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KEY POINTS

� Magnetic resonance (MR) proton spectroscopy is a technique which mainly provides biological
information regarding cellularity, energy, neuron viability, necrosis and ischemia.

� MR spectroscopy is ideal to assess the limits of brain tumors when planning surgery.

� MR spectroscopy allows identification of some metabolic disorders guiding further laboratory
analysis.
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INTRODUCTION

Magnetic resonance (MR) spectroscopy is an
analytical method used in chemistry that enables
the identification and quantification of metabolites
in samples. It differs from conventionalMR imaging
in that spectra provide physiologic and chemical
information instead of anatomy.

MR spectroscopy and MR imaging have their
origin in nuclear magnetic resonance (NMR). NMR
was first described in 1946 simultaneously by the
Nobel Prize winners Edward Purcell, from Harvard
University, and Felix Bloch, from Stanford Univer-
sity. At that time, NMR was used only by physicists
for purposes of determining the nuclear magnetic
moments of nuclei. It was only in the mid 1970s
that NMR started to be used in vivo, after Lauterbur,
Mansfield, andGrannell introducedgradient into the
magnetic field, enabling them todetermine the loca-
tion of the emitted signal and to reproduce it on an
image. In vivo NMR was renamed MR imaging
because the term “nuclear” had been consistently
(but erroneously) associatedwith nuclearmedicine.
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For the same reason, NMR spectroscopy used
in vivo is now named MR spectroscopy. During
the 1980s, the first MR imaging medical scanners
became available for clinical use. Since then
improvements have been made, especially in rela-
tion to higher field strengths.

MR spectra may be obtained from different
nuclei. Protons (1H) are the nuclei most used for
clinical applications in the human brain, mainly
because of their high sensitivity and abundance.
The proton MR spectrum is altered in almost all
neurologic disorders. In some diseases, proton
MR spectroscopy (1H-MRS) changes are very
subtle and are not reliable without a statistical
comparison between groups of patients. In these
cases, 1H-MRS is usually used for research. In
clinical practice, 1H-MRS is mostly used for more
detailed analysis of primary and secondary brain
tumors and metabolic diseases.

This article discusses the physical basis of
1H-MRS, emphasizing the different techniques,
the normal spectra in adults and children, its clin-
ical applications, and the significance of brain
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Fig. 1. Slice selection in single-voxel spectroscopy. The
3 radiofrequency pulses (rf) select 3 orthogonal planes
(Gz, Gy, and Gx). Their intersection corresponds to the
volume of interest (VOI). TE, echo time.
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metabolites under both normal and abnormal
conditions, particularly in the evaluation of brain
tumors.

PHYSICAL BASIS

Many nuclei may be used to obtain MR spectra,
including phosphorus (31P), fluorine (19F), carbon
(13C), and sodium (23Na). The ones mostly used
for clinical MR spectroscopy are protons (1H).
The brain is ideally imaged with 1H-MRS because
of its near lack of motion (this prevents MR spec-
troscopy from being used in the abdomen and
thorax without very sophisticated motion-
reduction techniques). The hydrogen nucleus is
abundant in human tissues. 1H-MRS requires
only standard radiofrequency (RF) coils and
a dedicated software package. For nonproton
MR spectroscopy, RF coils tuned to the Larmor
frequency of other nuclei, matching preamplifiers,
hybrids, and a broadband power amplifier are
needed.
Different field strengthsare used for conventional

clinical MR imaging, ranging from 0.2 to 3 T.
Because the main objective of 1H-MRS is to detect
weak signals frommetabolites, a minimum of 1.5 T
is advised. Units with higher field strength have the
advantage of higher signal-to-noise ratio (SNR),
better resolution, and shorter acquisition times,
making the technique useful in sick patients and
otherswho cannot hold still for long periods of time.

