Magnetic Resonance Spectroscopy:

Basics

Stefan Bluml

In this chapter, the basic principles and procedures of proton
magnetic resonance spectroscopy (MRS), with emphasis on
clinical and experimental work in humans, are illustrated. An
in-depth understanding of the laws of physics and chemistry
that make MRS (and MRI) possible is outside the scope.

Overview

MR spectroscopy is a modality that is available on most
state-of-the-art clinical MR scanners. For the brain in par-
ticular, MRS has been a powerful research tool and has also
been proven to provide additional clinically relevant infor-
mation for several disease families such as brain tumors,
metabolic disorders, and systemic diseases [1]. The most
widely available MRS method, proton ('H; hydrogen) spec-
troscopy is an FDA-approved procedure in the US that can
be ordered by clinicians for their patients if indicated. Other
methods, such as phosphorous-31 (*'P), carbon-13 (**C), or
fluorine-19 (F) MRS, have been successfully applied in
humans. But with the ever-increasing importance of clinical
MR imaging, these exotic and time-consuming applications
have been push to the side and are only available at a few
academic centers. In addition, "H MRS does not require any
additional hardware beyond what is already being used for
MRI. Thus, proton spectroscopy dominates in vivo MRS and
is the focus of this book.
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What Can Be Measured with Magnetic
Resonance Spectroscopy?

MR imaging maps the distribution and interaction of water (its
hydrogen atoms) with tissue. In contrast, 'H MRS analyzes
signal of the hydrogen protons attached to other molecules.
Whereas for MRI only a single peak (water) is being mapped,
the output of MRS is a collection of peaks at different radiof-
requencies (RF) representing proton nuclei in different chemi-
cal environments, the spectrum (Fig. 2.1). Because of the low
concentrations of MR-detectable chemicals, MRS is restricted
to the analysis of individual regions of interest (ROI) much
larger than the resolution of MRI. The typical spatial resolu-
tion for MRS is 1-10 cm?, which is a thousand times larger
than what is typically achieved for MRI (1-10 mm?).

Only small, mobile chemicals (see Chap. 3) with concen-
trations of >~ 0.5 pmol/g tissue can be observed with in vivo
MRS. This leaves most neurotransmitters out of reach for
this method. Exceptions may be glutamate, y-amino butyric
acid (GABA), and aspartate. In addition, large immobile
macromolecules and phospholipids, myelin, proteins, RNA,
and DNA are rendered invisible to MRS. The network of
small molecular weight amino acids, carbohydrates, fatty
acids, and lipids that can be measured is tightly controlled in
the brain by enzymes and all but a few key molecules (MR
invisible messengers and neurotransmitters) are kept at
remarkably constant concentrations. It is for this reason that
reproducible MR spectra of the brain can be obtained when
robust methods are applied. In sequentially studied individ-
ual healthy controls, the single greatest variable may not be
biological or diet imposed variations, but the practical
unavoidable inaccuracy of the positioning of the subject,
problems with the identification of a previously selected
region of the brain, and the imperfect stability of MR
hardware. The biochemical fingerprint of tissue will be
abnormal when there is structural damage (trauma, tumor,
degenerative diseases, gliosis, etc.), altered physiological
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Fig. 2.1 A spectrum is a frequency analysis (=Fourier transform) of the
signal that is detected in an MR study. In this case, a normal gray matter
spectrum, acquired from the region of interest (ROI) indicated by the box
on the MR image, acquired with a standard PRESS sequence (TE 35ms)
at 1.5T is shown. The height of a peak is equivalent to the strength of the

conditions (interruption of blood flow, etc.), and biochemi-
cal or genetic problems. The metabolic fingerprint also var-
ies with the brain region studied. There are also normal
age-dependent changes during brain development, which
are discussed in Chap. 3.

Principles of In Vivo Magnetic Resonance
Spectroscopy

The main ingredient for both MR imaging and spectroscopy
is the strong magnetic field (B ) created by a superconducting
magnet. A net magnetization will develop in any tissue
brought into the magnet field. The magnetization can be envi-
sioned as a vector pointing, if undisturbed, along the mag-
netic field. For any MR sequence, a radiofrequency pulse,
which is an additional time-dependent magnetic field, is used
to tip the vector out of its equilibrium position. The magneti-
zation vector will then precess around the equilibrium direc-
tion with a characteristic frequency (resonance frequency).

Chemical Shift

The resonance frequency of the protons is in a first approxima-
tion a function of the main magnetic field strength. However,
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signal. The position on the x-axis (or chemical shift axis) measures the
chemical shift relative to a reference (tetramethylsilane (TMS) at O ppm)
and can be used to identify chemicals. The water peak would be at
4.7 ppm. However, the water peak is suppressed in MRS sequences as it
would be several orders of magnitude larger than any of the other peaks

CH, Lactate

Fig. 2.2 Left: Hydrogen atom with nucleus (proton) and single elec-
tron. The electron modifies the magnetic field seen by the proton. Right:
All protons potentially provide an MR detectable signal. The exact fre-
quency of the signal depends on the molecular structure and the posi-
tion of the proton in the molecule. For example, protons of the CH,
group of lactate resonate at 1.33 ppm whereas the CH proton resonates
at4.1 ppm

the electronic environments of molecules cause a small mod-
ulation of the main magnetic field. If the electrons are close
to the proton, there is a shielding effect and the proton sees a
minimally smaller magnetic field (Fig. 2.2). This in turn
results in slightly different resonance frequencies for protons
in different molecules and even for protons in the same mol-
ecule but at different positions. Since the chemical structure
of molecules determines the electronic environment this shift
in the frequency has been named chemical shift. For in vivo
MR spectroscopy, analyzing chemical shifts has been the
main method for peak assignment.


