignant disease (n = 8). The
tissue specimens were analyzed
using HR MAS MR spectroscopy
combined with principal component
analysis (PCA). Results: The
resulting spectra showed resolution
comparable with high-resolution
MR spectra of extracts. Multivari-

ate analysis confirmed that MAS
spectra classified according to
patient diagnosis. Conclusion:
Malignant tissue of the cervix dif-
fered from nonmalignant tissue
with regard to higher levels of
cholines and amino acid residues
and lower levels of glucose.

Keywords Cervical cancer - MR
spectroscopy - Choline - Principal
component analysis

Abbreviations Cho choline - GPC
glycerophosphocholine - MAS
magic angle spinning - PC
phosphocholine - PCA principal
component analysis

Introduction

Cervical cancer represents nearly 10% of all cancers in
women from the western world [1]. Screening programs
in developed countries have contributed to a decline in
incidence and mortality over the last 50 years; in less
developed countries, however, screening has often not
been established and cervical cancer is the most

frequent cancer form in women in many third world
countries [2].

Tissue from cervical cancer patients have been
examined by magnetic resonance (MR) spectroscopy
(MRS) in vivo [3, 4], and Lee et al. [3] found that spectra
of adenocarcinomas differed slightly from those from
squamous cell carcinomas. Furthermore, Mountford
et al. have shown that standard proton MRS of tissue
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samples can distinguish inflammation from malignant
lesions in the cervix [5]. In a later work [6], the same
research group was able to separate invasive and
preinvasive lesions applying proton MRS. The results
from these studies, which are based on broad and
overlapping resonances, indicate that higher resolved
spectra can provide more detailed information in cervical
cancer tissue.

Progress has been made in in vitro MR analysis
of tissue samples due to the implementation of
high-resolution magic angle spinning (HR MAS) spec-
troscopy. In tissue, restriction of molecular motion and
magnetic susceptibility results in spectral broadening as
compared with liquids. Rapidly spinning the sample
around its own axis in a 54.7° angle to the static magnetic
field, the so-called magic angle, eliminates some of the
factors contributing to line broadening. The result is
spectra of intact tissue samples with resolution com-
parable with high-resolution spectra of extracts [7]. MAS
spectroscopy has been applied in various studies of
human tissues and diseases, such as cancers of the brain
[8], prostate [9], and breast [10].

Because MRS allows identification of a large number
of metabolites simultaneously, the vast amount of
information makes visual inspection and analysis diffi-
cult. Spectra of tumors are often found to differ from
spectra of nonmalignant tissue in intensities of almost all
peaks [11, 12], and multivariate analysis of the full MR
spectra has proven useful in interpreting the MR findings
[13, 14].

The purpose of this study was to evaluate HR MAS
analysis of tissue from the uterine cervix as a tool in
cancer metabolic studies. MR spectra were obtained
from biopsy material from the cervix from patients with
cervical cancer and compared with spectra from cervical
biopsies from patients without cancer. Multivariate
analysis of the HR MAS spectra was used to evaluate
whether classification of the different tissue types was in
accordance with patient diagnosis. The MR spectra were
explored in detail in an attempt to reveal the biochemical
composition of the tissues and identify characteristics of
tumor tissue.

Methods
Subjects

Eight women with a mean age of 50 years (range 39-67), who
underwent hysterectomy due to cervical cancer, were included in
the study. None of the patients received any anticancer treatment
prior to hysterectomy. Histopathological examination of the
surgical specimens revealed six squamous cell carcinomas (stages
IB and IIA) and two adenocarcinomas (stage 11B). Two of the
patients with squamous cell carcinomas had lymphatic spread. In
addition, eight women, mean age 50 years (range 29-69), who
underwent hysterectomy for various benign reasons, served as
controls.

Samples

After excision, the uterus was kept in saline compresses until tissue
specimens were taken from the cervix uteri as soon as possible after
surgery. The sample for MAS was taken from a tumor-represen-
tative site in the fresh surgical specimen. A total of 16 samples was
obtained. The samples were stored in liquid nitrogen until HR
MAS MR spectroscopic analysis. Samples were cut to fit a 4-mm
(0.d.) rotor and added D,O before MR analysis.

