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1. Introduction

1.1. History

The first report of a high-resolution proton (1H)
magnetic resonance spectrum from intact viable
cancer cells was made by Block and colleagues in
1973,1 who suggested 1H magnetic resonance spec-
troscopy (MRS) might lead to pathologically relevant
information. However, at this time 1H was not the
favored nucleus since adequate water suppression
was difficult and small resonances were swamped by
a much larger water signal. Carbon-13 (13C) MRS2

and phosphorus-31 (31P) MRS3 were the preferred
methods for monitoring cellular metabolism and
intact viable cells and organs.

The musings of two Oxford dons in 1975 convinced
C.E.M. to spend the last 28 years on the topic of this
review. Professor R. J. P. Williams, an inorganic
chemist, was convinced that MRS would revolution-
ize biology and medicine. He spent his Sundays
picking berries and seeds to put in the magnet the
following day. He and his group produced the first
1H spectra of the adrenal gland of the rat.4 Professor
Rodney Porter, the 1972 Nobel laureate for immunol-
ogy, repeatedly stated that diseased cells had a much
higher chemical activity than healthy cells. If both
of these scientists were indeed correct, then MRS had
the potential to assist in the pathological diagnosis
of human diseases.

A series of experiments undertaken in Sydney in
1978 indicated that MRS could identify the sequen-
tial or stepwise alterations in cells prior to them
manifesting frank malignancy, by light microscopy.
The AKR mouse model, developed by Professor Don
Metcalf in Melbourne, was an inbred strain of mice
with a virus transmitted genetically which results in
a spontaneously developing T-cell leukemia. The
disease first develops in the thymus.5 MR spectral
differences were recorded from the thymus, indicat-
ing that the chemical composition of the cells changed
prior to such changes being identifiable cytologically
or histologically. MRS measured a continuum of
changes taking place in the thymus as the final
preleukemic period ended and neoplasia occurred.6,7

Using a mouse model developed by Dr. Ian Ram-
shaw in Canberra,8 it was subsequently demon-
strated that 1H MRS distinguished between tumor
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cells with a capacity to metastasize and those that
produced only locally invasive tumors. Assignment
of the one-dimensional (1D) MR spectra indicated
multiple differences including that in the cholesterol-
to-phospholipid ratio and the presence or absence of
cholesterol ester. Of particular interest was a reso-
nance with a long T2 relaxation rate, at a chemical
shift of 1.3 ppm, which clearly identified those
primary tumors with a capacity to metastasize.9-11

The assignment of the potentially diagnostic and
prognostic resonances was made possible by two-
dimensional (2D) MR methods.12,13

The capacity of MRS to determine both neoplastic
status and prognostic variables from human biopsies

with histological correlation approaching 100% has
now been demonstrated.14 The MR method is fast,
accurate, and robust and complements routine biopsy
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diagnosis. The technology was extended to in vivo 1H
MRS in the 1990s and is now in clinical use for some
organs, including studying brain metabolism.

1.2. Limitations of Histopathology

Histopathology has been the medical diagnostic
gold standard for much of the 20th century, providing
diagnostic and prognostic information for human
diseases. Histopathology is a mature discipline that
draws upon many decades of experience by medical
specialists who rely on pattern recognition in human
tissues and cells using light microscopy.

The principal limitation to histopathology is the
restricted range of morphological changes that tis-
sues can express, each in a continuum, yet from
which pathologists are expected to identify patterns
specific for individual diseases. These patterns over-
lap and are susceptible to subjective assessment.
Moreover, sampling errors, inherent at several levels
in routine diagnostic services, are at least partly due
to the cost of examining multiple sections of tissue.
The skill, experience, and thoroughness of surgeons
and pathologists play a major role in ensuring
detailed diagnostic and prognostic information.

For much of the 1980s and early 1990s the ac-
curacy of the MRS method for determining the
biological status of human tissues was severely
doubted. It was not understood that variation in MR
spectral changes and pathological features in tissues
from area to area meant that, for the correct correla-
tion to be made, the precise piece of tissue from which
the MRS signal was obtained also had to be examined
by the pathologist with specialized step-sectioning of
the specimen.

When P.R., a pathologist, saw the potential of the
MRS method and joined the 1H MRS program, the
accuracy of the MRS method became clear. The
detailed pathological analysis, when correlated with
the MRS data, resulted in accuracies that approached
100%. In addition, the unique role of the MRS method
to identify stages in a pathological process not
appreciable by light microscopy, although clinically
confirmed, became evident. Stated differently, there
were biological states that were not morphologically
manifest that could be discerned by MRS.

For the MRS method to achieve its full potential,
detailed histopathological analysis of the precise
piece of tissue examined by MRS was needed. This
philosophy applies to both preoperative and postop-
erative specimens, i.e., on biopsy or on the resected
organ following in vivo spectroscopy.

1.3. Handling of Tissue Specimens for MRS

Some who have tried to emulate the tissue biopsy
studies described below have failed initially due to
the methods employed to handle the specimens prior
to MRS examination.

For each tissue type the handling protocols have
been individually determined and reported.15-24 The
polypropylene vials that the specimens are collected
in must be tested for leakage of minute levels of
chemicals, which leach from the plastics and cause

cell death. Similarly, for fine-needle aspiration biop-
sies (FNABs) the barrels of the syringes need to be
tested.25

The specimens must be immediately placed in a
vial containing PBS/D2O after the biopsy is obtained
and frozen without delay in liquid nitrogen. There is
an exponential decrease in accuracy of the MRS
method with the length of time the specimen is left
“sitting on the bench”. According to the type of tissue,
there is a finite time it can be stored in the freezer
before the MRS examination is undertaken, before
the accuracy decreases. One group tried to repeat the
thyroid study with specimens over 3 and up to 7 years
old, a guaranteed recipe for failure. Another group
used unsuitable plastic syringes, which lysed the
cells, rendering the spectra useless.

1.4. Statistical Classification Strategy. Managing
Large Volumes of Data

Magnetic resonance spectroscopy is known to re-
port on pools of chemicals in cells and tissues as they
alter (many at the same time) with aging and the
development of disease processes.15-21,26-37 Many of
these biochemical processes occur in parallel, but do
not necessarily alter in the same direction. Thus,
managing complex databases, which include large
volumes of biomedical data including spectroscopy,
pathology, and patient statistics, requires a special
methodology. The lack of specialist methods to over-
come this problem was recognized by Dr. Ian Smith
(National Research Council (NRC), Canada) in the
late 1970s.

A three-stage statistical classification strategy
(SCS) was developed at the Institute for Biodiagnos-
tics (IBD), NRC, by Dr. Ian Smith and Dr. Ray
Somorjai specifically to address these issues. The
method has allowed automated analysis of both ex
vivo and in vivo spectroscopic data using highly
accurate and reliable mathematical classifiers for a
variety of clinical applications. For a review see ref
14.

The application of SCS methodology provides
classifiers that distinguish benign from malignant
specimens with accuracies of 100% when a small
proportion of samples that are unable to be ac-
curately classified are excluded. When these samples
are included, accuracies in the mid-90s (percent) can
still be achieved.

Unlike most other methods, the SCS method
identifies those spectral regions from which the
diagnostic and prognostic information has been ob-
tained. This allows the chemical species to be identi-
fied and the biochemical pathways involved in the
disease process to be studied. Quite often the spectral
region is complicated and contains many overlapping
resonances. This is where the 2D spectroscopy method
becomes important (see sections 3.1, 3.2, and 4.6).

MRS is now poised to supplement the already
significant contribution of magnetic resonance imag-
ing (MRI) for the clinical management of disease. As
well as accurately reporting pathological processes
in tissue, spectroscopy also identifies important
subsets of disease states that are not morphologically
manifest in either biopsy or in vivo imaging. The
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MRS method in vivo is currently being developed
with accuracies approaching those employing MRS
on excised biopsy specimens. Many of the pitfalls
found in the biopsy program exist with in vivo MRS,
where correlations with final histological diagnosis
are further confounded by the use of a lower fre-
quency magnet and different experimental condi-
tions.

To ensure rapid entry of these technologies into
clinical practice, methods of translating them into the
clinic need to be recognized and appropriate clinical
acceptance testing needs to be undertaken.

Described below is the current state of MRS on
biopsies and in vivo for neuro, prostate, thyroid, and
breast spectroscopy. Finally, individual case studies
are presented to demonstrate the effectiveness of
MRS in the cancer clinic.

This review has been limited to describing those
1H MRS studies where a significant number of
biopsies or patients have been investigated. It also
emphasizes and explains the capacity of MRS to
identify the presence of human diseases which are
not morphologically manifest and thus not observed
using light microscopy.

2. 1D MRS on Biopsies

2.1. Cervix
Cancer of the uterine cervix was chosen for the first

(8.5T, 360 MHz) 1H MRS clinical study on human
biopsies32 as histologically the distinction between the
presence and absence of malignancy is made cost-
effective and with a very high level of accuracy. In
the first report, spectra of 39 of 40 invasive specimens
(Figure 1C) were characterized by an intense reso-
nance at 1.33 ppm, primarily from the methylene
protons of lipid acyl chains, with additional contribu-
tions from the methyl protons of lactate and threo-
nine. There were also methyl, choline, and olefinic
resonances at 0.90, 3.2, and 5.32 ppm, respectively
(Table 1).

The spectrum from human papilloma virus (HPV)
infected tissue (Figure 1B) lacked the intense meth-
ylene resonance at 1.33 ppm. Other visible spectral
differences included increases in the broad, feature-
less resonance between 3.4 and 4.2 ppm in preinva-
sive specimens, compared with their invasive coun-
terparts.

The spectrum shown in Figure 1A is from a piece
of tissue containing a chronic inflammatory cell
infiltrate with no features of HPV infection or dys-
plasia.

When the CH2/CH3 ratio was plotted against the
CH/CH2 ratio to compare the premalignant states
with invasive carcinoma (Figure 2), a separation
between invasive and preinvasive cells was achieved
with a sensitivity and specificity of 94% and 98%,
respectively.17 Thus, 1H MRS was able to distinguish
between preinvasive and invasive cervical cancer ex
vivo, based on the detection of altered invasive-cell
chemistry.

Such gradational changes suggest that the two
working hypotheses of Professors Williams and Por-

ter were correct, with increasing chemical activity
becoming apparent as the disease’s process progresses.

A further advantage of the 1D MRS method is that
it examines the entire biopsy specimen and leaves

Figure 1. 1H MR spectra of cervical biopsy specimens. The
histological assessment of each specimen is as follows: (A)
nonspecific chronic inflammatory disease (the inset shows
the 4.5-0 ppm region with the vertical gain increased
4-fold; NE ) 400); (B) HPV infection but no significant
dysplasia observed, 512 accumulations; (C) cervical carci-
noma, 40 accumulations. The spectra were recorded on a
Bruker WM 400 (9.4T) spectrometer at 37 °C. The water
peak was suppressed by gated irradiation, sweep width
4000 Hz, acquisition time 1.024 s, and a line broadening
of 3 Hz was applied in each case. Reprinted with permission
from ref 32. Copyright 1990 Wiley-Liss, Inc., a subsidiary
of John Wiley & Sons, Inc.