1H-MRS is based on the chemical-shift proper-
ties of the atom. When a tissue is exposed to an
external magnetic field, its nuclei will resonate at
a frequency (f) that is given by the Larmor
equation:

f 5gB0

Because the gyromagnetic ratio (g) is a constant
of each nuclear species, the spin frequencies of
certain nuclei (f) depend on the external magnetic
field (B0) and the local microenvironment. The
electric shell interactions of these nuclei with the
surrounding molecules cause a change in the local
magnetic field, leading to a change on the spin
frequency of the atom (a phenomenon called
chemical shift). The value of this difference in reso-
nance frequency gives information about the
molecular group carrying 1H and is expressed in
parts per million (ppm). The chemical-shift position
of a nucleus is ideally expressed in ppm because it
is independent of the field strength (choline, for
example, will be positioned at 3.22 ppm at 1.5 or
7 T). The MR spectrum is represented by the x
axis that corresponds to the metabolite frequency
in ppm according to the chemical shift, and the y
axis that corresponds to the peak amplitude.
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Some metabolites such as lactate have
doublets, triplets, or multiplets instead of single
peaks. These peaks are broken down into more
complex peaks and are explained by J-coupling,
also named spin-spin coupling. The J-coupling
phenomenon occurs when the molecular structure
of a metabolite is such that protons are found in
different atomic groups (eg, CH3- and CH2-).
These groups have slightly different local magnetic
fields, thus each 1H resonates at a frequency that
is characteristic of its position in the molecule,
resulting in a multiplet peak.

Techniques

The 1H-MRS acquisition usually starts with
anatomic images, which are used to select
a volume of interest (VOI), where the spectrum
will be acquired. For the spectrum acquisition,
different techniques may be used, including
single-voxel and multi-voxel imaging using both
long and short echo times (TE). Each technique
has advantages and disadvantages, and choosing
the right one for a specific purpose is important in
improving the quality of the results.

Single-voxel spectroscopy
In single-voxel spectroscopy (SVS) the signal is
obtained from a voxel previously selected. This
voxel is acquired from a combination of slice-
selective excitations in 3 dimensions in space,
achieved when an RF pulse is applied while a field
gradient is switched on. It results in 3 orthogonal
planes whose intersection corresponds to the
VOI (Fig. 1).
One of two techniques is typically used for

acquisition of SVS 1H-MRS spectra: pointed-
resolved spectroscopy (PRESS) and stimulated
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.
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echo acquisition mode (STEAM). The most used
SVS technique is PRESS. In the PRESS sequence,
the spectrum is acquired using 1 90� pulse fol-
lowed by 2 180� pulses, each of which is applied
at the same time as a different field gradient.
Thus, the signal emitted by the VOI is a spin
echo. The first 180� pulse is applied after time
TE1/2 from the first pulse (90� pulse), and the
second 180� is applied after time TE1/2 1 TE.
The signal occurs after a time 2TE (Fig. 2). To
restrict the acquired sign to the selected VOI,
spoiler gradients are needed. Spoiler gradients de-
phase the nuclei outside the VOI and reduce their
signal.

STEAM is the secondmost commonly used SVS
technique. In this sequence all 3 pulses applied are
90� pulses. As in PRESS, they are all simultaneous
with different field gradients. After time TE1/2 from
the first pulse, a second 90� pulse is applied. The
time elapsed between the second and the third
pulse is conventionally called mixing time (MT),
and is shorter than TE. The signal is finally
achieved after time TE 1 MT from the first pulse
(see Fig. 2). Thus, the total time for the STEAM
technique is shorter than that for PRESS. Spoiler
gradients are also needed to reduce signal from
regions outside the VOI.

The STEAM sequence uses only 90� pulses,
which results in 50% lower SNR than for PRESS.
As described, the PRESS sequence is acquired
using 2 pulses of 180�. The use of these 180�

pulses results in a less optimal VOI profile and
leads to a higher SNR. However, because the
length of 180� pulses is longer than 90�, PRESS
cannot be achieved with a very short TE. Another
disadvantage of the PRESS sequence is the larger
chemical-shift displacement artifact, which is
described later in this article. Therefore, STEAM
is usually the modality of choice when a short TE
and precise volume selection is needed. Neverthe-
less, PRESS is the most used SVS technique
Fig. 2. Schemes of PRESS and STEAM sequences. To simplif
Gx, orthogonal planes; MT, mixing time; rf, radiofrequenc
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because it doubles the SNR, which is an important
factor that leads to better spectral quality.

