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Magnetic resonance spectroscopy (MRS) provides a
powerful tool in the study of human cancer. Bio-
chemical information obtained by MRS indicates
how the metabolism of tumours differs from that of
normal tissue; it provides diagnostic information on
tumour type and grading, and may be used to moni-
tor the efficacy of anticancer treatments. >'P and 'H
are the most widely used nuclei in clinical MRS
studies of cancer, giving complementary biochemical
information, though MRS studies of drug metabolism
using "F are also under investigation. This paper
describes recent research using >'P and '"H MRS in
the study of human cancers in vivo.

3P MRS of human cancer

*'P MRS provides a valuable method of monitoring the
cellular energy balance and metabolism of tumours for
cancer research. It also provides a non-invasive method
of monitoring response to treatment and selecting ap-
proprnate therapy. Typical in vivo Sp spectra have three
peaks due to nucleotide triphosphates (predominantly
ATP, the major source of cellular energy); a peak due to
phosphocreatine (PCr, a short term energy reserve); and
an inorganic phosphate (Pi) peak, a product of the
breakdown of ATP to ADP (adenosine diphosphate).
The intracellular pH may be determined by measuring
the chemical shift of the Pi peak with respect to a refer-
ence peak (usually that of PCr, although the ATP peaks
can be used if PCr is absent).

'P MRS of tumours

The P1 peak i1s often pronounced in tumours, but
(contrary to expectations) their intracellular pH is
usually close to neutral. There may also be visible peaks
due to PME (phosphomonoester compounds) including
phosphocholine,  phosphoethanolamine,  glucose-6-
phosphate, giycerol-3-phosphate and AMP (adenosine
monophosphate), and to PDE (phosphodiester com-
pounds) including GPE (glycerophosphocthanolamine)
and GPC (glycerophosphocholine). Ip MR tumour
spectra exhibit elevated PME signals (from phosphio-
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lipid (PL) precursors) and PDE signals (from phosphol-
ipid (PL) catabolites) compared to normal tissue spectra.
The peaks of these signals vary greatly in different tu-
mours and change significantly during tumour growth
and response to therapy. There have been many reports
of changes in the *'P spectra of tumours as a result of
successtul therapyl. For instance, increased PDE/PME
was reported in sarcoma’; increased PME/ATP® and
increased PDE/B-ATP? in non-Hodgkin’s lymphoma,
and increased Pi/PME in lymphoma’. These suggestive
results have prompted a multi-centre trial funded by the
National Cancer Institute (USA) to see whether the fall
in the PME peak during successful chemotherapy can be
used as a predictor of tumour respanse.

Ip MRS irt breast cancer

A preliminary study from this trial used 3D chemical
shift imaging (CSD®' to acquire *'P spectroscopic data
sets from patients with primary breast cancer. When
interpreting data from breast studies it is important to be
aware of the fact that the *'P spectrum acquired from the
breast is dependent upon the age, menopausal status,
stage of the menstrual cycle® and whether the breast is
lactating or not’. Due to these profound morphological
and physiological changes that occur in the breasts of
healthy women it is difficult to define the ‘normal’ *'P
spectrum against which a tumour spectrum can be com-
pared and the degree of malignancy determined. For this
reason 3D CSI was the chosen method of spectroscopic
localization since spectra may be acquired from both the
tumour and adjacent tissue in the same data set. This
may allow spectra from tumour and ‘normal’ breast tis-
sue in the same patient to be compared, and heterogene-
ity in larger tumours can be demonstrated. Such
comparisons may aid the interpretation of spectral
changes in response to therapy.

Figure 1 shows the central slice from a 3D CSI data
set acquired from a 51-year-old patient with an infiltra-
tive ductal carcinoma. The data were acquired on a
1.5T SIGNA (GE, Milwaukee). Regions of normal
chest wall muscle and breast tumour (Figure 15 and ¢)
can be clearly differentiated. The tumour spectrum dem-
onstrates high PME and Pi signals relative to the NTPs.
Variability of PME across the breast 1s observed. Figure
1 d is a spectrum acquired from a region containing both
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Table 1. Mean metabolite levels expressed as a percentage of the total >'P signal for 3 patients and a norral volunteer