MR experiments

High-resolution proton MAS spectra were recorded using a
BRUKER avance DRX600 spectrometer equipped with a 'H/!3C
MAS probe with possibilities for a gradient along the magic angle
axis (BRUKER Analytic, Germany). Samples were spun at 6 kHz
and acquisitions obtained using two different one-dimensional
sequences for each sample. Water-suppressed spectra were acquired
using a single pulse sequence with 2 seconds preirradiation of the
water resonance (zgpr, BRUKER) before a 60-degree pulse angle
was applied. The second type of spectra was acquired using a spin-
echo sequence with water suppression (2 seconds) included (cpmgpr,
BRUKER). The acquisitions were performed with a delay of 1 ms
repeated 136 times, giving spectra with a total echo time of 285 ms.
For both experiments, 128 transients over a spectral region of 10
kHz were collected into 32K points, giving an acquisition time of
1.64 seconds. All experiments were performed at room temperature.
The raw data were multiplied with 0.7 Hz exponential line
broadening before Fourier transformation into 64K points. Chem-
ical shift referencing was done relative to the methyl group in the
lactate resonance, which shifts 1.32 ppm downfield from TSP.

J-resolved spectra were obtained by a standard spin-echo
sequence with 2 s water presaturation (Jrespr, BRUKER). Eight
transients were collected into 8K data points of 10 kHz spectral
region. The interpulse delay was incremented 64 times with 6.4 ms,
resulting in 78.1 Hz spectral region in the F1 dimension. The raw
data were processed using a sine window function in both
dimensions, tilted and symmetrized. Homonuclear correlated
spectra (COSY; cosygspr, BRUKER) 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
transform.

Multivariate analysis

Water-suppressed and spin-echo spectra were used as inputs in two
separate PC analyses.

Water suppressed spectra were Fourier transformed after
applying 0.7 Hz exponential line broadening. Baseline offset was
adjusted and chemical shifts were referenced to the lactate doublet
(1.32 ppm). The spectral regions 0.0-4.5 ppm were saved and
collected into one matrix of 16 samples x 2,945 variables.

The FIDs from spin-echo acquisitions were Fourier transformed
without window function. Baseline offset was adjusted and
chemical shifts were referenced to the lactate doublet (1.32 ppm).
The regions from 1.4 to 4.3 ppm were saved as ASCII files and
collected into a matrix of 16 samples x 2,700 variables.

For both matrices, the spectra were normalized to the area
below the curve (mean normalization). Principal component
analysis (PCA) was carried out in an unsupervised manner and
was performed with full cross-validation and mean centering [15].
The score plots were examined for correlation with patient
diagnosis and age, and the time period samples were subject to
room temperature before spectral recordings.
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Results

HR MAS 'H spin-echo spectra of biopsies from cervix
gave good signal resolution, allowing almost complete
separation of the different compounds in the one-
dimensional spectra. Additional information from two-
dimensional spectra and literature values [7, 16, 17]
enabled almost total spectral assignment, providing
detailed information on the biological composition of
the different tissue samples. In Fig. 1, a 'H spin-echo HR

Fig. 1 High-resolution spin-echo proton MAS spectra of cervix
cancer biopsy from patient diagnosed with squamous cell carcinoma
of the cervix uterus. Assignments are given in Table 1. Scaling of the
three different parts of the spectrum is done individually and led to
cutting the lactate doublet at 1.33 ppm. The spectral region from 5.5
to 4.7 ppm has been excluded. For detailed acquisition parameters, see
“Methods”

MAS spectrum of cervical tissue specimens from a
patient with cervical cancer is shown. The assignments
in the figure correspond with the data in Table 1.
Representative spin-echo MAS spectra of cervix uteri
tissue specimens from one cervix cancer patient and one
control patient are presented in Fig. 2. All spectra
showed high resolution. The vast majority of peaks were
of similar intensity in all spectra and visual inspection
between the two groups revealed very few differences.
Spin-echo recorded MAS spectra of the malignant
cervical samples deviated from spectra of nonmalignant
tissues in levels of glucose and uracil. Glucose was
detected in all but one of the eight nonmalignant tissue
specimens, but in only three of the eight cervix cancer
tissue specimens. Uracil was found in all cervical cancer
samples, but could not be detected in any of the
nonmalignant tissue specimens. Furthermore, an unas-
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signed peak was detected at 2.02 ppm in the spectrum
from one of the two adenocarcinomas, shown in Fig. 2A.