http://dx.doi.org/10.1007/978-1-4419-5864-8_3

2 Magnetic Resonance Spectroscopy: Basics
J-coupling

In addition to chemical shifts, the spectrum is also modu-
lated by J-coupling (or scalar coupling). J-coupling is the
result of an internal indirect interaction of two spins via the
intervening electron structure of the molecule. The coupling
strength is measured in Hertz (Hz) and is independent of the
external B field strength. J-coupling between the same spe-
cies of spins, e.g., proton and proton is termed homo-nuclear
J-coupling whereas J-coupling between different species of
spins, e.g., proton and phosphorous is referred to as hetero-
nuclear J-coupling. J-coupling results in a modulation of the
signal intensity depending on sequence type and acquisition
parameters, particularly the echo time (TE, see below). The
most prominent example in proton spectroscopy is lactate
where there is a 7 Hz strong coupling between the two
MR-detectable proton groups. Other molecules with more
complex J-coupling patterns are glutamate and glutamine
with three J-coupled proton groups. A spectrum of N-acetyl-
aspartate (NAA) is shown in Fig. 2.3. NAA has both uncou-
pled and J-coupled protons.

Echo Time and Repetition Time

The main contrast mechanisms in MR imaging are
T1-saturation, T2-relaxation, T2*-relaxation, diffusion, and
proton density. These properties and the acquisition param-
eters do affect also the appearance of a spectrum. However,
each proton in each molecule has its own set of characteristic
MR properties. This and the fact that the spectrum itself
provides no reference on how a change of an acquisition
parameter may affect the spectrum, complicates this issue
considerably (In MRI the anatomy provides a reference. For
example, bright ventricles in a T2-weighted MRI help to
identify other areas of fluid accumulation by the hyperin-
tense signal, etc.). Metabolite resonances may be prominent
with one acquisition sequence whereas the peak amplitude is
different when another sequence is used despite spectra
being acquired from the same ROI (Fig. 2.4). Therefore,
changing sequence parameters or introducing different
acquisition sequences should only be done with great cau-
tion. Instead, particularly for non-experts, it is important to
be consistent and to acquire expertise with one sequence and
one set of acquisition parameters.

The most important parameter is the echo time (TE).
Indeed, MR spectroscopy can be separated into long TE and
short TE methods. As for MR imaging, TE is the time the
magnetization is in the transverse plane after an excitation
before signal readout. During this time, the signal from each
metabolite peak relaxes with its own characteristic
T2-relaxation time. In addition, the signal amplitude of pro-
tons which are J-coupled is modulated. For example, at a
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Fig. 2.3 The spectrum of the N-acetyl-aspartate (NAA) molecule is
shown (standard PRESS, echo time (TE) 35 ms, 1.5 Tesla). The NAA
molecule has protons at different positions. The three protons of the
-CH, group are equivalent and their individual signals add-up and give
the prominent peak at 2.0 ppm. The other protons attached to carbons of
NAA molecule also provide a signal. The protons of the -NH, -CH, and
—-CH, are in close proximity in the molecule and do interact via
J-coupling (indicated by dashed arrows in above figure). J-couplings
split peaks and modulate the phase of a signal. The result is a more
complex pattern of multiple peaks, which can be asymmetric or point
downwards. The signal from proton next to the nitrogen atom (amide
proton) resonates at approx. 8 ppm. Due to rapid exchange with protons
from surrounding water molecules, the magnetization disappears
quickly and the signal from this proton is very weak

characteristic echo time the signal of a metabolite may be
inverted (e.g., lactate at TE =144 ms, Fig. 2.4). Choosing long
echo times simplifies spectra because the number of detect-
able peaks is reduced and the remaining peaks are more read-
ily identified. Historically, long TE (typically TE> 135 ms)
has been easier to use in clinical practice because of a flat
baseline and because the three peaks (NAA, creatine (Cr),
choline (Cho)) can be unequivocally separated. In addition,
long TE MRS has been less sensitive to hardware imperfec-
tions (such as eddy currents). More recently, however,
significant advances in both hardware and the methods used
to analyze spectra have been made. Short TE MRS
(TE~35 ms) allows the detection of an increased number of
metabolites and has a signal-to-noise advantage over long
TE. Other acquisition parameters that have an impact on the
appearance are the repetition time (TR) and the mixing time
(TM). TR is the time between each initial excitation of the
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Fig. 2.4 Three single-voxel PRESS spectra of the same ROI acquired
with echo times of TE=288 ms (fop), TE=144 ms (center), and
TE=35 ms (bottom). The spectrum at short TE (35 ms) is more com-
plex and more challenging to interpret. However, it also contains more
information and is the preferred method particularly for single-voxel
MRS. For example, lipids are detectable, there is signal from the amino
acids glutamate (Glu) and glutamine (GIn), and myo-inositol is detect-
able. At TE 144 ms the lactate peak is inverted and this echo time is a
good choice when the detection of lactate is particularly important. TE
144 ms is frequently selected for chemical shift imaging (see text for
details). At TE 288 ms the lactate signal is in phase again. However, at
this long echo time, spectra are compromised by low signal to noise and
a TE of 288 ms is rarely used on modern MR scanners

magnetization. If absolute quantitation is attempted, it is easier
to quantify spectra that were obtained with long repetition
times. In this case, knowing the individual T1-relaxation
times of all peaks is not as crucial. However, spectra that were
acquired with repetition times that are substantially longer
than the T1-relaxation times (e.g., TR>3x T1) are compro-
mised by lower signal-to-noise ratio. For that reason, repeti-
tion times are generally set to approximately 1-1.5 times the
T1-relaxation times of metabolites. In contrast to TE, the
overall appearance of spectra does change little with the rep-
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etition time, which more or less simply causes different
scaling of peaks. The mixing time TM is the time delay
between the second and the third 90° RF pulse in a STEAM
sequence. The TE and TM are independent parameters.
During TM, the magnetization in a STEAM acquisition points
along the magnetic file and there is no signal decay due to
T2-relaxation. However, during the mixing period there are
still processes possible that have an impact on the final appear-
ance of the spectrum (zero-quantum coherences).

