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Magnetic resonance (MR) spectroscopy allows the demonstration of
relative tissue metabolite concentrations along a two- or three-dimen-
sional spectrum based on the chemical shift phenomenon. An MR
spectrum is a plot of the signal intensity and frequency of a chemical
or metabolite within a given voxel. At proton MR spectroscopy, the
frequency at which a chemical or compound occurs depends on the
configuration of the protons within the structure of that chemical. At
in vivo proton MR spectroscopy, the frequency location of water is
used as the standard of reference to identify a chemical. The frequency
shift or location of chemicals relative to that of water allows generation
of qualitative and quantitative information about the chemicals that
occur within tissues, forming the basis of tissue characterization by
MR spectroscopy. MR spectroscopy also may be used to quantify liver
fat by measuring lipid peaks and to diagnose malignancy, usually by
measuring the choline peak. Interpretation of MR spectroscopic data
requires specialized postprocessing software and is subject to technical
limitations including low signal-to-noise ratio, masking of metabolite
peaks by dominant water and lipid peaks, partial-volume averaging
from other tissue within the voxel, and phase and frequency shifts
from motion. MR spectroscopy of the liver is an evolving technology
with potential for improving the diagnostic accuracy of tissue character-
ization when spectra are interpreted in conjunction with MR images.
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Abbreviations: CHESS = chemically selective saturation, PRESS = point-resolved spectroscopy, SNR = signal-to-noise ratio, STEAM = stimulated-
echo acquisition mode, TE = echo time, TR = repetition time
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Introduction
Magnetic resonance (MR) spectroscopy origi-
nally was established for brain imaging to char-
acterize tumors, strokes, epilepsy, infection, and
neurodegenerative disorders. For the past decade,
there has been extensive research into improving
the technology to develop applications within the
abdomen and pelvis and to better understand the
utility of MR spectroscopy for tissue characteriza-
tion and malignancy detection.

In MR spectroscopy, signals from chemicals in
tissue or metabolites are recorded. The metabo-
lite peaks are identified primarily by their fre-
quencies (ie, their position in the spectrum) and
are expressed as a shift in frequency (in parts per
million [ppm)]) relative to a standard. The most
common nuclei used for in vivo MR spectroscopy
are protons ('H), sodium (**Na), and phosphorus
(*'P). The advantages of 'H spectroscopy are that
it is easier to perform, it is more widely available,
and it provides a much higher signal-to-noise
ratio (SNR) than *Na and *'P do. In '"H MR
spectroscopy, the frequency location of a me-
tabolite or chemical compound depends on the
configuration of the protons within the chemical.
Water is abundant in tissues, and its frequency lo-
cation is used as the conventional standard for in
vivo 'H MR spectroscopy, meaning that all other
chemicals are identified by comparing their fre-
quency location (frequency shift) to that of water.
'H MR spectroscopy typically is included as part
of conventional MR imaging protocols to obtain
functional information and may be performed in
5-15 minutes (1,2).

The objectives of this article are to describe
the basic principles of 'H MR spectroscopy, de-
scribe the technique and its applications in the
abdomen (with a focus on the liver), and outline
common limitations.

Basic Principles
of MR Spectroscopy

In conventional MR imaging, protons associated
with chemicals such as water, fat, and amino acids
produce a combined signal from each pixel that is
used to generate the image. The spatial variations
of phase and frequency are used to locate and se-
lect the pixels that make up the MR image. A con-
sequence of using spatial mapping of metabolite
signals to generate images is that valuable informa-
tion regarding the composition of metabolites and
chemicals within the imaged volume is lost.