Magnetic resonance spectroscopy imaging
MR spectroscopy imaging, also called spectro-
scopic imaging or chemical-shift imaging, is a mul-
tivoxel technique. The main objective of MR
spectroscopy imaging is to simultaneously acquire
many voxels and a spatial distribution of the
metabolites within a single sequence. Thus, this
1H-MRS technique uses phase-encoding gradi-
ents to encode spatial information after the RF
pulses and the gradient of slice selection.

MR spectroscopy imaging is acquired using
only slice selection and phase-encoding gradi-
ents, besides the spoiler gradients. A frequency
encoding gradient is not applied. Thus, instead
of the anatomic information given by the conven-
tional MR imaging signal, the 1H-MRS signal
results in a spectrum of metabolites with different
frequencies (information acquired from chemical-
shift properties of each metabolite).

The same sequences used for SVS are used for
the signal acquisition in MR spectroscopy imaging
(STEAM or PRESS). The main difference between
MR spectroscopy imaging and SVS is that, after
the RF pulse, phase-encoding gradients are used
in 1, 2, or 3 dimensions (1D, 2D, or 3D) to sample
the k-space (Fig. 3). In a 1D sequence the phase
encoding has a single direction, in 2D it has 2
orthogonal directions, and in 3D it has 3 orthog-
onal directions.

The result of a 2D MR spectroscopy imaging is
a matrix, called a spectroscopy grid. The size of
this grid corresponds to the field of view (FOV)
previously determined. In the 3D sequence,
many grids are acquired within one FOV. The
number of partitions (or voxels) of the grids is
directly proportional to the number of phase-
encoding steps. The spatial resolution is also
proportional to the number of voxels in
y, only slice selection gradients are shown. Gz, Gy, and
y pulses; TE, echo time.

t Wake Forest University May 09, 2016.
ion. Copyright ©2016. Elsevier Inc. All rights reserved.



Fig. 3. Scheme of 1-dimensional (A), 2-dimensional (B), and 3-dimensional MR spectroscopy imaging (C) with the
localization of columns, slices, and voxels. Gp, phase-encoding gradient; Gss, slice-selection gradient; rf, radiofre-
quency pulses.
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Table 1
Differences between single-voxel spectroscopy
(SVS) and MR spectroscopy imaging

SVS MR Spectroscopy Imaging

Short TE Long TE

One voxel Multivoxel

Limited region Many data collected

Fixed grid Grid may be shifted after
acquisition

More accurate Voxel bleeding

Quantitative
measurement

Spatial distribution
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a determined FOV (more voxels give a better
spatial resolution). However, for a larger number
of voxels, more phase-encoding steps are
needed, and this implies a longer time for acquisi-
tion. Spatial resolution is also determined by the
size of the FOV (a smaller FOV gives better spatial
resolution) and by the point-of-spread function
(PSF).

PSF on an optical system is defined as the distri-
bution of light from a single point source. For MR
spectroscopy imaging, the PSF is related to voxel
contamination with signals from adjacent voxels,
also called voxel “bleeding.” This same effect
corresponds to the Gibbs ringing artifact seen on
conventional MR imaging. The shape of PSF is
determined by the k-space sampling method and
the number of phase-encoding steps. PSF can be
avoided whenmore than 64 phase-encoding steps
are applied, which leads to a scanning time not
feasible in clinical practice. To reduce PSF,
methods such as k-space filtering and reduction
are used. For k-space reduction, the measured
data are restricted to a circular (2D) or spherical
(3D) region.

Another concern about MR spectroscopy
imaging is the suppression of unwanted signals
from outside the brain, particularly from the subcu-
taneous fat, because lipids have a much higher
signal than brain metabolites. Because the FOV
is always rectangular and does not conform to
the shape of the brain, some techniques must be
implemented to optimize the FOV. The use of
outer-volume suppression (OVS) is the technique
most used for this purpose.

All techniques that help optimize the MR spec-
troscopy imaging sequence by reducing voxel
bleeding, and by increasing spatial resolution
and the amount of phase encoding needed to
acquire a 2D or 3D MR spectroscopy image,
have a time cost. Therefore to minimize scan
time without reducing quality, fast MR spectros-
copy imaging techniques are used. A large FOV
means a longer MR spectrum acquisition time. A
simple way to reduce time is to use the smallest
possible FOV consistent with the dimension of
the object to be analyzed.