Figure 2. Peak height ratios from MR spectra from cervix
biopsies. Two ratios are plotted on the same graph, the
ratio of the CH/CH2 resonances versus the ratio of the CH2/
CH3 resonances. The graph compares one of the higher
grade dyplastic statessCIN 3 with invasive carcinoma. The
cross hairs show the mean ( standard deviation for each
category. A Student’s t test gives P < 0.0001 for CH/CH2
and CH2/CH3. Reprinted with permission from ref 17.
Copyright 1993 Radiological Society of North America.
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the tissue intact for further histologic assessment.
Current taxonomy divides preinvasive cervical dys-
plasia or cervical intraepithelial neoplasia (CIN) into
three categories. It is arguable whether these changes
are a progressive spectrum or different disease enti-
ties. Interestingly, neither visual inspection of MRS
data nor the application of SCS to the spectra from
preinvasive cervical tissues CIN I, CIN II, and CIN
III (Smith and Somorjai, unpublished data) provided
a clear delineation. It is quite arbitrary histologically
to definitively distinguish between these categories
as they overlap in any given tissue sample, and
variation may be more apparent than real. Thus,
improved analysis methods are needed to allow the
precise volume of each histological pattern to be
evaluated in each spectrum. The new mathematical
regression method developed by Dr. Somorjai38 may
indeed overcome this deficiency, but the hypothesis
has yet to be tested.

2.2. Prostate
Prostate carcinoma is the most common cancer

affecting men in Australia39,40 and the United States.41

Histologic examination is the definitive standard for
diagnosis and classification of prostate neoplasms.42-44

The IBD/NRC undertook the first MRS study (8.5T)
of prostate biopsies and analyzed the data using the
SCS method. The sensitivity and specificity were
100% and 95% for distinguishing benign prostatic
hyperplasia (BPH) from cancer.45 The results from
this study are shown in Table 2 as is a summary of
classifiers developed to date and spectral regions used
to develop the classifiers.

It was notable from examining the original prostate
patient cohort database that routine hospital pathol-

ogy diagnosis had been used to establish study and
control groups. Crucially, no prostate intraepithelial
neoplasia (PIN) or proportional volumes of each type
of disease state in each tissue specimen were re-
ported. Since the SCS method is dependent upon
correct and detailed histological data being reported
for the computer-based strategy to generate an
accurate classifier for each disease state,14 the pos-
sibility that two such pathological entities or variants
of one may have been included in one classifier was
considered. In addition, the prostate is a very complex
organ with four different functional zones and with
mixtures of glandular and stromal tissues present in
varying quantities.

A second independent MRS study of prostate
biopsies22 addressed the issue of specimen sampling
for correlation with the MRS data. The spectral
analysis of biopsy specimens using serially sectioned
tissues identified an error rate of 8% in the routine
hospital diagnosis due to incomplete sampling of the
tissue.

Typical MRS spectra (8.5T) from glandular BPH,
stromal BPH, PIN, and invasive adenocarcinoma are
shown in Figure 3. Also compared are the spectra
from tissues with different proportions of adenocar-
cinoma present (5% and 50%). The spectral separa-
tion of tissue with 5% adenocarcinoma from that
containing only PIN was not easy on visual inspec-
tion. Resonances from lipid, amino acids, citrate,
choline, and creatine are seen in the specimens
containing adenocarcinoma and PIN, albeit at dif-
ferent levels. The BPH specimens from predomi-
nantly glandular and predominantly stromal areas
are quite different, with citrate (the marker known
for apparently healthy tissue) not identified in the

Table 1: Resonances in One-Dimensional 1H MR Spectra

molecule abbrev species resonance assignment (ppm)

Amines
choline, phosphocholine, glycerophosphocholine Chol -N(CH3)3 3.2
spermine, spermidine, polyamines PA -NCH2 3.1
creatine, phosphocreatine Cr -NCH3 3.0

Lipids
triaclglycerol (fatty acyl chain) Lip CH3CH2CH2- 0.90

Lip CH3CH2CH2- 1.33
Lip -OOCCH2CH2 1.6-1.7
Lip CH3CH2CH2- 2.02
Lip CHdCHCH2- 2.08
Lip -OOCCH2CH2 2.3
Lip CHdCH- 5.32

Amino Acids
alanine Ala -CH3CH- 1.49
glutamate, glutamine Glu, Gln -CHCH2CH2COO-/NH3

+ 2.2
glutamate, glutamine Glu, Gln -CHCH2CH2COO-/NH3

+ 2.6
isoleucine Ile -CH3 0.97
leucine Leu -CH3 0.97
lysine Lys H3N+CH2CH2CH2 1.7
lysine Lys H3N+CH2CH2CH2 3.03
threonine Thr CH3CHOH- 1.33
threonine Thr CH3CHOH- 4.25
valine Val -CH3 1.03

Other
lactate Lac -CH3CH- 1.33
citrate Cit -OOCCHAHBC(OH) 2.4-2.7
taurine Tau H3N+CH2CH2SO3

- 3.25
taurine Tau H3N+CH2CH2SO3

- 3.43

1H MRS Can Determine the Pathology of Human Cancers Chemical Reviews, 2004, Vol. 104, No. 8 3681



spectrum from stromal BPH. Typical spectra from
stromal and glandular BPH are also shown in Figure
3 and compared with those from PIN and adenocar-
cinoma (see Table 1 for the assignments). It can be
seen that there is a gradation in the spectra from
benign stromal and glandular BPH through PIN to
frankly malignant tissue with increasing volumes of
tumor.

Van der Graaf et al. focused their study on the
identification of spermine as a marker for malignancy
in prostate tissue.46 This was shown to be the case
at 600 MHz on biopsy specimens, but at 1.5T it was
part of the composite choline creatine resonance.

The Swindle study22 then divided the specimens
into BPH from patients with and without cancer
elsewhere in the prostate, and these were both
compared with adenocarcinoma specimens (Table 3).

Histologically confirmed carcinomas were deter-
mined by MR spectroscopy on the same tissue sample
with a sensitivity of 100% and a specificity of 94%,
but the accuracy decreased rapidly when routine
hospital histology reports were used for correlation.

Depleted citrate and elevated choline levels alone
were not accurate markers of malignancy, since
citrate levels remain high when a small amount of
malignant disease is present. It can be seen that
citrate resonances are present in the spectrum from
a piece of tissue containing 95% BPH and 5% adeno-
carcinoma (Figure 3). A recently developed math-
ematical regression method38 allows small volumes
of carcinoma to be identified with accuracies ap-
proaching 100% for the prostate cohort.

Although histological examination remains the
standard in the assessment and examination of
human prostate disease, the ability of MRS to aid in
the characterization of prostate lesions on the basis
of their biochemical composition may now provide

additional diagnostic and prognostic information as
an adjunct. MR spectroscopic databases of over 400
cases (Bourne, R., Katelaris, P., Fairy, S., Danieletto,
S., Lean, C., Somorjai, R., Mountford, C., unpublished
data) with detailed histology (including tumor volume
and a listing of all pathological states and tissue
types present) are currently being analyzed with
SCS.

Cheng and colleagues, this time using quantitative
histopathology and high-resolution magic angle spin-
ning (MAS) 1H MRS at 9.4T (400 MHz), undertook a
study of human prostate specimens.47 They demon-
strated a linear correlation between the MRS-
measured concentration of spermine, a proposed
endogenous inhibitor to prostate cancer growth, and
the volume percentage of normal prostatic epithelial
cells as quantified by histopathology. These results
indicate that MRS could serve as a means for
investigating the inhibitory mechanism of spermine
in human subjects.47

The results from the prostate programs contribute
to the interesting debate as to whether there needs
to be visual analysis of the MRS data if the SCS
method is to be used. In the case of the prostate, if
the visual analysis had not been undertaken and
routine hospital histopathology had been used, the
classifiers would have been developed with incorrect
histopathological data. It was visual inspection of the
data that identified the biopsies containing smaller
volumes of cancer. However, new mathematical
regression methods developed by Somorjai can iden-
tify these small volumes of cancer and offer the
additional advantage that the presence of outliers can
be detected. It is possible, therefore, that in the future
there will be no need for simultaneous visual inspec-
tion of the data.

Table 2: Summary of Classifiers and Spectral Regions Using SCS

biopsy type (n) classification spectral regions (ppm)
accuracy

(%) ref

thyroid (107) normal vs malignant spectral identity not retained 99.0 61
brain (206) control vs malignant 23/55 subregions 94.4 73
astrocytoma (91) high vs low grade 0.81-0.85, 1.71-1.75, 2.16-2.20, 2.46-2.50, 2.54-2.58,

3.02-3.06, 3.51-3.55
95.7 191

breast FNA (140) benign vs malignant 1: 0.87-0.92, 1.20-1.25, 1.63-1.67, 1.79-1.82, 1.95-1.98,
2.85-2.87, 2.95-2.97, 3.19-3.33

96.1 23

2: 1.19-1.23, 1.32-1.38, 1.79-1.82, 1.96-2.00, 2.13-2.15,
2.70-2.76, 2.92-2.94, 2.97-2.99

lymph node involvement 1: 0.43-0.51, 0.64-0.77, 1.10-1.20, 1.56-1.59 95.0 23
2: 0.44-0.51, 0.67-0.71, 1.13-1.19, 1.56-1.60, 1.86-1.96

prostate (87) benign vs malignant 3.46-3.52, 3.40-3.46, 2.50-2.56, 2.14-2.20, 1.84-1.90,
1.12-1.18

96.6 45

residual cancer after
radiotherapy

0.77-0.82, 0.94-1.00, 1.32-1.37, 1.59-1.71, 2.24-2.27,
3.19-3.28

91.4 192

liver (122) normal vs HCC 1.34-1.37, 2.28-2.33, 2.83-2.85 100 24
cirrhotic vs HCC 3.00-3.03, 3.56-3.60, 3.66-3.68 98.4 24
normal vs cirrhotic 1.52-1.57, 2.03-2.08, 3.63-3.67 92.1 24

ovary (56) normal vs cancer 1.47, 1.68, 2.80, 2.97, 3.17, 3.34 98 104
esophagus (105) normal vs cancer 3.49-3.57, 3.23-3.28, 0.92-1.12 100 193

normal vs Barrett’s 3.50-3.54,1.93-2.06, 1.37-1.43 100 193
Barrett’s vs cancer 3.05-3.13, 2.51-2.57, 1.45-1.49, 1.21-1.29 98.6 193

melanoma metastatic vs benign not yet available 194
In Vivo at 1.5 T
brain gray vs white matter not yet available 98 unpublished
brain pain vs no pain 0.72-1.44, 1.64-1.83, 2.39-2.84, 3.00-3.12, 3.17-3.42 96 195
soft tissue

sarcoma
normal mesenchymal vs

soft tissue sarcoma
93 196
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2.3. Breast
Breast cancer is the most common cancer to affect

women in Western countries with an incidence of
about 80-100 newly diagnosed patients per 100 000
inhabitants per year.48 In Australia, its incidence

outranks that of all other cancers in women older
than 35 years and is second only to melanocytic skin
cancers, which are rarely lethal. By age 75 years one
in eleven Australian women will develop breast
cancer.