In MR spectroscopy, as in conventional MR
imaging, a radiofrequency pulse is applied, and
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Figure 1. Diagram shows metabolite frequency rela-

tive to water frequency. The peaks in '"H MR spectra
correspond to different metabolites and are identified
primarily by their frequencies. Metabolite frequency is
expressed as a frequency shift relative to a reference,
usually the water frequency, in parts per million. The
dominant peaks in liver are those of water and lipids.

the signal from the tissue is measured and Fou-
rier transformed. However, whereas frequency
variation at MR imaging is used for spatial local-
ization of the signal to a voxel to create a cross-
sectional image, at MR spectroscopy the fre-
quency (the position along the x-axis) is used to
separate and characterize the actual metabolites
or chemicals within the voxel. Additional chemi-
cal information about tissue is obtained from the
signal intensity (the position along the y-axis) and
the line width, which may be used to determine
the relative quantity of the chemical. The appli-
cation of what amounts to a chemical shift phe-
nomenon to generate qualitative and quantitative
information about the chemicals that occur on
the frequency scale between water and fat is the
basis of MR spectroscopy. MR spectroscopy may
seem esoteric, but MR imaging with frequency-
selective fat suppression essentially uses a form
of MR spectroscopy; molecules such as fat and
water are separated by their frequency to identify
or isolate them (Fig 1).

The objective of in vivo MR spectroscopy is to
identify and quantify important chemicals in vari-
ous body tissues and thereby characterize normal
and diseased tissue types. Isotopes with an odd
number of protons or neutrons have a nuclear
magnetic moment and resonate when exposed to
electromagnetic radiation at their Larmor preces-
sion frequency. Different isotopes have different
Larmor frequencies, which occur in the radiofre-
quency range (3).The resonance frequency of
protons ranges from approximately 10 MHz at 0.3
T to 300 MHz at 7 T. Increasing the field strength
improves SNR and the separation of metabolite
peaks. In a proton spectrum at 1.5 T, the metabo-
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Figure 2. MR
spectrum obtained
in healthy liver in a
36-year-old woman
shows the frequency
locations of water
and lipid peaks. By
convention, the x-
axis (frequency scale
/ in parts per million)
is plotted as a down-
ward shift relative to
water frequency.

water

Metabolites Detected with Proton MR
Spectroscopy

Metabolite Resonance Frequency (ppm)
Water 4.26
Lipids 0.9-1.4
Lactate 1.3
Glutamine 2.2-2.4
Creatine 3.0
Choline 3.2
Alanine 1.48
Glucose 3.4,3.8

lites are spread out between 63 and 64 MHz. To
allow comparison of spectral measurements at dif-
ferent field strengths and to avoid the use of large,
unwieldy numbers, resonance frequencies com-
monly are expressed as parts per million.

The “ppm scale” describes the resonance of
a chemical (its position along the x-axis). Be-
cause the configuration of proton and electron
interaction within chemical chains determines
the resonance of a compound, it is possible to
use parts per million to identify chemical com-
ponents of the compound. The number of parts
per million is calculated by dividing the differ-
ence in frequency (in hertz) of two peaks (the
peak of interest and a reference peak, which is
commonly water) by the operating frequency of
the MR imaging system (in hertz). This calcula-
tion enables comparison of a peak location from
a spectrum obtained at 1.5 T with a peak loca-
tion from a spectrum obtained at a higher field
strength (eg, 3T, 4T, or 7T). Water is located
at 4.26 ppm, which is commonly used as the
reference frequency for in vivo abdominal MR
spectroscopy (Fig 2). For empirical reasons, the
ppm scale is arranged so that it reads from right
to left (1). Examples of metabolites (and their
frequencies) that are observable at '"H MR spec-
troscopy are provided in the Table. The tetra-
methylsilane peak, a commonly used standard of
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reference for ex vivo MR spectroscopy, defines
the 0-ppm location.

The signal intensity, or height, of the metabo-
lite peak (the amplitude measured along the y-
axis) and the line width provide the “area” under
a particular metabolite peak, which can be used
to quantify the amount of observed chemical
within the sampled voxel of tissue (1,2). Because
there is no absolute scale for the y-axis, an inter-
nal denominator or ratio is necessary for objec-
tive quantification of the metabolite concentra-
tion; for this reason, there are no absolute units.
Although the area under the spectral peak is pro-
portional to the metabolite concentration within
a given voxel of tissue, the relationship is not
straightforward and depends on multiple instru-
mental and biophysical parameters, including the
pulse sequence used, the metabolite relaxation
times, the coupling of the sample to the coil, and
¥ modulation of multiple resonances (2,4).