The water-suppressed spectra were used to calculate
fatty acid CH,/CHj; ratio based on the intensity of the

Table 1 Tentative 'H chemical shift assignment on HR MAS
spectra of cervical and uterine tissue samples. Assigned numbers
correspond to numbering in Fig. 1

Metabolite Assigned 'H chem.
number  Multipl. shift
(ppm)
Fatty acids —CH; 1 t 0.87
Isoleucine 0CH; 2 t 0.93
Leucine 0'CHj; 3 d 0.94
Leucine 0CH3; 4 d 0.96
Valine yCHj; 5 d 0.98
Isoleucine yCHj; 6 d 1.00
Valine y'CH3 7 d 1.03
p-hydroxybutyrate CHj 8 d 1.19
Lactate CHj3; 9 d 1.32
Alanine CH; 10 d 1.47
Lysine 0CH; 11 m 1.72
Lysine SCH, 12 m 1.90
Acetate (CH;) 13 s 1.91
Glutamate PCH; 14 C 2.05
Glutamine SCH, 15 ¢ 2.13
Glutamate yCH; 16 dt 2.34
Glutamine yCH» 17 c 2.45
Aspartate pCH 18 dd 2.67
Aspartate B'CH 19 dd 2.80
Aspargine pCH 20 dd 2.87
Aspargine B'CH 21 dd 2.95
Lysine ¢CH, 22 t 3.02
Creatine CH; 23 s 3.03
Choline N(CHj3); 24 s 3.19
Glycerophospho-  N(CH3),4 25 s 3.21
choline
Phosphocholine N(CHj3); 26 s 3.21
Taurine N-CH, 27 t 3.25
myo-Inositol C5H 28 t 3.27
scyllo-Inositol 29 S 3.34
Taurine S-CH, 30 t 342
myo-Inositol CIH, C3H 31 dd 3.53
Glycine oaCH; 32 s 3.55
myo-Inositol C4H, C6H 33 dd 3.61
Amino acid aCH 34 3.75-4.00
residues
Creatine CH, 35 S 3.92
myo-Inositol C2H 36 t 4.05
Lactate CH 37 q 4.11
p-Glucose ClH 38 d 4.64
Uracil C6H, ring 39 d 5.79
Inosine CI1H ribose 40 d 5.88
Tyrosine C3H, 5H ring 41 d 5.88
Tyrosine C2H, 6H ring 42 d 7.18
Phenylalanine C2H, C6H, 43 m 7.32
ring
Phenylalanine C4H, ring 44 m 7.36
Phenylalanine C3H, C5H, 45 m 7.41
ring
Uracil C5H, ring 46 7.86
Inosine C2, ring 47 8.22
Inosine C8, ring 48 8.34

broad resonances at 1.3 and 0.9 ppm respectively (spectra
not shown). Cervical cancer samples showed a slightly
higher ratio (1.57 £ 0.20) than nonmalignant cervical
samples (1.50 4+ 0.20), but the difference was not
significant.

The results from the multivariate analysis of the MR
spectra are presented in Figs 3 and 4. Both principal
component analyses showed that the MAS spectra
describe biochemical properties that discriminate
between malignant and nonmalignant cervical tissue.
Sample score values did not correlate with patient age or
the time period samples were subject to room tempera-
ture.

In Fig. 3A, the score plot of principal components 1
and 2 from PCA of Water-suppressed spectra from
cervical tissue are presented. The malignant samples (X)
can be separated from the nonmalignant samples (O) by
a linear decision boundary. Tissue from cervical cancer
patients mainly differed from tissue from controls in high
score for the first principal component (PC1). The four
cancer samples showing the highest scores for PC1 are
the two adenocarcinomas (X4) and the biopsies from the
two patients with lymphatic spread (X;). This principal
component (Fig. 3B), describing 63% of the variation in
the spectra, is dominated by lactate, the methyl and
methylene groups of lipids, and to some extent, choline-
containing compounds. The higher scores for PC1 of
cervical cancer samples imply that they have higher
contents of these compounds than the nonmalignant
cervical samples.