Editing

Editing techniques exploit unique homonuclear (or hetero-
nuclear) J-coupling properties of molecules. Many editing
sequences utilize the fact that in an echo sequence the phase
of J-coupled spins is modulated during the echo delay.
A series of spectra acquired with different echo times each
may allow the separation and identification of overlapping
signals from different molecules due to their different
J-modulation. Metabolite editing confers some specificity on
the process of peak identification in high-resolution NMR
techniques but has so far contributed little new information
to in vivo human brain studies. Practical in vivo sequences
have been proposed by Ryner et al. [2] and Hurd et al. [3]
and tested in human subjects. While many creative editing
sequences from high-resolution NMR are available in the lit-
erature, in practice, signal-to-noise limitations preclude their
use in vivo. For example, zero-quantum filter for lactate edit-
ing is accomplished with a 2:1 signal loss; simple short-echo
time sequences without metabolite-specific editing may
work just as well. Recent examples of successful in vivo
editing include GABA [4, 5] and B-hydroxy butyrate [6].

Data Acquisition
Planning a Magnetic Resonance Spectra

Planning and performing an MRS study is complex and
requires extra diligence when compared with the planning of
an MRI study. All modern MR scanners allow straightfor-
ward planning of MR imaging studies where the operator
selects enough slices to cover the whole head and thus all
areas of interest. With most acquisition parameters conve-
niently stored in ready-to-go protocols there is little that can
go wrong. In contrast, quality control at the time of data
acquisition is essential for MR spectroscopy. For MR spec-
troscopy, the operator needs to select the correct region of
interest and may need to adjust scan parameters. Even in
case of a focal lesion, such as a tumor, it might be necessary
to pick the correct part of the tumor (e.g., avoiding bleeds or
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calcifications, selecting more cellular parts instead of a
necrotic center, staying away from the skull, etc.), adjust the
size of the region of interest, and the required scan time.
Even with volumetric chemical shift imaging where many
spectra from different locations are acquired simultaneously
(CSI, discussed in more detail below) it is not possible to
cover more than a part of the brain.

Acquisition Methods: Single-Voxel Versus
Chemical Shift Imaging

Single-Voxel Magnetic Resonance Spectroscopy
Single-voxel (SV) MRS measures the MR signal of a single
selected region of interest whereas signal outside this area
is suppressed. For single-voxel MRS, the magnetic field
and other parameters are optimized to get the best possible
spectrum from a relatively small region of the brain.
Manufacturers generally provide PRESS (Point Resolved
Spectroscopy) [7, 8], STEAM (Stimulated Echo Acquisition
Mode) [9], and ISIS (Image Selected In Vivo Spectroscopy)
[10]. These sequences differ in how radiofrequency pulses
and so-called gradient pulses are arranged in order to
achieve localization. It is beyond the scope of this chapter
to discuss details about localization methods and the inter-
ested reader is referred to the above-mentioned publica-
tions. ISIS is based on a cycle of eight acquisitions, which
need to be added and subtracted in the right order to get a
single volume. ISIS is considerably more susceptible to
motion than STEAM or PRESS and is mostly used in het-
eronuclear studies, where its advantage of avoiding
T2-relaxation is valuable. For 'H MRS, however, ISIS has
fallen out of favor.

Both, PRESS and STEAM do not require the addition or
subtraction of signals to achieve localization and are thus
more robust. PRESS utilizes one 90° and two 180° slice
selective pulses along each of the spatial directions and gen-
erates signals from the overlap in form of a spin echo. At the
same echo time, PRESS has the advantage over STEAM that
it recovers the full possible signal and is therefore the method
of choice for applications where signal to noise (S/N) is cru-
cial. Since S/N is always crucial in MR, PRESS appears to
be the overall winner among the competing localization
techniques. STEAM utilizes three 90° slice selective pulses
along each of the spatial directions. Signal, in form of a stim-
ulated echo, from the overlap is generated. STEAM allows
shorter echo times than PRESS partially compensating for
lower S/N. Secondly, the RF bandwidth of 90° pulses is
superior to the bandwidth of 180° pulses utilized by PRESS.
STEAM is therefore an alternative to PRESS when short
echo times, minimal chemical shift artifacts, and robustness
are of concern.
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2D or 3D Chemical Shift Imaging

With chemical shift imaging (CSI) approaches, multiple
spatially arrayed spectra (typically more than 100 spectra per
slice) from slices or volumes are acquired simultaneously.
Other terms used for CSI are spectroscopic imaging (SI) and
MR spectroscopic imaging (MRSI). Slice selection can be
achieved with a selective RF pulse as for MR imaging. CSI
encodes all spatial information into the phase of the mag-
netic resonance signal. In contrast to standard 2D MR imag-
ing where one spatial dimension is phase encoded while the
second dimension is frequency encoded, data acquisition is
performed in the absence of a frequency-encoding gradient
so that the chemical shift information can be retained. Due to
the phase encoding, many spectra from a slice or from a 3D
volume can be acquired simultaneously, and CSI is an excel-
lent technique to obtain metabolic maps (Fig. 2.5). When it
is desired to limit the region of interest to a smaller volume,
e.g., to avoid bone and fat from the skull, CSI is usually com-
bined with PRESS, STEAM, or ISIS—but with a significantly
larger volume selected than for single-voxel MRS. CSI is a
very efficient method to acquire information from different
parts of the brain. An important feature is that within the
examined volume of interest, any ROIs can be selected retro-
spectively by a process termed voxel-shifting.