Reducing the k-space sampling by measuring
the data inside a circular or spherical region
instead of a rectangular one is another way to
reduce scan time. Other techniques used for this
purpose are turbo-MR spectroscopy imaging
(using multiple spin echoes), multislice MR spec-
troscopy imaging, 3D echo-planar spectroscopic
imaging, and parallel imaging methods. These
techniques are beyond the scope of this article,
and more details on these methods can be found
elsewhere.1–3
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SVS versus MR spectroscopy imaging
SVS and MR spectroscopy imaging have advan-
tages and disadvantages, depending on the
specific purpose (Table 1). The SVS technique
results in a high-quality spectrum, short scan
time, and good field homogeneity. Thus, SVS
technique is usually obtained with short TE
because longer TE has a decreased signal owing
to T2 relaxation. SVS is used to obtain an accurate
quantification of the metabolites.

The main advantage of MR spectroscopy
imaging is spatial distribution, compared with
SVS that only acquires the spectrum in a limited
brain region. Moreover, the grid obtained with
MR spectroscopy imaging allows voxels to be
repositioned during postprocessing. On the other
hand, the quantification of the metabolites is not
as precise when using MR spectroscopy imaging
because of voxel bleeding. Therefore, MR spec-
troscopy imaging can be used to determine spatial
heterogeneity.

Short TE versus long TE
1H-MRS can be obtained using different TEs that
result in distinct spectra. Short-TE studies (typi-
cally 20–40 milliseconds) have a high SNR and
less signal loss because of T2 and T1 weighting.
These short-TE properties result in a spectrum
with more metabolites peaks, such as myoinositol
and glutamine-glutamate (Fig. 4), which are not
detected with long TE. Nevertheless, because
more peaks are shown on the spectrum, overlap
is much more common, and care must be taken
when quantifying the peaks of metabolites.

1H-MRS spectra may also be obtained with long
TEs, from 135 to 288 milliseconds. Long TEs have
a poorer SNR; however, they have more simple
spectra because of the suppression of some
signals. Thus, the spectra are less noisy but have
a limited number of sharp resonances. On 135-
to 144-millisecond TEs, the peak of lactate is
t Wake Forest University May 09, 2016.
ion. Copyright ©2016. Elsevier Inc. All rights reserved.



Fig. 4. Spectrum obtained with echo time (TE) 5 30 milliseconds (A) and TE 5 135 milliseconds (B). Note the
inverted lactate peak (doublet) with long TE acquisition and the increased number of sharp resonances with short
TE. Cho, choline; Cr, creatine; Ins dd1, myoinositol; NAA, N-acetylaspartate.
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inverted below the baseline. This factor is impor-
tant because the peaks of lactate and lipids
overlap in this spectrum. Therefore, 135- to 144-
millisecond TEs allow for easier recognition of
the lactate peak (see Fig. 4) because lipids remain
above the baseline. With a TE of 270 to 288 milli-
seconds there is a lower SNR and the lactate
peak is not inverted.

Water Suppression

1H-MRS–visible brain metabolites have a low
concentration in brain tissues. Water is the most
abundant, and thus its signal in the 1H-MRS spec-
trum is much higher than that of other metabolites
(the signal of water is 100,000 times greater than
that of other metabolites). To avoid this high peak
from water to be superimposed on the signal of
other brain metabolites, water-suppression tech-
niques are needed (Fig. 5). The most commonly
used technique is chemical-shift selective water
suppression (CHESS), which presaturates the
water signal using frequency-selective 90� pulses
before the localizing pulse sequence. Other tech-
niques sometimes used are variable pulse power
and optimized relaxation delays (VAPOR) and
water suppression enhanced through T1 effects
(WET).

Postprocessing

Quantification and analysis methods of collected
data are as important as the acquisition
Downloaded from ClinicalKey.com at Wake
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techniques used to obtain the spectra. Using an
incorrect postprocessing method may lead to
wrong interpretations. There are many postpro-
cessing techniques that may be used before and
after the Fourier transform (FT).
The properties of the spectrum can be manipu-

lated using digital filters before the FT. Zero-
filling, multiplication with a filter, eddy-current
correction, and band-reject filters are some exam-
ples of postprocessing steps in the time domain.
Theuseof zero-filling results in a higher digital reso-
lution in the spectrum. Band-reject filters are used
to remove residual water signal when the water-
suppression technique used during signal acquisi-
tion does not completely eliminate it. Eddy-current
correction is used to eliminate eddy-current arti-
facts (explained in the Artifacts section) using
a reference signal such as unsuppressed water
signal and applying a time-dependent phase
correction. After the FT, in the frequency domain,
phase and baseline correction are usually used.
All these postprocessing methods may be used
with SVS andMRspectroscopy imaging. However,
because MR spectroscopy imaging uses phase-
encoding gradients, other filters need to be applied
before FT (eg, Hanning, Hamming, and Fermi
filters).
Artifacts