In Vivo Localization Techniques
MR spectroscopy may be performed by using a
single- or multivoxel technique. The single-voxel
technique is used to generate a cubic or rectan-
gular volume of sampled tissue. Multivoxel MR
spectroscopy allows the acquisition of multiple
voxels in a one-, two-, or three-dimensional plane
and either a single section or multiple sections.
In both the single- and the multivoxel localiza-
tion techniques, three orthogonal (x-, y-, and
z-axis) section-selective gradients are applied to
select a voxel for sampling. The advantage of the
single-voxel technique is that the sampled volume
is larger and therefore associated with a greater
SNR. It is generally used for spectral measure-
ments in the liver because the distance between
the organ of interest and the surface coil is a lim-
iting factor with use of a multivoxel technique.

There are two techniques that are commonly
used for voxel selection: stimulated-echo ac-
quisition mode (STEAM) and point-resolved
spectroscopy (PRESS). In STEAM, a cubic or
rectangular voxel is generated with three orthog-
onal section-selective 90° pulses (5). The use of
90° pulses creates a well-defined voxel within
the sample and minimizes contamination of the
signal from sources outside the region of inter-
est. PRESS also generates a cubic or rectangular
voxel with three orthogonal section-selective
pulses; however, instead of three 90° pulses, it
uses a 90° pulse followed by two 180° pulses
(6,7). Although the resultant voxel is not as well
defined as that generated with the STEAM
technique, with PRESS the SNR is doubled (5).

Teaching
Point




phics

RadioGra

1656 October Special Issue 2009

The requirements for 'H MR spectroscopy
include a uniform magnetic field, high SNR,
very strong suppression of signal from water, and
robust analysis. MR spectroscopy is far more
sensitive to field nonuniformity than MR imaging
is. The homogeneity of the magnetic field is the
primary determinant of metabolite peak sharp-
ness, or line width. The process for optimizing
the magnetic field homogeneity over the sampled
volume is referred to as “shimming the field.” As
shimming lessens generalized and localized field
inhomogeneities, line widths become smaller and
the resolution of the peaks increases.

The use of automatic prescanning enables
clinical MR spectroscopy to be performed in
a reasonable amount of time by shimming the
field, setting the observed frequency, optimiz-
ing the suppression and localization of pulses,
setting the transmitter power, and selecting the
receiver gain. For MR imaging of the liver, the
duration of the automatic prescanning is ap-
proximately 15 seconds. Further refinement of
field homogeneity may be achieved by manually
adjusting the central frequency (manual shim-
ming). The quality of the shim may be used as a
measure of image quality (measured as the full
width at 50% peak height) (8).

The SNR often is defined as the height of the
largest metabolite peak divided by the root-mean-
square of the amplitude of the noise in a signal-
and artifact-free part of the spectrum. Improved
SNR is achieved by making a number of techni-
cal adjustments, such as using a larger region of
interest (SNR is proportional to the size of the
region of interest), increasing the total acquisition
time (SNR is proportional to the square root of
the number of acquisitions), using a high-field-
strength magnet, or using optimized hardware
(a local receiving coil and higher field strengths)
(9-11). SNR is reported to be higher with a 32-
element phased-array receiver coil than with a
four- or eight-element surface receiver coil (12).

The concentration of water in human tissues
(around 110 mol) is 10,000 to 100,000 times
greater than that of most tissue metabolites
(around 1-10 mmol); consequently, the signal of
water is dominant at 'H MR spectroscopy. This
dominant water peak may make visualization of
the metabolites of interest difficult because the
water peak overlaps with adjacent small peaks
and because scaling the signal intensity is dif-
ficult. To compensate, the signal from water may
be suppressed with both STEAM and PRESS.
Chemically selective saturation (CHESS) is a
technique commonly used to suppress water and

radiographics.rsna.org
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Figure 3. Diagram shows the T'1 recovery curves

of fat and water. Fat has shorter T'1 relaxation time
and recovers longitudinal magnetization faster than
water. Recovery initially is rapid, then slows toward
equilibrium, when protons are aligned along the static
magnetic field (M, ). The effects attributed to T'1
properties of tissue components are reduced by using
a long TR when the different tissue components, such
as fat and water, have reached equilibrium. M, = lon-
gitudinal magnetization.