When to Use What Method?

Despite evidence for the value of MRS in clinical practice
and technical improvements, the application of MR spec-
troscopy is still hampered by its technically challenging
nature. MR spectroscopy is prone to artifacts and processing
and interpretation is complex and requires expert knowledge.
For MRS to be used in clinical research and practice, stan-
dardized acquisition and processing methods need to be
employed, easy to follow rules for quality-control applied,
and results need to be presented and documented in a timely
fashion to have an impact on clinical decision making.
Studies should be designed not only to address basic medical
or biological questions but also keeping the available
resources in mind. Bulky CSI acquisitions with the need to
review and interpret hundreds of spectra may require a
skilled MR spectroscopist. Therefore, most new investiga-
tors will do better in the beginning by employing a single-
voxel method. This ensures high quality of individual spectra.
Single-voxel MRS performs more robustly when short echo
times are selected. Employing a short echo time ensures high
S/N of spectra and minimizes the signal loss of fast decaying
peaks of metabolites such as myo-inositol, glutamate, and
glutamine. Therefore, for single-voxel studies, short echo
time PRESS (TE <35 ms) or STEAM (TE <30 ms) are rec-
ommended. However, single-voxel MRS is not a practical
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Fig. 2.5 (a) 2D CSI of a 3-year-old boy with a posterior fossa astrocy-
toma. The data were acquired with a PRESS sequence with a repetition
time (TR) of 1.0 s, TE=35ms, field of view =160 bmm, 20x20 phase
encoding steps, slice thickness=8 mm, and two averages resulting in a
nominal voxel resolution of 0.5 cc. Acquisition time was 13.3 min. The
large boxes indicate the excited volume; smaller boxes indicate ana-
tomical locations of individual spectra. (b) Shown is a 2D CSI of a child

approach when maps of the distribution of chemicals within
the brain are the goal. The investigator who wants to study
many different brain regions or who needs to understand the
spatial distribution of metabolites in an efficient matter will
need to employ CSI. However, it should be noted that the
added information available from CSI acquisitions sampling
larger volumes might be compromised by poorer magnetic
field homogeneity resulting in less well-defined peaks and
nonuniform water suppression.

Signal-to-Noise Ratio

Insufficient signal-to-noise ratio (S/N) is the most significant
challenge of in vivo MRS and its main limitation in clinical
practice! It is not required for users of MRS to become
experts in the discussion of how to best measure absolute
S/N. The definition and the measurement of absolute S/N
depend on acquisition parameters and steps involved in pre-
processing of the data. For our purposes, S/N is the ratio
between the amplitude of a resonance and the amplitude of
random noise observed elsewhere in the spectrum (Fig. 2.6).

with a glioblastoma after radiation therapy. The box on the left image
indicates the area from which spectra were acquired. Instead of display-
ing individual spectra, on the right, the results of the spectroscopy study
are displayed as a color map. In this case, areas with increasing promi-
nent choline relative to creatine (tCho/Cr) were colored hot yellow to
red whereas areas with decreasing tCho/Cr are displayed in green and
blue. Acquisition parameters were similar to those used in Fig. 2.5a

In practice, it is more important to know which parameters
and how various parameters influence S/N.

Rules (and Qualifiers) for Signal-to-Noise Ratio

1. To improve the S/N by a factor of two, four times the
acquisition time is necessary. To have a three-fold signal
increase, nine times the acquisition time is necessary.

2. But: There are practical limitations to increasing the
scan time: If a scan exceeds the time a patient can hold
still, nothing will be gained. Patient movements may
degrade the quality of a study and the uncertainty of the
location and thus the composition of the tissue enclosed
in the region of interest compromising the interpretation.
Hardware instabilities also take away S/N in scans that
take a long time. From our experience, we believe that
the acquisition time of a single scan should not exceed
20 min. We acknowledge, however, that under circum-
stances when a patient is very cooperative scans that last
longer can be carried out. More typical and practical
acquisition times that are well tolerated are 3—6 min.

3. S/N scales with the volume; half the volume gives half
the S/N, doubling the volume doubles the S/N. This is
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Fig.2.6 This example illustrates that the S/N of a spectrum needs to be
considered before drawing any conclusions. The same simulated spec-
trum with peaks with amplitude ratios of 4:2:1 is shown in (a—d). The
hypothetical case of the spectrum with unlimited S/N is shown on the
top left (a). In the next step random noise at a moderate level was added

4.

5.

6.

because the signal is proportional to the volume of the
selected region. On the other hand, the noise is pro-
duced by the entire tissue within the sensitive volume of
coil. The noise does not change with selecting different
ROISs. (As the noise level in a study is constant, it is pos-
sible to compare two spectra that were acquired from
different but equally sized ROIs to obtain information
about absolute concentrations in both spectra: Scale
both spectra such that the noise level is the same in both
spectra. Compare the amplitude of the peaks. CAVEAT:
This does not work if the linewidths of the peaks of the
two spectra are substantially different.)