Recent improvement in the outcome of patients
with breast cancer is partly due to earlier diagnosis
from screening programs and partly to more sophis-
ticated management protocols.49,50 The combination
of physical examination, mammography, and fine-
needle aspirate cytology or needle core biopsy (triple
assessment) is currently the preferred method for the
preoperative diagnosis of clinically or radiographi-
cally detected breast lesions. Although triple assess-
ment has a high probability of detecting all malignant
lesions, its suboptimal specificity results in diagnostic
uncertainty, requiring open biopsy to exclude malig-
nancy in many women.

In a study of 218 fine needle aspiration biopsy
(FNAB) specimens from 191 consecutive patients
undergoing diagnostic biopsy or definitive treatment
(i.e., lumpectomy, quadrantectomy, or mastectomy)
for histologically proven invasive breast cancer, 1H
MRS identified invasive carcinoma (n ) 106) on the
basis of the intensity of the 3.25 ppm resonance
(choline-containing metabolites) standardized to the
resonance intensity at 3.05 ppm, which contained
contributions from creatine, phosphocreatine, and
lysine (P < 0.0001, Mann-Whitney test).21 MRS of
FNAB specimens correlated with the final histologi-
cal diagnosis for 96% of benign lesions. The 4% false
positive rate compares with the rate of other modali-
ties. They were, however, from four young women
with fibroadenoma. The MRS of FNAB specimens
correlated with a malignant histological diagnosis in
95% of the cases. These results are consistent with
the reports by Aboagye and Bhujwalla and Katz-
Brull,51,52 who demonstrated, using cell models, that
with malignant transformation the phospholipid
metabolites alter, GPC levels decrease, and PC levels
increase in the MR spectrum.

One of the most revealing studies into the diag-
nostic power of 1H MRS analyzed by the SCS method
is the recent study of FNAB from breast tumors. The
quality of spectra obtained from these specimens can
be seen in Figure 423, and the assignments are given
in Table 1. Visual inspection of these spectra, where
the choline-to-creatine ratio was measured, gave an
accuracy of 95% for determining biological status.
Using the SCS method, the distinction between
benign and malignant biopsy specimens gave a
sensitivity of 94% and specificity of 98% with an
overall accuracy of 96% (Table 2). Interestingly,
fibroadenoma ceased to be a false positive when the

Figure 3. 1H MR (8.5T, 37 °C) spectra of prostate biopsy
specimens, 256 accumulations, sweep width 3597 Hz, pulse
repetition time 2.14 s. The water peak was suppressed by
selective gated irradiation. (A) Adenocarcinoma (50% of the
tissue was made up of malignant tissue), (B) adenocarci-
noma (5% of the tissue was made up of malignant tissue),
(C) PIN, (D) stromal BPH (95% stromal, 5% glandular),
and (E) glandular BPH (85% glandular, 15% stromal) are
compared. Reprinted with permission from ref 22. Copy-
right 2003 Radiological Society of North America.

Table 3: Comparison of Histological Examination and Accuracy22

malignant vs benign type of histology
sensitivity

(%)
specificity

(%)

BPH from non-cancer-bearing patients serial sectioned: adjacent piece of tissue only 100 94
including BPH from patients with cancer

elsewhere in the prostate
serial sectioned: adjacent piece of tissue only 97 88

including BPH from patients with cancer
elsewhere in the prostate

routine 100 82
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SCS method was implemented to analyze the MRS
data.

However, from the same spectra obtained from
tissue in the primary tumor and using the SCS
method, lymph node involvement could also be
predicted with an overall accuracy of 95%. Similar-
ly, from the same spectrum from the primary tumor,
vascular invasion in the definitive surgical specimen
was predicted with an overall accuracy of 94%.23 This
is the first clinical report of information on the
invasive and metastatic status of a tumor being
available by inspection of a cell sample of the primary
tumor. This study confirmed the initial observation
made using the mouse model in 1978 that 1H MRS
identified cells with the capacity to metastasize.
Thus, the application of MRS to the examination of
FNAB from the breast has the potential to revolu-
tionize breast cancer management by providing both
diagnosis and staging parameters prior to surgery.

It will be repeated many times in this review that
the entire tissue specimen needs to be examined
histologically at section intervals as small as 100 µm
for accurate correlation with MRS data.53 A good
example of this is breast ductal carcinoma in situ
(DCIS), which is part of the histological continuum
of epithelial cells changing from premalignant cells
to fully transformed malignant cells capable of inva-
sion and metastatic tumor formation. Examining
tissue sections taken at 100 µm intervals enables the
optimal assessment of the process, including the
identification of features diagnostic of tissue invasion,
which can be present in one field and absent in
another. Such differences that may exist between two
adjacent tissue sections 100 µm apart are shown in
Figure 5. The top section shows lobular involvement

by DCIS with a microinvasive component (confirmed
by immunostaining for smooth muscle action). The
bottom section, however, which was obtained 100 µm
from the top section, shows no such evidence of
invasion, and the H + E appearances in these two
sections are virtually indistinguishable. The MR
spectra consistent with these two diagnoses are
shown alongside and are clearly different.

Visual inspection of the MR spectra demonstrated
that cases where DCIS had breached the basement
membrane (<1 mm) in one or more foci (i.e., micro-
invasion) and those with extensive comedonecrosis
had spectra similar to those of frankly malignant
lesions.21 Other cases of DCIS, without microinva-
sion, contained far less chemical activity and were
more readily correlated with benign specimens (Fig-
ure 5). As yet, insufficient data have been ac-
cumulated on the DCIS category for an SCS classifier
to be developed.53 However, as can be seen in the case
studies (section 5), the application of MRS to biopsies
of the breast, used in conjunction with MRI, can
provide important clinical information. It may be that
high-grade DCIS (i.e., of comedocarcinoma type)
already has the biochemical machinery to invade and
metastasize but not yet the opportunity to express it
histologically (i.e., truly preinvasive carcinoma).

Sitter and colleagues used 1H MAS and 2D J-
resolved spectroscopy, again on a small patient cohort
to provide careful resonant assignment of both breast
tissue specimens and extracts.54

Cheng studied 19 female ductal carcinomas using
1H MAS MRS; alterations to cellular metabolism
including the choline-related metabolites demon-
strated a distinction between healthy tissue and
carcinoma. This included alterations in the T2 relax-

Figure 4. 1H MR spectra (8.5T, 37 °C) of breast FNABs with SNR > 10: (A) malignant; (B) benign. The spectra were
acquired over a sweep width of 3597 Hz, 8192 data points, 256 accumulations, relaxation delay 2 s. Reprinted with
permission from ref 23. Copyright 2003 John Wiley & Sons, Ltd. on behalf of the British Journal of Surgery Society Ltd.
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ation time of cellular metabolites in the cancerous
tissue. Of particular interest was the finding that
tumor metabolic markers including phosphocholine,
lactate, and lipids correlated with the histopatho-
logical grade.55 This was an important observation,
and verification using larger databases can now be
examined retrospectively.

2.4. Liver
A common internal malignancy worldwide is pri-

mary hepatocellular carcinoma (HCC).56 In 1998 it
was the most frequent tumor in males57 and the most
common in Asia and Africa. The annual incidence in
Western countries is 4 per 100 000.57 HCC almost
always occurs as a sequel to cirrhosis and is increas-
ingly prevalent because of the upsurge in cases of
chronic hepatitis B and hepatitis C.

Biopsies obtained from apparently normal liver,
cirrhotic liver, and HCC were examined by 1H MRS
at 8.5T. The correlative histopathology from 54
consecutive patients undergoing hemihepatectomy or
total hepatectomy was obtained from Royal Prince
Alfred Hospital24 in Sydney, where the Australian
National Liver Transplant Unit is located.

Typical MR spectra from HCC, cirrhotic, and
apparently healthy liver are compared in Figure 6.
In this case resonance assignments were made from
2D 1H-1H COSY (Figure 7) and were confirmed by
1H-13C HSQC (not shown). The assignments are
summarized in Tables 1 and 4.24 In these studies,
SCS-based classification of 1H MR data from the liver
biopsies distinguishes normal liver from HCC with

Figure 5. 1H MR spectra (8.5T, 37 °C) of fine-needle biopsy specimens obtained from breast ductal carcinoma in situ: (A)
with microinvasion present; (B) without microinvasion. Histology slides of tissue containing DCIS are shown in (A) with
microinvasion present and (B) without microinvasion. The spectra were acquired over a sweep width of 3597 Hz, 8192
data points, 256 accumulations, relaxation delay 2 s. Reprinted with permission from ref 53. Copyright 2000 Lippincott
Williams & Wilkins.

Figure 6. 1H MR spectra (8.5T, 37 °C) of liver biopsy
specimens: (A) normal liver; (B) cirrhotic liver; (C) HCC.
The spectra were acquired with water suppression using
selective gated irradiation, sweep width 3600 Hz, 8K
data points, 256 accumulations, repetition time 2.3 s.
Reprinted with permission from ref 24. Copyright 2002
Taylor and Francis (http://www.tandf.co.uk/journals/titles/
00313025.html).
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100% accuracy. The SCS method also distinguishes
cirrhotic liver from HCC with an accuracy of 98.4%.
The distinction between normal and cirrhotic liver
is, however, less accurate at 92%.

The clinical end point of these studies is to allow
discrimination between HCC and its “tumor look-
alikes”; this can be very difficult in small biopsies,
but is less of a problem in partial or complete
hepatectomy specimens where test sample selection
can be controlled. To guarantee the integrity of the
SCS data, further studies are required using selected
tissues from only those cases where the histopatholo-
gist can guarantee the diagnosis (i.e., “classic cases”)
and excluding those cases, or biopsies from areas, in
which there is uncertainty about the histological
diagnosis. From such studies, it is hoped that firm
discriminatory criteria will be identified, which will
supplement histological assessment in difficult cases.

It now remains to be seen if this technology can be
extended to the in vivo situation where it would
provide clinically significant preoperative informa-
tion. Nevertheless, the SCS analysis of MRS offers a
new and accurate supplementary means for the
objective diagnosis of HCC.

2.5. Thyroid

Thyroid cancer is rare, but many thyroidectomies
are performed simply to exclude malignancy. On the
other hand, thyroid nodules are common. The vast
majority (90-95%) of solitary thyroid nodules are
benign.58-60 The exclusion of follicular thyroid ma-
lignancy remains a significant diagnostic problem,
currently made on biopsy material obtained following
a thyroidectomy. That means some people have their
entire thyroid removed essentially for diagnostic
purposes. Ninety-five percent of such people prove
to have genuinely benign thyroid disease. Preopera-
tive FNAB cytology, although accurate in identifying
papillary, medullary, and anaplastic carcinomas, is
unable to reliably distinguish benign from malignant
follicular neoplasms.