is applied before localization. CHESS involves
the application of three frequency-selective pulses
along with a dephasing gradient to suppress the
water signal. Effective shimming before spectral
sampling narrows the water line width so that
CHESS can null the signal from water. It is not
generally possible to suppress large water reso-
nances that occur because of field inhomogene-
ities within the region of interest. Lipid peaks also
dominate in the liver at 'TH MR spectroscopy and
may be suppressed by applying the frequency-
selective or bandwidth filter described earlier
(CHESS). The advantage of water and lipid
suppression is that the residual signal from the
metabolites with a resonance located between
those of water and fat is more readily detected
(has an increased line width). A limitation of this
technique is that much of the signal from those
metabolites is lost.

Robust analysis is essential for accurate in-
terpretation of MR spectra; a number of pitfalls
may make interpretation difficult, such as T'1
and T2 effects, image resolution, contamination
from blood vessels and respiratory motion, and
coil sensitivity. Although the peak area measured
at 'H MR spectroscopy is proportional to the
metabolite concentration, it also is affected by
T1 and T2 relaxation times (13).To accurately
quantify metabolites, correction for the T'1 and
T2 relaxation times of the tissue is needed. For
the purpose of liver fat estimation, a long repeti-
tion time (TR [eg, 4 sec]) may be used, because
the relaxation values of fat and water are neg-
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Figure 4. Uncorrected MR spectra obtained in liver. (a) Multiple spectra acquired with
free-breathing technique in a patient with grade 3 steatosis, without phase and frequency
correction. The lipid and water peaks appear below as well as above the x-axis and are
shifted toward the left because of respiratory motion. (b) Averaged spectrum obtained from
uncorrected spectra in a shows a marked reduction in SNR, mischaracterization of the ac-
tual relative peak size, and inaccurate quantification of compounds. The larger peak on the
right is lipid, and the water peak is on the left. Both peaks are barely detectable because of

respiration-induced phase differences.

ligible when the TR is four to five times the T'1
relaxation time (Fig 3).T2 correction has been
based on hypothetical T2 relaxation times, but
this approach may be associated with erroneous
results. It has been suggested that calculating the
least-squares algorithm from multiple echo times
(TEs) is a more accurate method for determining
T2 relaxation times (8,14).

Spectral resolution is determined by the line
width (full width at one-half of the maximum
peak height) and must be sufficient to allow dif-
ferentiation of spectral features. An increased
line width (reduced spectral resolution) results in
increased overlap between metabolite peaks, with
less distinct peak features. A reduced resolution
and decreased SNR may lead to systematic over-
or underestimation of metabolites regardless
of their concentration. Poor resolution may be
improved with better shimming, a reduced re-
gion of interest (although a size reduction must
be balanced against the resultant reduction in
SNR), or location of the region of interest away
from tissue interfaces (11).

Common Chal-

lenges of MR Spectroscopy

A major barrier to intraabdominal MR spectros-
copy is motion, which is largely due to respira-

tion, cardiac pulsation, and peristalsis. Repeated
small motions such as respiration and cardiac
pulsation typically result in increased line widths,
overall frequency shifts, reduced peak areas
(phase cancellation), and decreased quality of
water suppression (15). Respiratory motion and
gross movement during liver MR spectroscopy
may result in contamination of data by signal
from an erroneously localized region of interest
within the liver parenchyma, a blood vessel, or
extrahepatic tissue.

In the presence of diffuse liver disease, the pre-
cise location of the voxel is less critical for data
acquisition within the liver. It is more important
to avoid including major vessels and the edge of
the liver, which could result in contamination of
the spectra (16). Liver MR spectroscopy often
is performed with free breathing because of the
long acquisition time required to improve SNR.
However, diaphragmatic movement of 1520 mm
has been documented during free breathing (17).
Such motion is of greater concern when perform-
ing MR spectroscopy in focal liver lesions than
in diffuse liver disease, although in diffuse liver
disease respiration still affects the MR spectra,
causing phase shifts (Fig 4) (18).