To compensate for a volume reduction by a factor of two
the scan time needs to be increased by a factor of four.
But: A good shim (= process of optimizing the homoge-
neity of the magnetic field at the region of interest)
improves the S/N. The area of a resonance line is con-
stant. Therefore, by improving the shim and narrowing
the width and increasing the amplitude of a resonance
line the S/N can be improved. Generally, better shims
are achieved for smaller ROIs. Thus, increasing the ROI
size does not guarantee a linear increase in S/N.
Similarly, decreasing the ROI might not result in a lin-
ear reduction of S/N.

But: Another finer point is the shape of a voxel. A cubic
voxel can be shimmed better than an odd shaped voxel
(very long in one direction and short in another direc-
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and peaks with approximate ratios of 4:2:1 are still observed. Spectra
(c) and (d) are two simulations with twice the noise added, respectively.
The original amplitude ratios are not reproduced and the spectra can
only be interpreted qualitatively. Indeed, peaks b and ¢ have become
undetectable in simulation (d)

9.

10.

tion). Therefore, ROIs that are closest to a cubic shape
have the best S/N among rectangular ROIs with the
same volume (spheres would be even better).

The S/N decreases with increasing echo times (TE) due
to the T2-decay of the signal. Shorter repetition times
(TR) cause Tl-saturation. This does not necessarily
reduce the S/N because more averages can be packed into
the same acquisition time. T1 and T2 relaxation times
vary with metabolites and field strength. In respect to
S/N, the shortest possible TE is the best choice (but there
are other important considerations). There is no best TR.
At 1.5T a TR between 1 and 3 s is a good choice; at 3 T
a TR between 2 and 5 s is appropriate.

If a user wants to acquire several spectra, choosing a
large CSI box to cover all regions of interest is more
efficient than measuring individual spectra with a single-
voxel MRS. On the other hand, spectral quality of CSI is
often compromised when single-voxel works fine.

With equal TR and TE, a PRESS sequence provides
twice the S/N of a STEAM sequence.

Increasing the field strength will improve the S/R.
Moving from 1.5 to 3 T scanners doubles the magneti-
zation. In practice this does not result in a doubling of
the S/R. This is because at 3 T T1-relaxation times are
longer (=larger saturation effects), T2-relaxation times
are shorter (faster signal decay), and the homogeneity
of the magnetic field of 3T magnets does not reach the



homogeneity achieved at 1.5 T. Still, an S/R improve-
ment of at least 50% can probably be achieved with
modern 3 T systems.

11. Radiofrequency coils that are optimized (as small as pos-
sible without causing inhomogeneous excitation) will
provide better S/N when compared with large coils.

Selecting the Region of Interest

On modern MR scanners, MR spectroscopy sequences are
fully integrated into protocols and there is little difference
between an MRI and an MRS study for patients. For the
operator, on the other hand, MRS requires an additional
important step. Using an image just obtained, a region of
interest (ROI) is selected from which the MR spectrum is
obtained. Indeed, selecting an appropriate ROI is probably
the most crucial part of an MR spectroscopy study. This is
particularly important for diseases with focal lesions. Not
only needs the operator decide on the appropriate location,
but also other factors such as size (in all three dimensions),
number of averages required to obtain a spectrum of sufficient
quality, minimizing partial volume with surrounding tissue,
avoiding proximity to skull/bone/air transitions (negatively
impact quality), avoiding blood and calcifications, and limit-
ing the amount of cerebrospinal fluid (has no metabolites)
need to be taken into consideration.

Accuracy in prescribing a region of interest (and proper doc-
umentation for longitudinal studies!) is of great importance
in particular for single-voxel MRS studies. It is therefore rec-
ommended to study brain regions where MRS works and
where normal MRS data are readily available for compari-
son. Two very popular choices are parietal white matter and
occipital gray matter which have been studied frequently
with single-voxel MRS. Frontal white matter and basal gan-
glia, historically technically more challenging, are also fre-
quently studied brain regions.

How to Acquire Good Quality Spectra

Acknowledging that good is a relative term, below are a few
suggestions on how to ensure that the quality of an MRS
study is close to what can be achieved under optimum condi-
tions. In order to acquire good spectra, for MRS the mag-
netic field within the region of interest is further refined in a
process called shimming. Whereas in the early days of MRS
a skilled spectroscopist would perform this task, today’s
scanners all have automated procedures that are generally
equally good, faster, and more objective. Indeed, shimming
as well as other scanner adjustments, such as transmitter and
receiver gain setting, water suppression, is now all by default
incorporated into the sequence. The user, after selecting the
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ROI, merely pushes a button and awaits the completion of
the study. Good spectra are obtained if the ROI was not
selected too small or too large, was not placed over areas of
bleeds or calcifications, and away from tissue/bone/air tran-
sitions. When the voxel size is too small spectra of inade-
quate S/N are obtained. It is recommended to use
approximately 10 cc at 1.5T for a single-voxel examination
with PRESS with 128 averages. Depending on the biologi-
cal/clinical question, it is possible to have smaller (or larger)
ROIs. For example, if the question is whether there is ele-
vated choline in the ROI, but accurate quantitation is not
required, a smaller voxel will do. Other applications, for
example phenylalanine in phenylketonuria (PKU), require
the measurement of metabolites that are at very small con-
centrations. In this case, the ROI needs to be larger. Bleeds
and, to a lesser extent, calcifications distort the magnetic
field resulting in broad lines and poor water suppression
compromising spectral quality. Similarly, placing the ROI on
an area that contains a mixture of tissue, skin, bone, and air
will result in poor spectra because the magnetic field cannot
be adjusted very well. In summary, careful placement and
proper selection of the size of the ROI are the only remaining
hurdles for obtaining good quality spectra on modern MR
scanners. While experience is useful, this task does certainly
not require an MR spectroscopist.