Histologically, tumors that are arbitrarily desig-
nated as follicular adenomas and follicular carcino-
mas are indistinguishable on the basis of clinical,
radiological, and gross pathologic features and rely
on the identification of capsular or vascular invasion
at the edge of the lesion to confirm malignancy. The
extreme difficulty facing the clinicians selecting
potential malignant thyroid nodules for surgery was

Figure 7. Typical 2D 1H-1H COSY spectra from biopsy
samples of (A) normal liver, (B) chirrotic liver, and (C)
HCC, 48 accumulations, 200 experiments. The spectra were
processed using a sine-bell, Lorentzian-Gaussian (LB )
-30, GB ) 0.20) window function, in the t1 and t2 domains,
respectively. Reprinted with permission from ref 24. Copy-
right 2002 Taylor and Francis (http://www.tandf.co.uk/
journals/titles/00313025.html).

Table 4: Assignment of Resonances in 1H MR COSY
Spectra

chemical shift
(ppm)

molecule abbrev species F2 F1

Lipids
triglyceridea A (CH2)nCH2CH3 0.90 1.33

B dCHCH2CH2- 1.33 2.08
C CHdCH-CH2 2.02 5.38
D CH2CH-CH 2.84 5.38
E CH2CH2 1.33 1.62
F OdCCH2CH2 1.60 2.30
G OCH2CHO 4.12 5.26

4.26 5.26
G OCH2 4.09 4.29

Amines
choline Chol NCH2CH2 3.50 4.07
phosphorylcholine PC NCH2CH2OP 3.61 4.25
glycero-PC GPC NCH2CH2OPO 3.69 4.38

Amino Acids
alanine Ala CHCH3 1.49 3.79
histidine His CHCH2-ring 3.22 3.95
leucine Leu CHCH3 0.97 1.78
lysineb Lys CH2CH2 1.72 3.05
threonine Thr HOCHCH3 1.33 4.27
valine Val CHCH3 1.03 2.34

Other
taurine Tau H2NCH2CH2OS 3.28 3.50
lactate anion Lac CHCH3 1.33 4.12
fucose Fucl CHCH3 1.33 4.27
unassigned 0.90 1.50

1.20 3.65
1.30 4.65
1.50 1.95
1.95 3.80
2.10 2.40
2.20 2.40
2.65 2.85
3.15 3.35
3.60 3.90

a Cross-peaks A-F from fatty acyl chains and G and G′ from
the glycerol backbone. b And polyamines.
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the subject of an editorial by Ernest L Mazzaferri in
the American Journal of Medicine.60

In the first MRS study, tissue was obtained intra-
operatively (at the time of surgery) from 53 consecu-
tive patients undergoing partial or total thyroidec-
tomy for solitary thyroid nodules.19 Typical 1H MR
spectra (8.5T) of follicular adenoma and follicular
carcinoma are compared in Figure 8. On visual
inspection, and by measuring the ratio of resonances
at 1.7 and 0.9 ppm, MRS was able to distinguish
normal tissue from carcinomas (proven clinically or
histologically) with an accuracy of 100%.19 When this
resonance ratio was measured for histologically
similar follicular adenomas, some specimens were
found to be spectrally grouped with the benign lesions
and others with the carcinomas (Figure 9). The most
tempting explanation is that the adenomas with a
“malignant” spectral pattern were, indeed, noninva-

sive or preinvasive follicular carcinomas (i.e., in the
process of transformation). These thyroid data were
used for the first application of the SCS method to
human biopsy.61 An accuracy of 100% was reported
for normal thyroid vs carcinoma. The same informa-
tion and diagnostic accuracies obtained for visual
inspection of thyroid tissues can also be obtained
from FNAB of the thyroid obtained intraoperatively.36

The specimens used for the above MRS analysis
were obtained intraoperatively, i.e., when there was
no blood supply to the thyroid. To make this MRS
method applicable to the clinical situation, FNABs
were taken from the thyroid, preoperatively, and thus
with normal blood supply. The thyroid is a very
vascular organ, and the FNAB contained a significant
amount of blood, which was found to mask the
diagnostic chemical signature (Mackinnon, W.; Lean,
C.; Russell, P.; Delbridge, L.; Malycha, P.; Mountford,
C., unpublished data). It has yet to be determined if
the MRS data containing varying levels of blood can
be analyzed by the SCS method. Thus, for the MR
method to assist in the management of patients with
thyroid cancer, an in vivo MRS methodology needs
to be developed (see section 5).

2.6. Esophagus
Adenocarcinoma of the lower esophagus in the

Western world is rising and accounts for more than

Figure 8. 1H MR (8.5T, 37 °C) spectra from (A) follicular
carcinoma and (B) benign follicular adenoma. The spectra
were acquired with 256 accumulations, and residual water
was suppressed using gated irradiation. Diagnostic reso-
nances at 0.9 ppm (CH3, lipid) and 1.7 ppm (CH2, lysine)
are denoted. +N(CH3)3 ) N-trimethyl from choline-
containing metabolites; HOD ) residual water. Reprinted
with permission from ref 81. Copyright 1997 Elsevier.

Figure 9. Ratio of resonances at 1.7 and 0.9 ppm for
normal thyroid tissue, follicular neoplasms, and malignant
thyroid biopsies. Histologically proven follicular cancers all
have a ratio below 1.1, whereas “non-malignant” follicular
neoplasms fall into groups, comparable with either normal
or carcinomatous tissue. A separation of ratios above and
below 1.1 is observed with no overlap between normal and
malignant tissue. Reprinted with permission from ref 34.
Copyright 1994 Springer-Verlag.

Figure 10. 1H MR (8.5T, 37 °C) spectra of esophageal
biopsies from 4 different histopathological subtypes: (A)
normal esophagus; (B) Barrett’s epithelium from non-
cancer-bearing patients; (C) Barrett’s epithelium from
cancer-bearing patients; (D) adenocarcinoma. The spectra
were acquired with 256 accumulations, and residual water
was suppressed using selective gated irradiation, sweep
width 3600 Hz, 8K data points. Reprinted with permission
from ref 193. Copyright 2003 Excerpta Medica Inc.
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40% of esophageal carcinomas in males.62 The condi-
tion is thought to result from gastric reflux, and so-
called Barrett’s esophagus is a precursor,63 which
increases the risk of developing malignancy 40-50-
fold.

Histopathology can accurately distinguish normal
from invasive carcinoma in the esophagus. The
accurate prediction of the behavior of dysplastic
Barrett’s epithelium is, however, not possible.64,65

MRS was considered as a possible objective technique
to identify Barrett’s patients at risk of progressing
to adenocarcinoma; i.e., could the MRS method
identify a chemical fingerprint associated with com-
mitment to malignancy that was not morphological?

In a study investigating 72 consecutive patients,
29 non-cancer-bearing and 43 cancer-bearing, 1H
MRS of esophageal biopsies combined with the SCS
strategy provided a robust diagnosis with a high
degree of accuracy for discriminating normal epithe-
lium from esophageal adenocarcinoma and Barrett’s
esophagus (Table 2). A typical 1D MR spectrum
(8.5T) of normal healthy esophageal tissues is shown
in Figure 10A and compared with that of adenocar-
cinoma of the esophagus in Figure 10D. As with the
breast, a major difference is the intense choline
resonance in the adenocarcinoma spectrum.52,66

Different spectral categories of Barrett’s epithelium
were identified by visual inspection (Figure 10B,C).

The 1D 1H MR spectra of Barrett’s epithelium from
a non-cancer-bearing patient and from a cancer-
bearing patient with the corresponding histopathol-
ogy are shown in Figure 11. Histologically, these
tissues are indistinguishable, yet the MR spectra
group the specimen from the cancer-bearing patient
with the adenocarcinomas. There is substantial
evidence supporting the existence of an adenoma-
carcinoma sequence in the esophagus.67-69 These
MRS data support the MR method being able to
identify a field change consistent with the presence
of an adenoma-carcinoma sequence.

The esophagus MRS study has now been in progress
for over 6 years. The patients are informed of the
“research outcome” of the MRS analysis. A number
of the patients identified as having tissue committed
to malignancy during the study are now presenting
for surgery in subsequent years for clinical cancer
(Falk, G.; Doran, S.; Phillips, J.; Lean, C.; Russell,
P.; Mountford, C., unpublished data). As with many
of these clinical studies, the predictive nature of the
MRS analysis must wait a considerable number of
years for patient outcomes to be documented and
correlated (i.e., de facto clinical trials).

2.7. Brain Tumors
Survival rates among brain tumor patients vary

considerably depending on the type and grade of

Figure 11. 1H MR (8.5T, 37 °C) spectra of Barrett’s epithelium from (A) cancer-bearing patients and (B) non-cancer-
bearing patients with the corresponding histopathology. The staining method was hematoxylin and eosin, magnification
×200. The spectra were acquired with 256 accumulations, and residual water was suppressed using selective gated
irradiation, sweep width 3600 Hz, 8K data points. Reprinted with permission from ref 193. Copyright 2003 Excerpta
Medica Inc.
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neoplasm, and accurate diagnosis can significantly
alter therapeutic planning, potentially improving the
clinical outcome.70-72 Diagnosis of brain tumors relies
extensively on histopathological evaluation of cellular
changes of open biopsy specimens. Classification of
human brain tumors is often varied as a result of the
complexity of tumor cell biology and discrepancies in
the descriptive nature of morphology-based histo-
pathology.

There is a relatively large body of literature on the
application of MRS to brain cancers. The majority,
however, have involved in vivo studies with the
following exceptions. In a study by Somorjai et al. MR
spectra of biopsies from subjects with meningiomas
(95), astrocytoma (74), and epilepsy (37) were ana-
lyzed using the SCS method. The SCS method could
reliably distinguish between various types of brain
cancer73 with accuracies approaching 100%. Tzika et
al. undertook the biochemical examination of pedi-
atric brain tumor biopsies following in vivo MRS,
with a view to investigating tumor metabolism and
to establish biochemical criteria crucial for detailed
and precise classification of neoplasms to improve
diagnostic accuracy.74 Tzika demonstrated that neo-
plasms can have altered metabolism which precedes
histologically observable changes to cellular morphol-
ogy.75

Interestingly, in the study undertaken by Cheng
et al.,76 it was demonstrated that ex vivo MAS MRS
provided line widths that were approaching those of
in vivo spectroscopy at 1.5T. Analysis of the ex vivo
spectra showed prominent inositol and glycine reso-
nances in high-grade tumors, and the tumor-specific
Cho peak that was detected in vivo was resolved
into 3 different resonances: glycerolphosphocholine
(GPCho), phosphorylcholine (Pcho), and choline (Cho).
The resonance ratio of inositol (at 4.05 ppm) to
creatine was effective in distinguishing tumor type,
suggesting that the MAS method for intact tissue
measurement could be used as an adjunct to histo-
pathology and could improve the accuracy for brain
tumor diagnoses (Figure 12).76 Subsequent linear
regression analysis (LGA) showed that the selected
metabolite ratios from in vivo and ex vivo spectra
were strongly correlated. The agreement between in
vivo and ex vivo MRS suggests a multimodality
approach could provide a link between in vivo MRS
and neuropathological analysis.74

2.8. Squamous Cell Carcinoma of the Head and
Neck

Histopathology remains the gold standard for
definitive diagnosis of squamous cell carcinoma in the
head and neck, but it does require invasive proce-
dures to obtain the biopsy. Leemans et al. have shown
that between 15% and 30% of stage 3-4 patients
with histological tumor-free resection margins have
recurrence of the disease.77 It is exactly this type of
clinical dilemma where the MRS method has proven
valuable in other organs.