In liver MR spectroscopy, multiple spectra
typically are acquired and subsequently averaged
to improve SNR. Respiratory motion—related
phase shifts may result in some spectra being out
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of phase by as much as 180°, with a consequent
cancelling effect on the amplitude of the averaged
spectral peak. Such phase cancellation results in
inaccuracy of the final averaged spectrum and a
significantly reduced SNR (Figs 4, 5) (16,19-21).
Such effects may be corrected after the spectra
are acquired, if all acquisitions are stored sepa-
rately and if signals are present that allow realign-
ment or individual phasing (Fig 5).

Correction of respiration-related artifacts
traditionally has been a manual process but is be-
coming available as part of automated MR spec-
troscopy postprocessing packages. Correction of
phase shifts caused by respiratory motion cannot
eliminate artifacts beyond frequency and phase
variations such as may result from shifting of the
region of interest into a different tissue. Dra-
matic differences in the metabolite profile may be
caused by moving the region of interest out of the
targeted tissue; for example, a voxel placed too
close to the edge of the liver may move into the
subcutaneous tissues or thorax because of gross
patient movement; the diaphragm may move
15-20 mm, even during regular respiration (Fig
6). Such erroneous variation could cause liver
MR spectroscopy findings to be misinterpreted,
particularly if the region of interest is a small fo-
cal lesion. Such artifacts must be identified and
removed before the spectra are averaged.

Other potential approaches to dealing with
respiratory motion during liver MR spectroscopy
include breath holding and respiratory gating.
Breath-hold liver MR spectroscopy has been
shown to reduce the variability of metabolite
measurements, but it cannot provide the higher
SNR of longer sequences (18). Respiratory gat-
ing, which is often used in MR spectroscopy,
might be expected to reduce motion artifacts,
particularly when there is minimal motion. How-
ever, sampling of different tissues at the same
phase of the respiratory cycle may occur if the
extent of the patient’s inspiration and expiration
varies during imaging. Such large motion arti-
facts are not corrected with respiratory gating.
Furthermore, respiratory gating leads to acqui-
sition of individual scans at differing intervals;
consequently, spectral data may be affected by
a number of confounding factors, such as tissue
relaxation times, acquisition times, and the pa-
tient’s breathing patterns (16).

radiographics.rsna.org

MR Spectroscopy Technique

Patient preparation and contraindications for
liver MR spectroscopy are similar to those for
abdominal MR imaging. MR spectroscopy
should be performed in patients who have fasted,
because recent food intake affects portal blood
flow and may affect relative liver water in ad-
dition to other metabolite concentrations such
as lipids and glucose. High field strengths (1.5
T or higher) and a torso phased-array coil for
signal reception are desirable for adequate SNR.
Single-voxel liver spectroscopy is performed in

a 10-20-mm? voxel placed to avoid large in-
trahepatic vessels and at least 10 mm from the
edge of the liver. Spectra are acquired with the
use of CHESS for water suppression and with a
PRESS technique (time series of 128 acquisitions
at a TR of 2000-3000 msec and TE of 20-30
msec) (16,22). Liver MR spectroscopy often is
performed with free breathing to achieve greater
SNR. Respiratory variations may be reduced by
using a compression belt to provide biofeedback
to the patient.

Commercial software with various algo-
rithms is available for postprocessing of MR
spectroscopic data. Postprocessing includes mo-
tion correction (correction for frequency and
phase shifts), automated water suppression,
low-frequency filtration of residual water signal,
Fourier transform, and Lorentzian-to-Gaussian
transformation, and it may be fully or partially
automated.

Applications of
Liver MR Spectroscopy

Evaluation of Diffuse Liver Disease
Although diffuse liver fat, or steatosis (accumula-
tion of fat within hepatocytes), was previously con-
sidered to be a relatively benign and self-limiting
entity, it is now recognized as a characteristic
feature of nonalcoholic fatty liver disease, which
often leads to necroinflammatory changes (known
as nonalcoholic steatohepatitis) and even cirrhosis.
In the United States, 40 million adults are thought
to have nonalcoholic fatty liver disease, which is
strongly associated with obesity (23—26). Further-
more, it is thought that progression of steatosis

to nonalcoholic steatohepatitis and beyond is the
primary cause of cryptogenic cirrhosis, which is
the third most common indication for liver trans-
plantation (25). Liver steatosis also is a common
feature of other types of diffuse liver disease, such
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Figure 5.