Processing and Quantitation

In the early days of spectroscopy, a file that contains the raw

result of the spectroscopy study would be stored somewhere

on the computer that controls the MR scanner. That file
would then be typically copied to an off-line computer for
further processing using often custom-designed software.

The basic processing steps are:

* Linebroadening: Linebroadening is a filtering process by
which the measured signal is multiplied with a function
that effectively improves the S/N of a spectrum at the cost
of reduced spectral resolution. Alternatively, the filter
function improves spectral resolution (negative linebroad-
ening) at the cost of reduced S/N.

* Fourier transform: A Fourier transform is a mathematical
operation that decomposes the measured signal in the
time domain to its frequencies.

* Phasing: Due to hardware settings and sequence timing
following the Fourier transform, a mixture of absorption
and dispersion signals is observed in the spectrum.
Spectrum analysis and quantitation is performed on the
pure absorption signal, which needs to be extracted by a
phase correction procedure.

Most modern MR scanners provide semi- or fully auto-
mated FDA approved scripts that can be used for processing.

When using those, it is highly recommended to be method-
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ological and refrain from experimenting with the processing
parameters. Phasing and linebroadening do have an impact
on the appearance of the spectrum and thus on the interpreta-
tion. Users with consistent processing parameters have an
advantage particularly when longitudinal studies are being
performed.

Recently, sophisticated processing software packages
such as LCModel or MRUI [11, 12] have significantly
improved automatic assignment and quantitation of metabo-
lites in in vivo MR spectra. Processing of spectra is accom-
plished by fitting in vivo spectra to linear combinations of
typically 15-20 measured or simulated model spectra of
metabolites. This list of metabolites includes the major
metabolites (e.g., NAA, Cr, Cho, ml) but also less prominent
metabolites (e.g., glucose (Glc), or taurine (Tau)). These
software packages are particularly appropriate for investiga-
tors who work with scanners from different vendors as they
ensure equivalent processing and thus comparability. Albeit,
these software packages are clearly superior to manufacturer
provided solutions, they are not FDA approved and are thus
more frequently used in research settings.

Often a neglected step is the proper documentation (pref-
erable on three orthogonal images) of the location of the
ROIL. If the location of the ROI is not documented the MRS
study is not complete. Unfortunately, manufactures do not
appreciate the need for good (and automatic!) documenta-
tion and the user is settled to use the various, sometimes not
intuitive, manual tools available.

Absolute Quantitation

For MR spectroscopy to become an accepted tool for research
and clinical application, the information needs to be
quantified and condensed in a fashion that allows the nonex-
pert user to draw adequate conclusions in a timely fashion.
The natural parameters appear to be concentrations of metab-
olites in moles per unit volume, wet weight, or dry weight
linking MRS with existing norms of biological chemistry.
However, more common are peak ratios by which the signal
intensity of one metabolite is expressed as a fraction of
another one. Cr has often been used as an internal reference
and metabolite ratios relative to Cr are reported. This was
based on the assumption that the Cr pool is relatively con-
stant in normal and diseased brain. However, this is not
always the case and might be misleading. In particular,
tumors may have quite different levels of Cr than normal tis-
sue and ratios may be quite misleading. Even the structurally
intact-looking brain might have altered concentrations of
creatine—for example, the developing brain or under in
hypo- and hyper-osmolar conditions. Therefore, although in
many instances ratios provide important information, abso-
lute quantitation is the preferred method. One commonly
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employed strategy for absolute quantitation is to acquire the
water signal of the brain in the region of interest and measure
(or assume) the water content of tissue. This can then be used
as an internal concentration reference. For example, the
water signal of tissue with a water content of 80% corre-
sponds to a concentration of 55 mol/1 x 80% =44 mol/l. Use
of the water signal as an absolute concentration reference
eliminates several sources of error, such as differences in
voxel size, total gain due to coil loading, receiver gains,
hardware changes, etc. However, often the water content, in
particular in pathology, is unknown. Therefore, other quanti-
tation methods, using for example an external reference,
have been suggested.

Absolute quantitation of CSI data sets is challenging.
Whereas for single-voxel MRS sampling the water signal
does not add more than a few seconds to the scan time, the
situation is different for CSI. To obtain the reference water
signal for each region of interest the acquisition of an addi-
tional CSI data set with time consuming 2D or 3D phase
encoding is necessary. An alternative approach is to skip the
extra scan and use the metabolite signal of normal tissue,
distant from a focal abnormality, as internal reference. This
approach has problems when metabolic changes in appar-
ently normal appearing tissue cannot be ruled out. For a more
detailed discussion of quantitation methods, the interested
reader is referred to [13, 14].

Miscellaneous
Safety

Three different magnetic fields are applied in MRS:
* Static magnetic field B,
e Gradient fields for localization purposes
* RF fields to excite the magnetization

These static fields are generally remarkably safe, with no
known biological hazards. Fast switching gradients have
been considered as associated with risk and nerve stimula-
tion. While there exist exotic techniques such as echo planar
spectroscopic imaging (EPSI), the vast majority of MRS
techniques switches gradients a magnitude slower than rou-
tinely applied in MR imaging. Prolonged irradiation of RF is
identified as hazardous to the extent that energy is deposited
in the human head. But, again, MRS, when compared with
MRI uses only few RF pulses and excessive RF deposition is
not a problem in 'H MRS.