El-Sayed and colleagues investigated the diagnostic
potential of 1H MRS at 8.5T to diagnose squamous
cell carcinoma of the head and neck. They compared
tumor and adjacent normal histological tissue speci-

mens from untreated head and neck cancer pa-
tients.78 The study, which included 54 specimens but
taken from only 15 patients, applied the SCS method
to the MRS data. Squamous cell carcinoma was
distinguished from normal tissue with an accuracy
of 93%. A larger study with appropriate clinical
followup needs to be undertaken to establish robust
classifiers for this organ. This study is also likely to
form the basis of high-field in vivo MRS analysis to
provide a noninvasive diagnosis.78,79

3. Adenoma−Carcinoma Sequence Identified by
2D MRS

The 2D COSY method was first applied to cells in
1984,13 and after extensive experimentation the long
T2 resonance which identified tumors with the capac-
ity to metastasize was assigned to cell surface fuco-
sylated moieties.28 2D COSY spectroscopy demon-
strated that cells and tissues can give rise to
resonances from up to 60 different chemical species,
all of which can alter simultaneously (Table 4).
Unlike stable chemical compounds and relatively
stable proteins for which 2D spectroscopy was de-
signed, biopsy specimens and tissues in vivo generate

Figure 12. HR MAS 1H MR spectra of intact tissue
specimens from various types of human brain tumors and
normal brain tissue. An asterisk indicates possible chemical
contamination during pathological processing. A total of
512 accumulations were taken, with an acquisition time
of 0.819 s. A repetition time of 3 s and a spectral width of
8000 Hz were used. Reprinted with permission from ref
76. Copyright 1998 American Association for Cancer
Research, Inc.
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extremely busy spectra. There is a finite time during
which the data can be collected, and each tissue type
must be considered independently when 2D data are
acquired, inspected, and analyzed. It must also be
considered that suspensions of cells will have a lower
than physiological pH, and some pH-dependent mol-
ecules will thus have altered chemical shifts. Tissue
specimens tend not to undergo such a significant
alteration in pH.

The appearance and interpretation of 2D data of
biological and human material depend on the protocol
for data collection and processing. Relative cross-peak
intensities can change dramatically depending on the
choice of window function maxima. It is not uncom-
mon for the same data file to be processed in three
or four different ways for the wide range of T2 species
to be compared and contrasted.28,80 It is this detailed
and complex interrelationship of biochemical path-
ways that provides the diagnostic and prognostic
information.28-30,81,82 The SCS method has not yet
been developed for 2D data analysis.

3.1. Colorectal Cells
The rationale that MRS could aid in the pathologi-

cal assessment of colorectal cancer was proposed in
a study of human biopsies.83-86 Spectral differences
were reported which broadly correlated with clinical
staging of the disease by current methods of patho-
logical assessment. MRS studies on cell lines were
undertaken to better understand the chemical dif-
ferences associated with the adenoma-carcinoma
sequence in developing colorectal cancers.

Human cultured colorectal cell lines with known
growth characteristics, degree of differentiation, tu-
morigenicity, and metastatic potential became avail-
able for study in the 1970s.87-95 The cell lines allowed
colorectal tumor development and progression in
vitro to be studied in a defined reproducible manner
in the laboratory.

Initially, two human malignant colorectal cell lines,
LIM1215 and LIM1863, were chosen for study on the
basis of their different tumorigenicity. Both cell lines
were epithelial in type and contained two of the three
major types of cells found in mature colon, columnar
and goblet. A typical 2D COSY spectrum from the
highly tumorigenic cell line LIM1215 is shown in
Figure 13A and compared with that of the lowly
tumorigenic cell line LIM1863 (Figure 13B). Domi-
nant lipid cross-peaks denoted A-G′ in Figure 13
were assigned to triglyceride. Other cross-peaks from
choline, phosphorylcholine, glycerophosphorylcholine,
inositol, taurine, lactate, free amino acids, and pep-
tides were also assigned96 and with other resonances
are summarized in Table 4.

Using these cell lines, the origins of the long T2
resonances that were diagnostic for tumor dissemi-
nation were assigned by Lean and colleagues28 and
the assignments confirmed by Listinsky et al.97

(unpublished data). The H5, H6 cross-peaks for
fucosyl residues lie in the region of the COSY
spectrum corresponding to -CH(OH)CH3 moieties
with coordinates 3.9-4.5 and 1.0-1.6 ppm. This
region also contains cross-peaks from lactate and
threonine (Table 4). The precise origin and biological

Figure 13. 1H (8.5T, 37 °C) MR, 1D (100 scans) and
symmetrized COSY (32 scans, 220 FIDs), spectra of 108

subconfluent (A) LIM1215 (highly tumorigenic) and (B)
LIM1863 (lowly tumorigenic) malignant colorectal cells in
400 µL of phosphate-buffered saline in D2O. The data were
obtained at 37 °C with the sample spinning. A line
broadening of 3 Hz was applied to the 1D MR spectrum,
and sine-bell and Lorentzian-Gaussian (LB ) -30.0,
GB ) 0.20) window functions were used in the t1 and t2
domains, respectively, for the COSY spectrum. Contour
plots were generated with the lowest level set close to the
noise level and subsequent levels increasing in powers of
2. Reprinted from ref 28. Copyright 1992 American Chemi-
cal Society.
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role of these cell surface fucosylated species were
further studied using an extended cell model where
cultured human colorectal cell lines with known
growth characteristics and varying degrees of dif-
ferentiation, tumorigenicity, metastatic potential,
and genetic abnormalities made it possible to simu-
late colorectal tumor development and progression
in vitro.88,98-100 2D COSY spectra were obtained for
each of the six cell lines. Cross-peaks for the following
were assigned (Table 4): the lipid metabolites cho-
line, phosphocholine, phosphoethanolamine, and glyc-
erophosphocholine;96 the amino acids alanine, aspar-
tate, glutamate, glutamine, leucine, lysine, proline,
threonine, and valine;101 other molecules including
myoinositol, taurine, fucosyl residues,28,102 and the
ribose and glycosamine moieties of uridine diphos-
pho-N-acetylglucosamine (UDP-ClcNAc) (not shown).

With increasing tumorigenicity there was a strik-
ing correlation with the increased ribose H1′ and H2′
protons of UDP-hexose (5.99 and 4.38 ppm). Similar
trends were observed in the ratio of ribose to lysine
and ribose to choline. In both cases, the ratio in-
creased abruptly in the highly tumorigenic lines, and
these tailed off. The ribose-to-fucose ratio trend was
almost identical to that of ribose to choline, indicating
a larger relative volume increase in UDP-hexose than
occurred in bound fucose.

Expansion of the spectra in the regions 3.9-4.5 and
1.0-1.6 ppm (-CH(OH)CH3 moieties) from the six
colorectal cell lines are shown in Figure 14. The total
volume of the cross-peaks labeled Thr/Fuc I and Fuc
II, IIb, and III was measured, and ratios with the
same reference cross-peak volumes used above were
calculated. An increase from adenoma to carcinoma
was observed most clearly for the fucose-to-valine
cross-peak ratio.29

Reports by Hakamori and colleagues strongly sug-
gested that these fucose lipids were characteristic of
the Ley antigen of human adenocarcinoma as tri-
fucosylnonaosyl Ley glycolipid (III3FucV3FucVI2-
FucnLc6).103 Interestingly, this spectral region was
one of those selected by the SCS method to identify
cells in the primary breast tumor capable of dis-
seminating to the lymph nodes.23 These results were
substantiated by correlating the 1H MRS analysis of
human colorectal biopsies with histopathology.18

3.2. Ovary
In the early stages of developing the SCS method,

more basic multivariate techniques were employed.
In particular linear discriminant analysis (LDA) was
used to distinguish normal ovarian tissue from ova-
rian cancer with a sensitivity of 100% and a specific-
ity of 96% (an accuracy of 98%, Wallace et al.).
Moreover, LDA was able to distinguish untreated
ovarian cancer from recurrent ovarian cancer with a
sensitivity of 92% and a specificity of 100% (accuracy
of 97%). Removal of one (“fuzzy”) specimen that was
unable to be classified with a probability greater than
75% increased the accuracy to 100%.104

Ovarian cancer was thought to have an adenoma-
carcinoma sequence, but it remained undefined. Two
dimensional COSY analysis provided a unique in-
sight into the presence of the adenoma-carcinoma

sequence in ovarian cancer. The traditional histologi-
cal subdivisions of benign, proliferating, and malig-
nant ovarian tumors are according to strict morpho-
logical criteria. However, ovarian surface epithelial/
stromal neoplasms are a group of related yet different
entities. The position of the proliferating tumors is a
clinical question that needed addressing,105-107 and
not all proliferating tumors are considered part of
this sequence.

The distinction between benign neoplasms or nor-
mal tissue on one hand and carcinoma on the other
hand was made from 1D MR spectra by comparing
the resonance intensities of creatine/phosphocreatine
and lysine, providing a sensitivity and specificity of
87% and 97%, respectively.16 The low sensitivity was
due to inappropriate sample-handling procedures.
Proliferating tumors exhibited a range of 1D spectral
patterns. Cell-surface fucose was altered with tumor
development and progression. The increasing com-
plexity of the COSY fucosylation spectral pattern
with tumor development and progression is illus-
trated in Figures 15 and 16. In Figure 16 the COSY
spectrum of normal ovary is shown expanded (F1,
3.9-4.5 ppm; F2, 1.0-1.6 ppm) and compared to that

Figure 14. Expansions of the -CH(OH)CH3 region
(F2, 1.00-1.60 ppm; F1, 3.90-4.50 ppm) from the 1H MR
(8.5T) symmetrized COSY data from colorectal cells grown
in vitro: PC/AA, PC/AAC1, PC/JW, SW 1222, SW 480, SW
620, in order of decreased cellular differentiation. The
absolute-intensity contour plots were generated with the
lowest level (500) (set close to the noise level); for levels 2
and 3 the increment was 250 and for subsequent levels 500.
Reprinted with permission from ref 15. Copyright 1993
Academic Press.
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from benign and proliferating serous tumors and
carcinomas of increasing histologic grade. The cross-
peaks detected in this region are recorded in Table
4, from which it can be seen that multiple resonances
from cell-surface-bound fucose generally character-
ized the carcinoma specimens and many (but not all)
of the proliferating tumors. Using these criteria,
namely, the additional presence of Fuc II, IIb, or III
vs Thr/Fuc I alone, serous, mucinous, endometroid,
and mixed epithelial carcinomas were distinguished
from benign/normal tissue with a sensitivity and
specificity of 88% and 97%, respectively. The multiple
cross-peaks from cell-surface fucose in the COSY
spectra of ovarian carcinoma were directly compa-
rable to those reported for colorectal epithelial tu-
mors.15,18

Two-dimensional MRS methods provide unequivo-
cal assignment of resonances from chemical species
that contribute to the various pathological states
defined during tumor development and progression.
Diagnostic resonances indicative of the capacity of a
tumor to spread to other sites of the body are
associated with the increasing presence of cell-surface
fucosylation. Furthermore, these data provided strong
evidence for the existence of an adenoma-carcinoma
sequence in some tumor types in the ovary. For a
review of the role of fucose and the pathological
process see Listinsky et al.97

4. Proton MRS in Vivo
The clinical applications of MRS in vivo have

improved significantly over the past decade. Single-
voxel MRS and studies of magnetic resonance spec-
troscopic imaging (MRSI) of both brain and prostate
have shown unequivocally that the method can

Figure 15. 1H MR magnitude-mode COSY spectra of (A)
normal ovarian tissue and (B) poorly differentiated serous
carcinoma, 64 accumulations, 200 experiments. The spectra
were processed using a sine-bell, Lorentzian-Gaussian
(LB ) -40, GB ) 0.12) window function, in the t1 and t2
domains, respectively. Key: A-F, from fatty acyl chains;
G′, from gerimal protons on the glycerol backbone of
triglycerides; Chol, cholesterol; Lys, lysine; Lac, lactate.
Reprinted with permission from ref 16. Copyright 1995
Blackwell Publishing.