Frequency- and phase-corrected MR spectra obtained in liver (same patient as

in Fig 4). Averaged spectrum (b) derived from multiple spectral acquisitions corrected for
phase and frequency (a) shows improved SNR. The large peak on the right is lipid, and the

larger of the small peaks on the left is water.

Lipid

H,0

Figure 6. Phase-corrected spectra from a patient
with grade 3 steatosis. Even after correction of the
180° phase shifts attributed to respiratory motion, a
large fluctuation is seen in the central spectrum, which
shows a very different lipid-to-water ratio than the
spectra acquired immediately before and after, a find-
ing thought to result from displacement of the region
of interest into adjacent tissues.

as chronic viral hepatitis, especially that caused
by hepatitis C infection; drug hepatotoxic effects
(from antiretroviral therapy or chemotherapeutic
agents such as tamoxifen and methotrexate); and
excessive alcohol consumption (27-31).

In patients with a hepatitis C viral infection,
liver steatosis is considered to be both a viral and
metabolic consequence of the disease. The coex-
istence of steatosis and hepatitis C viral infection
has several important prognostic implications,
including a predisposition to more progressive

liver fibrosis, a reduced response rate to antiviral
therapy, and possibly an increased risk for he-
patocellular carcinoma (24,32). Therefore, the
assessment of liver fat in patients with diffuse
liver disease may help identify those who are at
greater risk for developing more advanced liver
disease and those who may not respond well to
pharmacologic therapies. Liver steatosis also is an
important prognostic indicator when considering
liver transplantation. The presence of liver fat af-
fects both donor recovery and recipient graft fail-
ure due to ischemia and reperfusion injury. Many
transplantation centers require that a living donor
liver contain less than 5% steatosis, because the
risk for recipient hepatic dysfunction increases
with the graft steatosis grade (33-35).

Diagnosis and staging of diffuse liver disease,
including nonalcoholic fatty liver disease, re-
quires percutaneous liver biopsy. Steatosis may be
microvesicular or macrovesicular, reflecting the
presence of either small or large fat-containing
vacuoles within hepatocytes. The severity of steato-
sis is commonly described by using a four-point
histopathologic grading system that ranges from 0
to 3, according to the percentage of fat-containing
hepatocytes. In grade O steatosis, less than 5% of
hepatocytes contain fat; in grade 1, 6%—33%; in
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Figure 7. (a) Axial T2-weighted MR image shows the correct placement of the MR spec-
troscopy voxel ([J) at the periphery of the liver, at least 1 cm from the edge, to avoid major
vessels. (b) Liver spectrum from a healthy volunteer shows a smaller lipid peak relative to
that of water. (¢) Liver spectrum from a 25-year-old woman with nonalcoholic fatty liver
disease shows a greater lipid peak relative to that of water.

Figure 8. Diagram shows the domi- «(CH,),-
nant lipid peaks in liver MR spectra, Water—,| Tissue metabolites

which are produced by -CH, and -CH, ﬁ -CH,
resonances at 0.9-1.1 ppm and 1.3-1.6

ppm, respectively. Other liver metabo-

lites generally are difficult to identify 352515

because of the small size of their peaks Triglycerides

relative to those of water and lipids.

grade 2, 34%—66%; and in grade 3, more than
66% (35-37).This grading system incorporates
the accepted normal amount of liver fat, which
is less than 5%. Percutaneous liver biopsy is an
invasive procedure with potentially serious compli-
cations, including hemorrhage, infection, and bile
leak, with a reported mortality of up to 0.3% (38).
In view of the large population affected by liver
steatosis, including children, liver biopsy is not an
optimal means of detecting and monitoring the
condition. Imaging offers a noninvasive approach
to liver fat quantification, and, with the exception
of MR spectroscopy, it can depict the entire liver.