PME Pi PDE PCr NTP PME/NTP pH

Breast turmnour 1 (51 years) 27% 11% 25% 6% 10% 2.7 NQ*
Breast tumour 2 (59 years) 23% 10% 29% 2% 12% 1.9 7.8
Breast tumour 3 (43 years) 23% [16% 32% — 10% 2.3 7.5¢
Normal breast (52 years) 17% 8% 34% - 14% 1.2 7.2°
Chest muscle (52 years) — 5% 51% 139 NQ 7.1°
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NTP is the average of the three NTP peaks. Normal breast and chest wall muscle values are from the normal volunteer.
NQ = not quantifiable. *The pH for the first breast turnour was alkaline but outside the range of our calcolations.YThis

value was at the hinits of our calculation due to the poor S/N. It is unlikely that a tumour would have a pH as low as 7.8.
*nH from the Pi-aNTP chernical shift difference, °pH from the Pi—-PCr chemical shift difference.

Figure 1.a, Phased *'P spectra from the breast of a Sl-year-old
patient with an infiltrative ductal carcinoma; b, Muscle spectrumn
(bottom), VARPRO fit (middle) and residual (top), ¢, Breast tumour
spectrum (bottom), YARPRO fit (middle) and residual (top). Note
the elevated PME and PDE compared to normal breast; d, Spectrum

from a mixture of normal breast and breast tumour (bottom),
VARPRO f{it (middle) and residual (top).

normal breast tissue and breast tumour. The level of
PME which was markedly elevated in the tumour spec-
trum is now comparable to the NTP signal. The PCr 1s
mostly localized to the chest wall and the small peak at
O ppm n the tumour spectrum most likely arises from
contaminating muscle signal. Table 1 summarizes the
results of an initial study of 3 patients with breast cancer
(pre-treatment) and a normal volunteer, demonstrating
the elevated PME and PDE in breast tumour compared
to normal breast tissue. These data agree with previous
MRS studies in which non-localized spectra were ac-
quired from breast tumours'’ and normal breast tissues”.
They also demonstrate elevated PME but no PCr
breast tumours compared with adjacent chest wall mus-
cle and a more alkalinc pH. High levels of PME in 1w-
mours are thought to be related to rvapid cell
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proliferation and/or cell death''!. PCr in the first two

breast tumour spectra is probably due to Fourier bleed
from adjacent chest wall muscle.

Monitoring response to treatment using *'P
MRS

A further study is presently underway to monitor the
response to treatment in non-Hodgkin’s lymphoma
(NHL) patients undergoing chemotherapy using the
same data acquisition techniques as in the previous
study. This study will investigate the use of the *'P 3D
CS1 method to identify responding tumours prior to any
volume or imaging changes. This will enable ineffective
therapy to be stopped and an appropriate therapy regime
to be initiated, preventing extended, unnecessary patient
anxlety and providing a more optimistic outlook for
therapeutic response. In these studies, proton decoupling
techniques have also been employed to improve spectral
resolution and signal-to-noise'*. Figure 2 shows pre- and
post-treatment data from a 77-year-old male patient with
an NHL 1n his groin. It can be seen that there are large
PME peaks In both scans, indicative of the disease. Ta-
ble 2 shows the *'P metabolite peak areas before and
after the treatment. The PME/PDE ratios are reduced
post-treatment, indicating response. At the time of the
second scan there was no observable change in tumour
volume using palpation or MRI. This is one example of
the application of >'P MRS as a non-invasive tool in
monitoring response of tumours to treatment.

'H MRS of human cancer

'H MRS is technically difficult in most parts of the
body; however, it is widely used to study the brain (and
also prostate), and particularly intracramal tumours. The
naturc of the metabolites detected in single voxel '"H MR
spectra depends on the echo time. At long c¢cho-times
(240-270 ms), N-acctyl aspartate (NAA), total creatnes
(1Cr), total cholines (1Cho), alanine, and lactate are ob-
served. At 136 ms an out-of-phase, inverted lactate and
alanine peak may be observed, while at short echo times
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Figure 2. Phased *'P spectra from a 77-year-old male patient with a NHL in his groin. a, Pre-
treatment spectrum  showing NHL spectrum (bottom) and the VARPRO fit (top), b, Post-treatment
spectrum showing NHL spectrum (bottom) and the VARPRO fat (top).