Figure 4A gives the score plot of the first two
principal components from PCA of the spin-echo
recorded spectra and describes 57% of the total variation
in the original 16 spectra. Spectra of cervical cancer
biopsies (X) and noninvolved cervical tissue (O) are
situated in two distinct groups that can be separated
based on their different scores for PC1. Examination of
the loading profile of PC1 (Fig. 4B) shows that the
samples from patients with cervical cancer may be
associated with higher concentrations of cholines (Cho,
PC, GPC) and amino acid residues (creatine, taurine, and
alanine). In addition, the cancer samples seem to have
reduced levels of glucose.

Discussion

Previous reports on MR spectroscopy of cervical cancer
biopsies have largely been concerned with lipids and lipid
ratios [6, 18]. The CH,/CHj3 ratio we found for the
malignant lesions (1.57) was lower than the ratio (1.89)
reported by Delikatny et al. [6], whereas our finding for
the noninvolved specimens was higher (1.50/1.28).
Principal component analysis was found to be a
better approach for analyzing the HR MAS spectra of
cervical specimens. Analysis of the water-suppressed
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Fig. 2 Spin-echo proton MAS spectra of biopsy samples from (A)
cervix uterus from cervical cancer patient diagnosed with adenocar-
cinoma and (B) cervix uterus from control. Scaling of the spectra led
to cutting of the lactate doublet at 1.33 ppm. For full spectral
assignments, see Fig. 1. Abbreviations used in annotations: Lac,
lactate; Gly, glycine; Tau, taurine; Cho, choline; Cr, creatine; and Ala,
alanine. The peak labeled * is unassigned. For detailed acquisition
parameters, see “Methods”

spectra, dominated by lipid signals, led to discrimination
of adenocarcinomas and squamous cell carcinomas with
lymphatic spread. The spin-echo spectra, where contri-
butions from lipids and other broad resonances are
suppressed, separated malignant cervical tissue from
noninvolved. The region on the low-field side of the
water peak was omitted from the spectra in both
multivariate analyses because peaks in this area have
intensity variations due to water saturation. Further-
more, the lactate peak at 1.32 ppm was excluded for
PCA of spin-echo spectra because the remaining lipid
signals influence the intensity of the lactate peak.

The HR MAS spectra of cervix cancer tissue and
nonmalignant cervix tissue are dominated by the same
metabolites. Classification of the tissue types is made on
relative amounts of the same metabolites. As can be seen
in the loading profile of PC1 in Fig. 4B, the metabolites

that contribute most to classification of the spectra are
present in high amounts in all samples.

The loading profile in Fig. 4B shows that lowered
glucose levels contribute to the characterization of
cervical cancer tissue. This correlates with undetectable
levels of glucose in five out of eight MAS spectra of
malignant samples. Decreased glucose levels in tumor
tissue is due to elevated energy requirement in the
proliferation process, and numerous studies have been
performed on the increased glucose metabolism in
tumors [19, 20] since the Warburg effect was first
presented in 1930 [21].

Furthermore, PCA of spin-echo MAS spectra shows
that there is extensive variation in creatine concentration
among the samples. This indicates the inaccuracy that
may occur when utilizing creatine as an internal concen-
tration standard.

The relative concentrations of all cholines were found
to be higher in the cervical cancer biopsies. GPC, PC and
Cho are important metabolites in the phospholipid
metabolism and are thus believed to play roles as tumor
markers, describing an increased cell turnover. In vivo
MRS has been shown to differentiate between malignant
and benign breast lesions based on the choline com-
pounds [22]. The relative concentration of taurine was
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Fig. 3 Score plot of PC1 and PC2 from principal component analysis
of the spectral region 0-4.5 ppm of the water-suppressed MAS spectra
of biopsies from the cervix from 16 patients. PC1 and PC2 account for
80% of the variation in the spectra. O denotes cervix tissue from
noncancer patients while X denotes cervical cancer tissue. The
adenocarcinomas and cervical cancer samples from patients with
lymphatic spread were denoted X, and X, respectively. B Loading
profile of PCIl, representing 63% of the spectral variations.
Abbreviations used in assignments: PtdCho, phosphatidylcholine;
Cho, choline; and Lac, lactate