A
l e I

5 4 3 2 1 (]
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Commonly used alternatives to MR imaging and
MR spectroscopy for quantification of liver fat are
computed tomography (CT) and ultrasonography
(US). At unenhanced CT, quantification of liver
fat typically is based on a finding of liver attenu-
ation that is more than 10 HU lower than that of
the spleen. The use of contrast material-enhanced
CT for this purpose is controversial. US is com-
monly used for screening and is useful for detect-
ing moderate liver steatosis; however, the qualita-
tive nature of the US grading system lends itself to
marked interobserver variation (39).
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Figure 9. MR spectra show increasing size of lipid peaks relative to the
water peak with increasing steatosis grade, from grade 0 (a) to grade 3 (d).

Cho = choline, PME = phosphomonoesters.

'H MR spectroscopy has been shown to
be effective for quantifying liver fat (Fig 7)
(16,40—42). The lipid (triglyceride) spectrum
consists of multiple peaks. In the liver, lipid peaks
are identified at 0.9, 1.3, 2.0, 2.2, and 5.3 ppm.
These peaks represent CH, (0.9 ppm), (CH,)
(1.3 ppm), CH, (2.0 and 2.2 ppm), and CH (5.3
ppm) lipids. The dominant lipid peaks are caused
by the resonance of methyl (-CH,) protons and
methylene (-CH,) in the triglyceride molecule,
at 0.9-1.1 ppm and 1.3-1.6 ppm, respectively,
along the frequency domain (43) (Fig 8).

The size of the lipid peaks relative to that of
the water peak increases with the steatosis grade
(Fig 9). Measurement of total hepatic triglycer-
ides involves integrating all five peaks (at 0.9, 1.3,
2.0, 2.2, and 5.3 ppm). Measurement of total lip-
ids commonly includes only the peaks attributed
to CH, and CH,, because the peak attributed to
CH (5.3 ppm) overlaps with that of water. The
ratio of the total lipid peak area to the water peak
area is calculated for each patient by using the to-
tal lipids measurement from the suppressed water

sequence and the unsuppressed water measure-
ment from the unsuppressed water sequence. The
total lipids are calculated as a percentage relative
to water by summing the individual resonance
peaks to obtain the total hepatic triglyceride peak
area, then dividing this value by the sum of the
total lipid and water peak areas.

Recent studies have reported that altered liver
metabolite profiles may be detected in patients
with cirrhosis secondary to chronic liver disease
of various causes with MR spectroscopy at a
field strength of 1.5 T (44,45). Although quan-
tification of liver fat with 'H MR spectroscopy is
becoming increasingly accepted, the metabolite
changes indicative of inflammation or fibrosis
have not been clearly established. Cho et al (45)
reported findings of increased mean ratios of
glutamine and glutamate complex to lipids and
phosphomonoesters to lipids with "H MR spec-
troscopy in patients with hepatitis B or hepatitis
C viral infection (z = 75). Lim et al (44,46)
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reported an increase in the ratio of phospho-
monoester to phosphodiester in patients with
cirrhosis, in comparison with those with mild
hepatitis viral infection (n = 48), at >'P MR spec-
troscopy. In a separate study (46), they described
a decrease in this ratio in patients treated with
antiviral therapy for hepatitis C viral infection.

Evaluation of Focal Liver Disease

The use of liver MR spectroscopy for tumor as-
sessment poses a greater challenge, because mo-
tion-related artifacts and voxel size have a greater
impact when MR spectroscopy is restricted to a
small region of interest.

The principal metabolite that has been tar-
geted in focal liver disease is choline. Choline-
containing compounds occur at a frequency
of 3.2 ppm. In general, choline is elevated in
tumors, because choline is a cell membrane com-
ponent and increased cell turnover is associated
with malignancy. >'P MR spectroscopy allows
differentiation of the peaks of choline-containing
compounds into phosphodiesters, including glyc-
ero-3-phosphocholine and glycero-3-phospho-
ethanolamine, and phosphomonoesters, including
phosphocholine and phosphoethanolamine (47).