Magnetic Resonance Spectroscopy at 3T

The main benefit of higher field strength for MRS is the
increased SNR. MR spectroscopy also benefits from the
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Fig. 2.7 Shown are spectra from the same patient and ROI (white box
in MRI) acquired at 1.5 T and at 3 T. Both spectra cover the same chem-
ical shift range (0—4 ppm). However, if the x-axis would be measured in
hertz, the 1.5 T spectrum would cover 260 Hz (4 ppm=4x65 Hz at
1.5 T) whereas the 3 T spectrum would cover 520 Hz (4 ppm=4x 130 Hz
at 3 T). The acquisition times are comparable. Note, that the 3 T spec-
trum has considerable better SNR (lower level of random signal outside

increased spectral resolution. Essentially, when moving
from 1.5 to 3 T, a spectrum is being stretched along the
chemical shift (x-axis) by a factor of two (Fig. 2.7). A disad-
vantage of the higher field strength is the increased chemical
shift artifact. This problem arises from the different frequen-
cies of the resonances associated with various chemical
structures. When a gradient is applied to a sample contain-
ing chemically shifted species, there will be a displacement
of the sensitive volume for each of the different species. The
bandwidth of the RF pulse, with respect to the chemical
shift range of the chemical structures, sets the percentage of
overlap one can expect. Since at 3 T the chemical shift range
is two times larger than at 1.5 T there is less (half) overlap
(or more chemical shift artifact) at 3 T when the same RF
pulse is used for excitation. Increasing the bandwidth of the
RF pulse reduces chemical shift artifacts. In addition,
whereas the main singlet peaks NAA (2.0 ppm), Cr
(3.0 ppm), Cho (3.2 ppm) remain singlets at 3 T, the spectral
pattern of other metabolites may change. Unfortunately, for
some metabolites, such as taurine, detectability does not
improve or may even decrease at higher field (Fig. 2.8).

peaks). In this case the improvement may be exaggerated as the 1.5 T
spectrum was acquired on an old system whereas the 3T spectrum was
acquired on a state-of-the-art scanner with a smaller head coil. Also,
note that while the creatine and choline singlets are rendered unchanged,
the appearance of the myo-inositol signal (ml) is different for the two
field strength (see also Fig. 2-8)

s b
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W N
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Fig. 2.8 Spectra of chemicals are generally different at different field
strength as illustrated here for taurine and myo-inositol. Both spectra
were acquired from model solutions with a PRESS TE 35 ms sequence.
Changes in patterns need to be taken into consideration when compar-
ing spectra acquired at different field strength

Finally, one has to consider that Tl-saturation and
T2-relaxation of metabolites are different at 1.5 T and 3 T.
To complicate matters, relaxation properties for different
metabolites do not change equally. Still, the benefits of
improved SNR and spectral resolution at 3 T probably out-
weigh the disadvantages. Using a 3 T system, when avail-
able, is thus recommended.



2 Magnetic Resonance Spectroscopy: Basics

Basic Questions/Answers

Often questions like “what is the smallest voxel you can
measure?, how do I know that the signal-to-noise ratio is
sufficient?, how do I know it is an artifact?”, etc. are asked.
These questions do have in common that there is no definitive
answer and, consequently, no definitive answer can be pro-
vided in this book. Instead, below, we will try to elucidate a
spectroscopist’s point of view. Obviously, even within the
MRS community there are different opinions and approaches.
Thus, it is hereby disclosed that what is written and explained
below is biased by the editors’ opinions.

What is the smallest voxel that can or should be measured?
What is the minimum S/N needed for a study to be conclusive?
For global disorders, there is no need to push for the smallest
possible voxel. Otherwise, for focal processes, there is—no
surprise—no definitive answer to these questions. The
approach depends on how much time an investigator is will-
ing to invest and on the importance of the question that is
being asked. It also depends on the quality of the shimming
and the shape of the voxel. We advise against beginning a
study with an acquisition of a spectrum from a very small
voxel. Should the result only show random noise it would be
unclear whether this is due to insufficient S/N or a feature of
the tissue and valuable scan time has been wasted. A better
approach might be to acquire a spectrum from a ROI large
enough for the investigator to detect the major peaks of a
spectrum. In a second step, the investigator can then reduce
the voxel size and increase the scan time taking into account
the rules given above and judging from the relative peak
heights and noise level of the already acquired spectrum.
Obviously, for the interpretation, the partial volume of sur-
rounding tissue needs to be considered. To provide a num-
ber: We advice to select ROIs smaller than 1 cc only in
extreme situations for single-voxel MRS. For CSI we advice
against a resolution better than 0.5 cc.

If a spectrum is very noisy, how do I know whether this is
due to technical problems or whether presents true biology
(e.g., hypocellularity, necrosis, etc.)?

Looking at the noisy spectrum itself may not help to answer
this question. Even before an MRS acquisition, MR and CT
images (if available) should be inspected for bleeds and for
calcifications. These areas should be avoided to the extent
possible. Check the size of the ROL. If the volume is less than
lcc and the scan time has not been prolonged substantially,
low S/N is the problem. In addition, it should be ruled out
that the patient moved considerably during a scan by, for
example, comparing MRI studies before and after the MRS
study (another reason not to do conduct MRS studies at the
very end of an examination). Distortions on MRI may indi-
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ROI

Fig. 2.9 The partial volume of surrounding normal tissue is easily
underestimated in MRS. For example, the volume of spherical lesion is
4/3 r’r where r is the radius of the lesion. The volume of a cubic ROI
enclosing the lesion is 8 . That means that in this case the partial vol-
ume is approximately 50%. The resulting spectrum will show a mixed
pattern with approximately equal contributions of metabolites from the
lesion and from surrounding tissue

cate a technical artifact caused by braces (quite common in
children) or by other magnetic parts. If this does not explain
a bad spectrum there is more information that should be
reviewed. While metabolites concentrations might be too
low to produce peaks in a spectrum there is always enough
signal from water. Unfortunately, some manufacturers do not
routinely acquire a water spectrum or store it for convenient
review. However, all scanners use water for the shimming
procedure and the numeric result of the shimming can gener-
ally be reviewed. If a spectrum was acquired from a stan-
dard-sized voxel and the final shim was within the normal
range, the absence of metabolites in the spectrum means that
metabolites are low. Good shims are 0.1 ppm or less (6 Hz or
less at 1.5 T and 12 Hz or less at 3 T). If shims are 0.15 ppm
or worse data should be interpreted very carefully as the
absence of certain metabolic features is likely explained by
the low quality of the study.