Figure 16. Expanded methyl-methine coupling region (F1, 3.9-4.5 ppm; F2, 1.0-1.6 ppm) from the 2D COSY spectra
(Figure 15) showing increasing complexity of the fucosylation pattern with histologic grade for serous tumors. Contour
levels started at 6000 and increased exponentially. Key: (a) normal ovary; (b) benign tumor; (c) proliferating tumor; (d)
well-differentiated carcinoma; (e) moderately differentiated carcinoma; (f) poorly differentiated carcinoma; Thr/Fuc I, Fuc
III, II, and IIb, resonances attributable to bound fucose, with a contribution from threonine to Thr/Fuc I. Reprinted with
permission from ref 16. Copyright 1995 Blackwell Publishing.
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identify metabolite levels which may be correlated
with human disease states with reasonable accuracy.
When the expensive and detailed pathological ex-
amination of biopsy material (as described in section
2 on biopsy specimens) is correlated with in vivo
spectra, it is expected that the accuracies will be very
high.

Of importance, it has now been established that
by using current MRSI methodology108 the MRI and
MRS data collection can be acquired within the same
clinical examination and within a time frame that is
acceptable for patient management. Techniques for
water suppression will not be discussed as part of
this review, nor will outer volume suppression (OVS)
sequences. It must be understood, however, that for
chemical species to be available for inspection both
issues need to be appropriately addressed.

There has been a tendency in some in vivo MRS
applications to suppress the lipid and water to record
the smaller, less intense resonances, which were
likely to be informative. It must be recognized that
any suppression techniques, whether they be water
or lipid, will have an impact on a significant compo-
nent of the rest of the spectrum and might reduce or
remove altogether metabolites of interest. Interest-
ingly, Lenkinski109 has investigated the possibility of
obtaining MR spectra in vivo with neither water nor
lipid suppression. Thus, there is currently debate on
the philosophy of outer voxel lipid suppression and
unsuppressed water.

4.1. Neurospectroscopy
Neurospectroscopy is the application of MRS to the

brain and currently the most widely used MRS
application in the clinic. The first application of
neurospectroscopy was undertaken using a surface
coil,110 and appropriate localization was developed by
Bottomley.111 However, for the clinical setting, more
advanced localization techniques such as 90°-90°-
90° Stimulated Echo Acquisition Mode (STEAM)112,113

or 90°-180°-180° excitation Point Resolved Spatial
Selection (PRESS)114 were developed. The STEAM
technique can be used with shorter echo times but is
disadvantaged by a low signal-to-noise ratio. The
pulse sequences most frequently used are single-voxel
or chemical shift imaging (CSI) techniques for local-
ized MRS. Proton MRS undertaken with long or short
echo times allows the identification of potentially
diagnostic and prognostic metabolites.115-124

Prior to 1995, implementation of neurospectroscopy
was restricted to those laboratories where the radi-
ologist and physicist worked as a team. However, in
1995 there was FDA approval for a fully automated
MRS sequence for neurospectroscopy called PROBE
(Proton Brain Examination). The methodology al-
lowed neurospectroscopy examinations to be inter-
leaved with MRI sequences. Dr. Brian Ross (Hun-
tington Medical Research Institute, Pasadena, CA)
pioneered the application of clinical neurospectros-
copy in the United States and around the world. He
and his colleagues were responsible for much of the
translation of this technology into a routine clinical
tool. His goal was to train clinicians to know enough
about MRS to request, read, and interpret neuro-

spectroscopy. Ross, along with Heerschap and oth-
ers,125-127 documented the changes in the chemistry
of the human brain during development and aging.

The assignment of MR resonances of a primary
brain tumor (at 2 different TR values) using the
STEAM method at 1.5T is shown in Figure 17. It is
compared with the contralateral control. The NAA
is reduced in the tumor region, and the choline is
more intense than the creatine. Typical spectra using
the PRESS method, from brain lesions determined
to be astrocytoma, glioma, lymphoma, and metasta-
sis, are compared to those spectra obtained from a
region affected by stroke and that of a healthy control
in Figure 18. It can be seen that, in a stroke patient,
the lactate doublet is inverted and there is a reduc-
tion in the intensity of the NAA. In the spectra from
glioblastoma and low-grade astrocytoma the choline
and creatine resonances are significantly increased
compared to that of the NAA. In the spectrum from
a metastasis in the brain the NAA signal remains
reasonably intense, but choline and creatine reso-
nances have increased, and there is lactate present
in the spectrum indicative of the presence of anaero-
bic metabolism. The lymphoma spectrum is unique
in that it has an intense choline resonance and
virtually no NAA and the lactate doublet is observed.

Single-voxel 1H MRS is limited to studying data
from a single region of interest and does rely upon
MRI to provide the spatial location of the information.
Recently, the combination of multi-voxel spectroscopy
imaging techniques provides 2D information across
selective regions.128-132 For reviews see refs 133 and
134.

The Barcelona group led by Dr. Carles Arós used
single-voxel 1H MRS incorporated in a standard
imaging study.135 They studied 37 patients with

Figure 17. A primary brain tumor showing absent NAA;
increased (Cho/Cr), and particularly longer TR, increased
lactate (all echo times 30 ms). The inset is from a second
patient showing the classical profile of lipid plus lactate,
probably recurrence posttherapy. Reprinted with permis-
sion from ref 153. Copyright 1999 Marcel Dekker Inc.
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atypical brain meningiomas and compared them with
93 patients with other intracranial brain neoplasms.
The resonances of interest, including those of lactate,
alanine, NAA, glutamate, glutamine, creatine, cho-
line, and phosphocreatine, were normalized, statisti-
cal differences between the groups analyzed, and
algorithms developed. The method had a 94% success
in distinguishing between meningioma and other
tumors.

The University of California, San Francisco (UCSF)
group have undertaken over 1100 MRSI studies and
report “the ability to obtain the 3D distribution of
the metabolites to be critical for an accurate assess-
ment of metabolic status within the lesion and
adjacent tissues”.108

Neurospectroscopy is now undertaken around the
world as is reported in the literature (Spain,136-138

Turkey,139 Germany,140 India,141 United Kingdom,142

Poland,143 and the U.S.74,144,145).
Prost and colleagues undertook single-voxel MRS

exams (PRESS and CHESS) of the brain from the
mid-1990s onward.146,147 In an interesting study they
investigated the accuracy of visual inspection of the
MRS data and correlated the findings with histology.
The sensitivity and specificity of the exam were 95%

and 100%, respectively, for non-blinded analysis.
When blinded (using four readers), however, the
sensitivity and specificity dropped to 85% and 74%,
respectively.146

The neurospectroscopy method has to date mainly
been interpreted by visual inspection and resonance
ratios. Automated techniques for quantitated assess-
ment of MRS148,149 and of MRSI have also been
demonstrated.145 Arnold and colleagues have used
pattern recognition methods to analyze 1H MRSI
data. They found the combination allowed discrimi-
nation from tissue from the five most common types
of supratentorial tumors found in adults. Further-
more, they were able to predict pathological charac-
teristics that were useful in guiding stereotactic
biopsy and/or selected tumor reception. They were
able to predict with reasonable accuracy which voxels
contained necrotic tissue (80%), and the distinction
could be made with the presence of tumor cells with
and without pleomorphism. There were not sufficient
cases examined for any conclusions to be reached
about the sensitivity of the technique.150,151

SCS classifiers are now developed with both 1.5
and 3T data for healthy brain and specific brain
regions such as prefrontal cortex, anterior cingulate
cortex, and thalamus (Stanwell, Somorjai, Wood-
house, Mountford, unpublished data) for healthy
brain and for patients with pain.152

Finally, on the subject of neurospectroscopy there
are now reports that the method is able to character-
ize untreated gliomas using the MRSI methodol-
ogy.134 The goal here is to improve planning for focal
therapy, guide biopsies, and monitor patients after
treatment.144 While this review is restricted to the
application of MRS to cancer, the applications of
neurospectroscopy to other diseases and brain func-
tion are well described in the text by Ross and
Danielson.153

4.2. Prostate
The use of serum prostate-specific antigen (PSA)

testing and transrectal ultrasound (TRUS) guided
biopsy has allowed a significant increase in screening
for prostate cancer with increased numbers of pa-
tients identified as having disease at an earlier and,
therefore as folklore would have it, potentially treat-
able stage.154 As described in section 2.2 many men
die with prostate cancer but not necessarily from the
disease. The decision on how to manage prostate
disease once identified can cause a dilemma for both
the doctor and patient. Since prostate cancers dem-
onstrate a range of biological potential, the options
facing the patient are clinical observation, hormone
deprivation therapy or surgical procedures, and
radiation or cryosurgical therapies.148,149 For some
patients the cancers will grow so slowly they will
never threaten life. For others the disease may
progress so rapidly that intervention is required but
ineffectual. Thus, the clinical question is which men
need to be cured and which men can be cured. The
accuracy of the MRS method for identifying the type
and extent of prostate biopsies is described in section
2.2. While there is a high level of accuracy achievable
using MRS to analyze a biopsy specimen, can this
information be obtained in vivo?