Phosphomonoesters are involved in synthesis
of phospholipids, an important cell membrane
component. Increased levels of phosphomono-
ester are considered indicative of increased cell
turnover, which occurs in tumors. Phospho-
diesters are thought to represent a product of
phospholipid breakdown and are reported to
be an indicator of tumor necrosis (48). In vivo
resolution of choline-containing compounds
with '"H MR spectroscopy at 1.5-7 T is difficult.
The dominant signal of choline-containing com-
pounds at 'H MR spectroscopy is attributed to
glycero-3-phosphocholine rather than phospho-
diester or phosphomonoester (49). Studies of ex
vivo spectral data have reported an increase in
choline-containing compounds relative to lipids
in hepatocellular carcinoma compared with the
amounts found in background cirrhosis (50).

A few studies of in vivo MR spectroscopy re-
ported an increase in choline levels within tumors
such as hepatocellular carcinoma and a reduc-
tion in the lipid-to-choline ratio after transarterial
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embolization was performed for hepatocellular
carcinoma (51,52). However, the ability to reliably
distinguish benign and malignant tumors from
normal liver parenchyma has yet to be established
(51-53). A major limitation is the observation

that relatively large amounts of choline-containing
compounds may occur even in normal liver. Dom-
inant spectra of choline-containing compunds also
have been collected in colorectal metastases to the
liver at 3T (54). Preliminary ex vivo studies exam-
ining bile with both *'P and 'H MR spectroscopy
at 11T suggest that there are differences in the
phospholipid content of bile from patients with
hepatopancreaticobiliary cancer. Khan et al (55)
reported that, with both 'H and 'P MR spectros-
copy, the phosphatidylcholine signal (3.2 ppm) is
reduced in the majority of cancer patients com-
pared with that in noncancer patients.

New Directions

An important technical innovation that may play
an important role in abdominal MR spectroscopy
is the development of in vivo hyperpolarized car-
bon 13 (*C) MR spectroscopy. *C-labeled sub-
strates that have undergone dynamic nuclear po-
larization can enhance the ?C MR spectroscopy
signal and the subsequent metabolic resonances
10,000—fold. Such labeling of substrates before
their intravenous injection into the patient has
the potential to allow fluxes in >C to be moni-
tored through multiple key biochemical pathways
such as glycolysis, the citric acid cycle, and fatty
acid synthesis.

A major advantage of >C labeling is the as-
sociated large chemical shift range of 1*C (250
ppm) in comparison with that of 'H (15 ppm), a
characteristic that facilitates the resolution of me-
tabolite peaks at 1?*C MR spectroscopy. Prelimi-
nary studies in rat kidneys and tumors at 1.5T
and 3 T showed the conversion of [1-1*C]pyruvate
to alanine, lactate, and bicarbonate. In addition,
tumors were associated with increased levels of
labeled lactate (56,57).

Conclusions
MR spectroscopy has potential tool utility for in
vivo assessment of metabolic function, particu-
larly with respect to liver fat quantification. It
also may provide useful information about other
aspects of diffuse liver disease (eg, inflammation
and fibrosis), aid liver tumor detection, and help
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monitor tumor response to therapy. However, in
vivo application of MR spectroscopy in the abdo-
men and pelvis is limited by spectral resolution,
SNR, and motion.

In summary, MR spectroscopy of the liver is

a novel evolving technology with the potential to
improve tissue characterization when used in con-
junction with other conventional MR sequences.
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Page 1654

Whereas frequency variation at MR imaging is used for spatial localization of the signal to a voxel to
create a cross-sectional image, at MR spectroscopy the frequency (the position along the x-axis) is
used to separate and characterize the actual metabolites or chemicals within the voxel.

Page 1655
Because there is no absolute scale for the y-axis, an internal denominator or ratio is necessary for
objective quantification of the metabolite concentration; for this reason, there are no absolute units.

Page 1657

Repeated small motions such as respiration and cardiac pulsation typically result in increased line
widths, overall frequency shifts, reduced peak areas (phase cancellation), and decreased quality of
water suppression.

Page 1661
The lipid (triglyceride) spectrum consists of multiple peaks.

Page 1662
In general, choline is elevated in tumors, because choline is a cell membrane component and
increased cell turnover is associated with malignancy.