How much partial volume do I have?

For the interpretation of an MRS study, a realistic assessment
of partial volumes is an absolute prerequisite! For global dis-
orders or any study where standardized regions are exam-
ined, partial volumes are a minor problem. Consistency in
the methods and accuracy in the placement of a voxel ensure
reproducible findings. Partial volume effects are, however, a
major challenge for focal processes. A typical scenario is a
small focal lesion that is being studied with MRS. As is illus-
trated in Fig. 2.9, it is easy to underestimate the extent of
partial volume.

What is the chemical shift artifact?

The net result of the chemical shift artifact is that the ROIs
for the various metabolites in a spectrum do have significant
overlap but are not identical. The problem of chemical shift
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Fig.2.10 Spectra obtained from
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artifacts arises from the different frequencies of the signal
that is observed in MRS. When a gradient for localization is
applied there will be a displacement of the sensitive volume
for each of the different species. The bandwidth of the RF
pulse, with respect to the chemical shift range of the chemi-
cal structures, sets the percentage of overlap one can expect.
Increasing the bandwidth of the RF pulse reduces chemical
shift artifacts. Chemical shift artifacts are a bigger problem
at higher field strength. Because most MRS sequences are
already optimized, there is not much that can be done to
reduce chemical shift artifacts. Chemical shift artifacts can
cause problems for MRS of focal lesions. For example, lip-
ids are important markers of tumor malignancy as the lipid
signal indicates membrane breakdown and necrosis. The
specificity of lipid signal is compromised when the ROI for
the spectroscopy is close to skull/bone and lipid signal from
the skull can be misinterpreted as signal from the lesion.

I see in the spectrum an unusual peak/signal. Is it real?

Over the years, spectroscopists have been taught by experi-
ence what can and what cannot be observed with in vivo
MRS in the human brain. Still, occasionally new peaks are
discovered. The number of unusual peaks observed with
in vivo spectroscopy has dropped significantly over time.
This is mainly a result if greatly improved hardware and soft-
ware and thus less artifacts being confused with real signal.

If a patient is still on the scanner, a second spectrum should
be acquired. If a global disorder is expected, a different brain
region should be selected. In case of a focal lesion, a slightly
different ROI should be selected. In addition, a spectrum
with a different echo time should be acquired if possible.

Scanner stability: Are there Monday morning and Friday
afternoon peaks?

Brain metabolism is very well regulated and MRS is
remarkable stable. There are no Monday morning or Friday
afternoon peaks. Exceptions are glucose, which can increase/
decrease with plasma glucose.

Can glutamate and glutamine be separated at 1.5 T?

It depends. Due to their similar chemical structures, gluta-
mate and glutamine form complex and partially overlapping
resonances in 'H spectra. However, although the individual
spectra of glutamate and glutamine are similar, they are not
identical (Fig. 2.10). That means, that the quality of a spec-
trum (linewidth and signal to noise) determines how well the
contribution from these two metabolites can be distinguished.
Hypothetically, with unlimited signal to noise, perfect sepa-
ration is possible and a categorical claim that glutamate
and glutamine cannot be separated at 1.5 T is wrong. Still,
it needs to be acknowledged that only under the best
circumstances glutamate and glutamine can be quantified in
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Fig. 2.11 Spectra obtained from a patient with a normal MRI and
unremarkable follow-up (upper trace) and a patient with acute liver
failure (middle). A spectrum of a model solution of glutamine is shown
for comparison (botfom). Note that in the patient with liver failure the
signal at around 2.45 pm is consistent with elevated glutamine.
Advanced processing with LC Model suggested that glutamine concen-
tration in the liver failure patient is at least three times higher than glu-
tamate. In the control, glutamate concentrations are approximately
three times higher than glutamine

GIln < Glu

GIn > Glu

GIn

2 1

individual patients at 1.5 T. Also, it is advised to use sophis-
ticated software, such as LCModel (Provencher 1993) that
fits all metabolite resonances simultaneously and provides a
measure of the reliability of the analysis (so called Cramer—
Rao lower bounds). A prerequisite is to use short TEs to
minimize signal decay. Special acquisition methods (editing)
can be used to improve the separation. However, these meth-
ods are not widely available, are compromised by longer
acquisition times, and require extra expertise. Separation of
glutamate and glutamine improves greatly at 3 T.

Can we distinguish between glutamate and glutamine in
spectra acquired at 3 T in individual patients?

Tentatively yes. At 3 T, the glutamate and glutamine signals
can be much better distinguished than at 1.5 T. As illus-
trated (Fig. 2.11), for PRESS TE 35 ms, glutamine has, for
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example, a peak at around 2.45 ppm. Spectra obtained from
tissue with high levels of glutamine will show this peak
whereas this signal is much less prominent in a situation
where glutamate concentration exceeds glutamine. So even
without sophisticated software, just by careful inspection
of the spectra, it is possible to make a qualitative statement
about glutamate and glutamine. But there is an important
caveat: Spectra need to be of high quality with the random
noise signal below the signal amplitudes of glutamate and/
or glutamine.
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