Figure 18. In vivo brain spectroscopy at 1.5T, PRESS,
TE ) 135 ms: (A) normal brain; (B) glioblastoma; (C) low-
grade astrocytoma; (D) lymphoma; (E) metastasis; (F)
stroke (Dzendrowskyj, T., Himmelreich, U., Mountford, C.,
unpublished data).
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The UCSF group led by Kurhanewicz, Nelson, and
colleagues has spearheaded the in vivo prostate
program in the U.S. In Europe, Heerschap and
colleagues have worked in parallel to put prostate
spectroscopy into the clinic in vivo. The implementa-
tion of prostate MRS will conceivably be the most
difficult of all the in vivo applications due to the
complexity of the zonal anatomy of the prostate and
the often multifocal nature of prostate cancer. As
with the brain, single-voxel spectroscopy (SVS) was
initially developed. An endorectal coil was used which
allowed relatively high resolution anatomical images
in a reasonable amount of time.155-162

Using the UCSF method, lipid was suppressed,
both inside the voxel of interest and outside the voxel
of interest. High levels of citrate indicated the pres-
ence of healthy tissue. Malignant tissue was char-
acterized by low levels of citrate together with
increased levels of compounds involved in phosphati-
dylcholine and phosphatidylethanolamine synthesis
and hydrolysis (choline, phosphocholine, glycerol-
phosphocoline, ethanolamine, and phosphoethanola-
mine) contributing to the in vivo measurement of
choline.

Heerschap and colleagues, who focused on sper-
mine (3.0 and 3.3 ppm) as a marker of prostate

malignancy, found that at 1.5T it was obscured by
choline (3.2 ppm) and creatine (3.0 ppm).46

Ackerstaff et al.66 associated these increased cho-
line compounds with increased malignant transfor-
mation of human prostatic epithelial cells. However,
as described in section 2.2 the interpretation of in
vivo spectra from the prostate was not simple or
straightforward. This resulted in a wide range of
accuracies in the literature.163 The issue was further
complicated by the release of software which did not,
in many users’ hands, provide the accuracies reported
by the UCSF group. Thus, once again, and as with
the biopsy program, the translation of the MRS
technology into the clinic is difficult and requires a
high level of acceptance testing (section 6).

Nevertheless, the difficulties of translating this
technology into the clinic should not undermine the
outstanding contribution made by the UCSF team.
The combined use of MRI/MRS for many patients has
identified a cancer missed by digital rectal examina-
tion and ultrasound (section 5).

A major breakthrough came with the development
of MRSI (see ref 108 for a review). The MRSI method
produces a three-dimensional (3D) map of contiguous
volumes of about 0.24-0.34 cm3 of voxels that map
the entire prostate. Furthermore, as the MRSI and

Figure 19. In vivo prostate MRI and MRSI at 1.5T: a representative reception-profile-corrected T2-weighted FSE axial
image taken from a volume data set demonstrating a large tumor in the right midgland to the base. Key: (a) selected
volume for the hypointense lesion in the right midgland; (b) overlay of the spectral grid; (c) corresponding spectral array
from (b). Regions of cancer (d, red box) demonstrate dramatically elevated choline and a reduction or absence of citrate
and polyamines relative to regions of healthy peripheral zone tissue (e, green box). The strength of the combined MRI/
MRSI exam is demonstrated when changes in all three metabolic markers (choline, polyamines, and citrate) and imaging
findings are concordant for cancer. Reprinted with permission from Kurhanewicz, J., Swanson, M. G., Nelson, S. J., Vigneron,
D. B. J. Magn. Reson. Imaging 2002, 16(4), 451-63. Copyright 2002 Wiley-Liss, Inc., a subsidiary of John Wiley & Sons,
Inc.
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MRI are acquired within the same examination the
alignment is easily made. Shown in Figure 19 is an
MRSI exam of a patient with cancer. It can be seen
in section d that the citrate resonance is totally
absent, but there is a strong choline resonance
apparent. In section e there is an intense citrate
resonance, and while choline and creatine are present,
their resonances are significantly smaller than the
citrate resonance.

The goal now is to combine the knowledge acquired
using high-field 8.5T MRS on tissue specimens with
meticulous histological examination22 and the ac-
curate registration method of MRSI. This combined
with analysis of the data with the SCS method
should, in principle, allow diagnosis of relatively
small lesions. It remains to be seen, however, whether
this information can be obtained at 1.5T or whether
the higher field 3T magnet is needed to provide the
required resolution.

With this in mind, in Figure 20 the spectra from
healthy prostate tissue are shown. The comparison
is made between the spectrum obtained with the
magic angle spinning (MAS) method (9.4T) and the
conventional 1D spectrum (8.5T) both obtained on an
intact biopsy specimen (parts A and B, respectively,
of Figure 20). This is compared with the spectrum
obtained from a healthy prostate in a 3T whole body
scanner (Figure 20C) (Bourne, R.; Stanwell, P.;
Mountford, C., unpublished data) but using only a
surface-phased array coil. While the 3T in vivo data
show broader resonances, the chemical signature of

the healthy tissue is apparent. It is expected that
with the introduction of endorectal coils for use at
3T the resolution and signal-to-noise ratio will be
sufficient for highly accurate pathological diagnosis
of prostate disease. However, visual inspection of the
data will not be sufficiently accurate to allow the
various pathologies to be discerned. With the imple-
mentation of the SCS method, the pathology and the
volume of each tumor and tissue type should be
achievable.

4.3. Breast
If the spatial location(s) and pathology of breast

lesions could be determined prior to surgery, it would
allow preoperative decisions regarding patient man-
agement. Improvements in dynamic contrast en-
hancement features of breast tumors and the appre-
ciation of morphological characteristics of these lesions
have improved the accuracy of the MRI method.164-173

However, the application of in vivo MRS to breast
has some way to go. In this review is included an
explanation of why the authors consider the present
methodology to be inadequate for clinical use at
1.5T.

The first report of in vivo 1H MRS at 1.5T of breast
tumors was by Sijens and colleagues.174 They used
PRESS, and their work suggested that cancers had
higher water-to-fat ratios than normal tissue.174 This
observation was later refuted in a study by Roe-
buck175 using a STEAM sequence (Figure 21). The
study by Roebuck did show the presence of a broad
composite resonance at 3.2 ppm, containing choline
in 7 of 10 malignant tumors and also in 1 of 7 benign
lesions. One particular false positive was a large
tubular adenoma, a relatively rare tumor, but at
large size considered to be a borderline malignant
lesion.176

In other studies undertaken at 1.5T Yeung177

showed the presence of the composite resonance at
3.2 ppm in choline in 22 of 24 malignant lesions and
1 of 6 benign lesions (sensitivity and specificity of
91.7% and 83.3%, respectively). Kvistad, Gribbestad
and colleagues178 (Figure 22) reported the same
composite resonance at 3.2 ppm in 9 of 11 malignant
breast cancer lesions and 2 of 11 benign lesions
(sensitivity and specificity of 81.8% and 75.9%,
respectively). Of note was the report that this com-
posite resonance containing choline was observed in
5 of 7 lactating women but in none of 11 apparently
normal volunteers (Table 1). Similar accuracies were
reported by Cecil179 (sensitivity and specificity of
82.6% and 86.7%, respectively), and Jagannathan
and colleagues (sensitivity and specificity of 78.2%
and 85.7%, respectively).180 Of these studies, Kvistad
and colleagues178 were the only group where 11
normal volunteers were examined. None were false
positives.

A study which investigated 40 apparently healthy
volunteers, 3 lactating women, and 14 women with
carcinoma of the breast questioned the reliability of
using the composite choline resonance at 3.2 ppm (as
a marker for cancer).181 Two of the lactating volun-
teers and 3 of the 40 apparently healthy volunteers
recorded the 3.2 ppm composite resonance. Eleven

Figure 20. 1H MR spectra of healthy prostate: (A) ex vivo
MAS at 9.4T; (B) ex vivo at 8.5T; (C) in vivo 3T whole body
scanner. (A) is reprinted with permission from ref 47.
Copyright 2001 Elsevier (B) and (C) are from unpublished
data of R. Bourne, P. Stanwell, and C. Mountford.
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of the 14 cancer patients also recorded the presence
of the resonance at 3.2 ppm. This resulted in a
sensitivity of 79% and a specificity of 88%.

It was demonstrated by Aboagye and colleagues
that total choline-containing phospholipid metabolite
levels increase with progression from normal to
immortalized to oncogene-transformed to tumor-
derived cells.52 It has also been shown from MR

spectra that fibroblasts182 contain low levels of choline
and creatine. Immortalized and aging cells31 contain
increasing levels of choline and to a much lesser
extent creatine. Thus, for the MRS method to provide
the accuracies recorded at the higher field strength
of 8.5T on biopsy material, more resonances than the
composite at 3.2 ppm183 need to be resolved for
accurate diagnosis.14 This may be more readily
achievable at the higher field strength of 3T.

4.4. Thyroid
A purpose-designed multi-ring surface coil was

built for undertaking in vivo MRS of the thyroid.184

A coil was wound for both 1.5 and 3T scanners. The
typical spectrum collected using this coil at 3T from
a solitary thyroid nodule is shown in Figure 23.
Figure 23A is a T1-weighted axial image of a thyroid
lesion with the corresponding in vivo 1H MR spec-
trum shown in Figure 23B. For comparison, Figure
23C shows the ex vivo 1H MR spectrum of a thyroid
biopsy specimen of the same pathology recorded at
8.5T. The spectroscopic data shown in Figure 23B
confirm the lesion to be a benign adenoma on the
basis of the ex vivo MRS studies. This diagnosis was
confirmed histologically. This technology was at-
tempted at the lower frequency of 1.5T, but the
spectral resolution was less than optimal. The clinical
future of MRS of the thyroid at 3T looks promising.

4.5. 2D Spectroscopy
The benefits of using 2D spectroscopy were de-

scribed in sections 3.1 and 3.2. Thomas and col-
leagues have implemented a series of 2D spectroscopy
sequences for in vivo use,185 allowing diagnostic and
prognostic markers to be identified. In the case of the
brain186 those resonances that were composite in the
1D spectrum were resolved into discrete cross-peaks

Figure 21. In vivo breast MRS at 1.5T. (A) Unsuppressed and (B-D) suppressed MR spectra (TR ) 2000, TE ) 31) of
intraductal and infiltrating ductal carcinoma show resonance assignments for H2O, fat, and Cho. (E) The gadolinium-
enhanced MR image (TR ) 28, TE ) 4) shows the tumor and the voxel used for MR spectroscopy. In (A)-(D), scale factors
are relative to the unsuppressed spectrum. The nominal voxel volume was 1.6 cm3. In (A)-(D), “X” indicates the
magnification. Reprinted with permission from ref 175. Copyright 1998 Radiological Society of North America.

Figure 22. (A) Sagittal MRI (1.5T) of a 65 year old patient
with a ductal carcinoma and (B) 1H MR spectrum of a
20 × 20 × 20 mm3 voxel (256 averages), showing the
intense signal at 3.3 ppm. Reprinted from Gribbestad, I.
S.; Singstad, T. E.; Nilsen, G.; Fjosne, H. E.; Engan, T.;
Haugen, O. A.; Rinck, P. A. J. Magn. Reson. Imaging 1998,
8, 1191-1197. Copyright 1998 Wiley-Liss, Inc., a subsidiary
of John Wiley & Sons, Inc.
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in the second dimension. In the case of human breast
cancer 2D spectroscopy facilitated the separation of
diagnostic and prognostic markers such as choline
from the variable fat content187 (see sections 2.3 and
4.4).