Table 2. Metabolite ratios pre- and post-treatment for a 77-year-old
male patient with an NHL in his groin

PME/NTP PI/NTP PDE/NTP PME/PDE
Pre-treatment 2.0 0.8 0.3 1.5
Post-treatment 1.2 0.7 1.7 0.7

(20--50 ms) myo-inositol, glutamate/glutamine and lipids
may also be present.

'H MRS of brain tumours — Determining type
and grade

Several studies have shown that '"H NMR spectra of hu-
man brain tumours differ significantly from those of
healthy brain tissues'. Tumour cells which are non-
neuronal in origin (most primary brain tumours and all
metastases), lack NAA but may contain other N-acetyl
compounds. When present in a spectrum, NAA is most
likely to come from the normal brain tissue within an
infiltrative tumour, so the signal will be greatly reduced
compared to the normal brain tissue'’. The resonance
Iabelled tCho is derived from free choline, phosphocho-
line and glycerophosphocholine. The signal is elevated
in low grade tumours compared to the normal brain"
and has been attributed to increased cell membrane
synthesis in rapidly proliferating tissue and an increase
in the visibility of choline due to cell membrane dam-
age. In aggressive, high-grade tumours the tCho concen-
tration is reduced, perhaps due to areas of necrosis
which dilute the choline concentration in the tumour

tissue. Creatine, a marker for brain cell density, 1s gen-
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erally reduced in tumours compared to normal white
matter. Alanine 1s considered to be a specific marker in
meningioma spectra'’, and lactate (the end-product of
anaerobic respiration) has been observed in metastases'®
and glial brain tumours'®. Glutamate and glutamine are
also observed as a combined peak in meningiomas and
low grade astrocytomas. Lipi¢ signals are often present
in brain tumour spectra and arise from the presence of
mobile lipid molecules rather than lipid-bilayers 1n
membranes. The amount of Iiptd has been correlated
with the extent of necrosis'’ and malignancy'®. If pres-
ent, the lipid peak may obscure alanine or lactate. To
resolve these resonances, metabolite-nulling tech-
niques’® have been used, in which lipid and macromole-
cule signals are edited from the spectrum®. Figure 3
shows images and single-voxel spectra of high and low
grade gliomas.

There is currently much interest in employing 'H MRS
in diagnosis and grading of brain tumours, as the me-
tabolite profile differs between tumours of different
types and grades. The heterogeneous nature of tumours
means that single-voxel spectroscopy has inherent limi-
tations here, though this is also true of tumour biopsy,
the current method of diagnosis: neither are representa-
tive of the whole tumour. CSI methods 1n which spectra
from multiple voxels are acquired over a large area, are
probably more appropriate for diagnosis. A successful
approach has been to use pattern recognition techniques
to make statistical comparisons of the intensities of all
peaks in the spectrum. Grading of gliomas and differen-
tiation from other tumour types and grades has been
achieved using this approach®’. Methods of classifica-
tion based on single voxel techniques have also shown
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Figure 3. Images of (a), high and (b), low grade gliomas with the corresponding 'H spectra from the

defined region chosen for a single voxel study.

promise in attempts to classify the four most common
types of brain tumour: meningiomas, astrocytic tumours,
oligodendrogliomas and metastases>>. Since adult human
brain tumours do not respond well to chemotherapy,
there is currently limited scope for MRS to monitor re-
sponse, although it has been used to monttor response to
radiotherapy and to differentiate radiation fibrosis from

possible tumour recurrence’’.

Discussion

This paper has demonstrated the wealth of information
that may be obtained non-invasively using 3p and 'H
MRS in the study of human cancer in vivo. P MRS
may be used to monitor response to therapy and to pre-
vent ineffective therapy from being continued and allow
replacement by a more appropriate therapy regime. 'H
MRS enables the type and grade of bramn tumours tO be
determined without the need for surgical biopsy. This
may help to reduce patient mortality when the tumour 1s
in a technically difficult position to reach surgically. In
addition, unnecessary operations f{o remove non-
malignant tumours may be avoided.

MRS has remained tantalizingly close to practical
application for several years, though to date it is still
primarily a research tool. Hopefully, with more public
awareness and the rapid development of this technique
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over the next couple of years we will soon see the appli-
cation of MRS in the clinical situation.
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