found to be higher in cervical cancer tissue than in the
cervical control tissue. Taurine has been shown to be
present in high levels in breast cancerous tissue [23, 24]. It
is possible that this rise in taurine levels may be an
endogenous defense mechanism against tumor prolifer-
ation. Relative levels of glycine were also found to be
higher in cervical cancer biopsies. In a study concerning
in vitro MRS on specimens of human brain tumors,
gliomas were characterized by an increase of the ratios of
alanine, choline and glycine over creatine [25].

The peak detected at 2.02 ppm in the spectrum from
one of the two adenocarcinomas is probably the same
peak as previously reported in six out of seven adeno-
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Fig. 4 A Score plot of PCl and PC2 from principal component
analysis of the spectral region 4.1-1.4 ppm from spin-echo MAS
spectra of biopsies from cervix from 16 patients. PCl and PC2
account for 55% of the variation in the spectra. X denotes cervical
cancer tissue, while O denotes cervix tissue from non-cancer patients.
The adenocarcinomas and cervical cancer samples from patients with
lymphatic spread were denoted X, and X, respectively. B Loading
profile of PC1. Abbreviations used in assignments: Cr, creatine; Gly,
glycine; Tau, taurine; $-Glc, -glucose; GPC, glycerophosphocholine;
PC, phosphocholine; Cho, choline; Glu, glutamate; and Ala, alanine

carcinomas studied by in vivo MRS by Lee et al. [3].
Further two-dimensional spectroscopic analysis of tissue
samples should be performed to assign this peak in HR
MAS MR spectra.

Walenta et al. [26] found that lactate levels
correlated with metastatic spread. Lactate was found
to contribute in discriminating adenocarcinomas and
samples from patients with lymphatic spread (Fig. 3).
The methyl and methylene peaks from lipids contrib-
ute to this discrimination, which imply a relatively
higher content of lipids. Altered lipid profiles in
malignant tissue has been reported in several studies
[18, 27, 28].

The tissue biopsies were analyzed at room tempera-
ture. Sample temperatures were calculated to 26.17 °C
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(range 25.1-27.5 °C) from the 10 spin-echo spectra where
glucose was detectable [29]. Samples have been exposed
to room temperature for 1.6 hours on average prior to
the MR acquisition. Biochemical degradation is assumed
to be distinctive. Because lactate is a product of
anaerobic degradation of glucose, classification influ-
enced by these metabolites can be unreliable.

The MR spectra enabled classification, even though
degradation of metabolites had occurred. Because no
clear correlation was found between sample score
(Figs 3A and 4A) and time period, metabolic degrada-
tion was assumed to be similar at room temperature for
the two tissue types. This implies that some of the
observed spectral features have to be tissue dependent.
Spin-echo spectra, containing signals from small,
water-soluble molecules, separate malignant from non-
malignant cervical tissue. This result implies that the
spectra from malignant samples contain metabolic

information specific for cancerous tissue. Spectra
including lipids and macromolecules might contain
metabolic information that can distinguish types of
cervical cancers and maybe predict metastasis. The
experimental conditions, however, require caution in
interpreting metabolic differences. Further investiga-
tions should be performed at low temperature (4 °C) to
reduce metabolic degradation and on samples of
cytological size.

Combined with multivariate analysis, MR spectra of
intact tissue biopsies from cervix uteri discriminate
between cancerous and normal cervical tissue. In addi-
tion, the high resolution of the HR MAS spectra of tissue
specimens from the cervix provides detailed information
on the biochemical composition of the tissues. Studies of
samples from a larger number of patients are needed in
order to evaluate the clinical value of this method in the
pathology of cervix uteri.

(2001) Pattern recognition methods
and applications in biomedical mag-
netic resonance. Prog Nucl Magn
Reson Spectrosc 39:1-40
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