In keeping with the knowledge that as spectroscopy
becomes a reliable tool for the diagnosis of diseases
its reproducibility is of paramount importance, Tho-
mas and colleagues investigated the reproducibility
of 2D COSY in healthy human brain.188 Thomas and
colleagues have now started to implement 2D spec-
troscopy in vivo for the elucidation of disease mech-
anisms. For example, they have used 2D J-resolved
spectroscopy to distinguish between cancer and be-
nign tissue at 1.5T. Spermine was clearly separated
from choline and creatine using this method.189

5. Case Studies Combining in Vivo MRI/MRS and
MRS on Biopsy

5.1. Breast
A 50 year old female was referred having had two

previous lumpectomies, both with positive margins
(i.e., the surgeon did not manage to remove all of the
diseased tissue). The pathology of the two previous
lumpectomies was DCIS without microinvasion. The
extent of disease and the diagnosis were queried.

Examinations undertaken included gadolinium-
enhanced MRI (1.5T), which showed diffuse disease
(see Figure 24). On the left-hand side is a T2-weighted
image, and on the right-hand side is the schematic
diagram prepared by the pathologist following mas-
tectomy.

Figure 23. 1H MR on benign follicular adenomas of the thyroid: (A) in vivo T1-weighted axial image; (B) corresponding
in vivo 1H 3T MR spectrum (undertaken at the National Research Council of Canada, Winnipeg; data were obtained using
a specially designed multiring surface coil); (C) ex vivo 1H 8.5T MR spectra from a biopsy specimen of the same pathology.
Reprinted with permission from Mountford, C. E.; Doran, S. T.; Lean, C. L.; Russell, P. Biophys. Chem. 1997, 68, 127-
135. Copyright 1997 Elsevier.

Figure 24. (A) Sagittal gadolinium-enhanced 1.5T MR image of the breast. The site of the previous lumpectomy and site
of fine-needle biopsy no. 3 are indicated by the arrows. The diffuse white areas represent residual DCIS post lumpectomy.
(B) A schematic showing the position of the sagittal image shown in (A) and the sites of fine-needle biopsies. (Stanwell, P.,
Boyages, J., Sinclair, E., Baker, L., Mountford, C., unpublished data.)
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Ultrasound-guided FNABs were obtained from six
regions as shown in Figure 24. The biopsies were
examined at the higher field strength of 8.5T. Three
of the six biopsies were determined by ex vivo MRS
analysis to be benign. These were the biopsies taken
from the spatial locations marked 2, 4, and 6. The
spectra obtained from the biopsies taken from regions
1, 3, and 5 are shown in Figure 25. Comparing these

spectra with those in Figure 5, i.e., DCIS with and
without microinvasion, all 3 biopsies were typical of
DCIS without microinvasion. Thus, a diagnosis of
extensive diffuse disease was identified by gado-
linium-enhanced MRI. The pathology was deter-
mined to be DCIS without microinvasion using ex
vivo MRS. Following this report the surgeon recom-
mended mastectomy and breast reconstruction. Fol-
lowing mastectomy the pathology was confirmed as
DCIS without microinvasion (Stanwell, P.; Boyages,
J.; Sinclair, E.; Baker, L.; Mountford, C., unpublished
data).

5.2. Prostate
A 69 year old man was referred for MRI and MRS

of the prostate. He had PSA levels rising from 6.0 to
7.7 over an 11 month period. Bladder function was
normal and the prostate was palpably normal. The
ultrasound examination proved negative.

The examinations undertaken included MRI and
MRS at 1.5T, ultrasound-guided biopsies to the
region identified by the MR exam, and high-field
(8.5T) MRS of the biopsy material. The T2-weighted
axial image in Figure 26 demonstrates a hypo-intense
lesion in the left peripheral zone; in vivo MRS showed
elevated levels of choline in the same region. The
targeted biopsy was examined by both conventional
histopathology and high-field MRS. Both confirmed
the presence of cancer. In this case the diagnosis of
adenocarcinoma with perineural invasion was given.
If it were not for the MR examination, this patient’s
cancer would have been missed.190

5.3. Brain
A 70 year old man was referred having previously

been diagnosed with a cerebral glioma. He had been
treated by radiotherapy, but another lesion in a
different location was detected two weeks after
radiotherapy had ceased. The query was whether this

Figure 25. Ex vivo 1H MR spectra (8.5T, 37 °C) of fine-
needle biopsy specimens from the breast (MRI image shown
in Figure 24). Spectra from regions 1, 3, and 5 as indicated
in the schematic in Figure 24 are shown.

Figure 26. In vivo 1.5T 1H MR images of the prostate. (A) The T2W axial image demonstrates a hypointense lesion in
the left peripheral zone. (B) The overlaid metabolite map confirms the presence of an altered choline/creatine ratio in the
same peripheral zone region. The targeted biopsy in the region shown in red reveals prostate cancer with perineural
invasion.
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second lesion was radiation necrosis or recurrent
tumor. The spatial location of the new lesion was
located by gadolinium-enhanced T1-weighted imaging
where a ring-enhancing lesion was identified, as seen
in Figure 27. Single-voxel spectroscopy was under-
taken using the STEAM experiment with a TE of 20
ms at 1.5T and PRESS at 135 ms. The presence of
succinate and acetate identified a mixed bacterial
abscess, Streptococcus milleri and anaerobe gram-
negative bacteria. The patient, who was successfully
treated with antibiotics, did not need to have a biopsy
due to the positive diagnosis of an abscess by the in
vivo MRS method (Himmelreich, U.; Sorrell, T.;
Mountford, C., unpublished data).

6. Translation into the Clinic and Clinical
Acceptance Testing

For MRS to be implemented effectively and with a
high level of accuracy, the technology needs to be
transferred from the academic medical centers into
routine hospital use. This could be the most difficult
part of the entire operation. As described at the
beginning of this review house-keeping issues, such
as the wrong plastic used for collection vials and
syringes and a lack of understanding by other
laboratories of the importance of storing specimens,
caused failure by some sites to repeat the biopsy data
collection. While the use of neurospectroscopy was
implemented with apparently relative ease, this only
occurred due to the significant time and effort of Dr.
Ross and colleagues, who were devoted to teaching
programs worldwide.

Difficulty was also experienced by the UCSF team
when they attempted to role out their prostate
spectroscopy program to other centers with the
assistance of a commercial partner.

For the biopsy program, collection kits need to be
made available, hardware needs to be automated,

and robust software needs to be incorporated such
that data collection and comparison with the math-
ematical classifiers are part of an automated system.
Methods of reporting, diagnosis, and prognosis must
fit neatly into standard pathological reporting pro-
cesses. For the in vivo programs, coils, experimental
protocols, and automated data collection programs
need to be robust.

Acceptance testing of either biopsy or in vivo
spectroscopy needs to be undertaken with rigor.
Three or four well-qualified test sites need to be
identified where radiologists, pathologists, and sur-
geons are all world leaders in a particular discipline.
The technology needs to be integrated by the medical
profession into routine patient management and a
review of the worth of the test with the current
diagnostic methods provided. Critical feedback should
be sought during the testing period of whether the
technology addresses a perceived need in the diag-
nostic process, provides advantages over current
diagnostic techniques (accuracy, robustness, cost),
and, finally, provides data useful for patient manage-
ment. Prior to the commencement of each of these
acceptance testing programs, the site where the
technology was predominantly developed needs to be
integrally involved until all problems are resolved.
Only then can reliable acceptance testing commence.

It has been our experience that when technology
such as MRS has a genuine contribution to make to
diagnosis of disease and patient management medical
specialists embrace the technology. However, for
MRS to be effectively introduced into the clinic, the
most elementary of house-keeping duties need to be
acknowledged. Quite often scientists are the wrong
people to implement translation of their own technol-
ogy into the clinic. The radiologists and the patholo-
gists who are attuned to routine patient management
are best equipped for this responsibility. A com-
mercial partner who is understanding of the need for

Figure 27. In vivo 1.5T 1H MR of a human brain lesion. (A) The MR image shows partial ring enhancement of the lesion
following gadolinium injection. (B) STEAM (TE ) 20 ms) demonstrates the absence of an NAA signal with the presence
of signals from lipids, succinate, and acetate. C) PRESS (TE ) 135 ms) demonstrates the presence of acetate and succinate.
(Himmelreich, U., Sorrell, T., Mountford, C., unpublished data.)
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such a robust introduction of a new technology is a
necessity.

7. Conclusions

In the last 25 years spectroscopy has gone from
being the physicist’s playground to being an integral
part of a modern clinical assessment procedure.

Neurospectroscopy is regularly used in the clinic
interleaved with routine MRI sequences. Currently,
in vivo spectroscopy of the prostate and breast are
only available to patients with access to a few
university radiology departments around the world.
It is anticipated that by adding the robust math-
ematical classifiers to the now well-tested pulse
sequences the in vivo MRS technology could be
released for use on commercial systems in the not
too distant future.

Proton MRS is now poised to be introduced into the
pathology laboratory as an adjunct to, and in some
cases replacement for, the difficult pathologies such
as follicular adenoma of the thyroid and Barrett’s
esophagus. The combination of MRI and MRS in vivo
with correlative MRS on biopsy currently offers an
unprecedented accuracy for the diagnosis and prog-
nosis for human diseases.

8. Abbreviations
13C carbon-13
1D one-dimensional
1H proton
2D two-dimensional
3D three-dimensional
AA HR of amino acid residues
acyl acetyl residues
Ala alanine
BPH benign prostatic hyperplasia
CHESS chemical shift selective saturation
CHOH carbohydrate residues (mainly glucose resi-

dues from glycogen and free glucose)
Chol choline
Chols choline-containing metabolites
CIN cervical intraepithelial neoplasia
Cit citrate
COSY COrrelated SpectroscopY
Cre creatine
CSI chemical shift imaging
DCIS ductal carcinoma in situ
FNABs fine-needle aspiration biopsies
GABA γ-aminobutyric acid
Glc R- and â-glucose residues
Glu/Gln glutamate/glutamine
GPC glycerolphosphocholine
HCC hepatocellular carcinoma
H and E haematoxylin and eosin
His histidine
HSQC heteronuclear single-quantum coherence
IBD Institute for Biodiagnostics
Ile isoleucine
Inos inositol
Lac lactate
LDA linear discriminant analysis
Leu leucine
LGA linear regression analysis
Lip lipid
Lys lysine
MAS magic angle spinning

MRI magnetic resonance imaging
MRS magnetic resonance spectroscopy
MRSI magnetic resonance spectroscopic imaging
NRC National Research Council, Canada
OVS outer volume suppression
PC phosphocholine
PIN prostate intraepithelial neoplasia
PRESS excitation point resolved spatial selection
PROBE proton brain examination
PSA prostate-specific antigen
SCS statistical classification strategy
SVS single voxel spectroscopy
SNR signal-to-noise ratio
STEAM stimulated echo acquisition mode
Tau taurine
Thr threonine
TRUS transrectal ultrasound
UCSF University of CaliforniasSan Francisco
UDP-hexose uridine diphosphate hexose
Val valine
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