1H-MRS is prone to artifacts. Motion, poor water
or lipid suppression, field inhomogeneity, eddy
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.



Fig. 5. Water-signal suppression with chemical-shift selective water suppression (CHESS). Spectrum before CHESS
(A) and after CHESS (B). CHESS reduces the signal from water by a factor of 1000, allowing brain metabolites to be
depicted on the spectrum. Cho, choline; Cr and Cr2, creatine; NAA, N-acetylaspartate.
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currents, and chemical-shift displacement are
some examples of factors that introduce artifacts
into spectra. One of the most important factors
that predict the quality of a spectrum is the homo-
geneity of the magnetic field. Poor field homoge-
neity results in a lower SNR and broadening of
the width of the peaks. For brain 1H-MRS, some
regions are more susceptible to this artifact,
including those near bone structures and air-
tissue interfaces. Therefore, placement of the
VOI near areas such as inferior and anterior
temporal cortices and orbitofrontal regions should
be avoided. Paramagnetic devices also result in
field inhomogeneity, leading to a poor-quality
spectrum when the VOI is placed near them.

Eddy currents are caused by gradient switching.
A transient current results in distortion of the peak
shapes, making spectrum quantification difficult.
This artifact is more commonly seen in older MR
imaging units. However, even modern units
produce smaller eddy-current artifacts, and eddy-
current correction (usedpostprocessing) is needed.

Chemical-shift displacements correspond to
chemical-shift artifacts on conventional MR
imaging. The localization of the voxel is based on
the precession frequency of the protons. Because
this frequency is different for each metabolite, the
exact position of each metabolite is slightly
different. This artifact is larger with higher magnetic
field strengths. To solve this problem, strong field
gradients must be used for the slice selection.
Downloaded from ClinicalKey.com a
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Higher-Field 1H-MRS

Higher-field MR imaging (3 T, 7 T, and above) is
used inmany centersmostly for research purposes.
In thepast decade3-TMR imaginghas started tobe
routinely used for clinical examinations, resulting in
better SNR and faster acquisition time.

1H-MRS at 3 T has a higher SNR and shorter
acquisition time than when performed at 1.5 T. It
had been assumed that SNR increases linearly
with the strength of the magnetic field, but SNR
does not double with 3-T 1H-MRS because others
factors are also responsible for the SNR, including
metabolite relaxation time and magnetic-field
homogeneity.

Spectral resolution is improved with a higher
magnetic field. A better spatial resolution increases
the distance between peaks, making it easier to
distinguish between them. This aspect is impor-
tant, particularly for resonances from coupled
spins such as glutamate, glutamine, and myoino-
sitol. However, the line-width of metabolites also
increases at higher magnetic field because of
a markedly increased T2 relaxation time. Thus,
a short TE is more commonly used with 3 T. The
difference in T1 relaxation time from 1.5 to 3 T
depends on the brain region studied.4

3-T 1H-MRS is more sensitive to magnetic-field
inhomogeneity, and some artifacts are more
pronounced (eg, susceptibility and eddy currents).
Chemical-shift displacement is also greater at 3 T,
t Wake Forest University May 09, 2016.
ion. Copyright ©2016. Elsevier Inc. All rights reserved.



Fig. 6. Normal spectra obtained with short TE
sequence. (TE 5 30 milliseconds). Cho, choline; Cr,
and Cr2, creatine; Glx, glutamate-glutamine; Ins dd1,
myoinositol; NAA, N-acetylaspartate.
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and this artifact increases linearly with the
magnetic field.
Receiver coils have also improved. The use of

multiple RF receiver coils for 1H-MRS provides
higher local sensitivity and results in a higher
SNR. These coils also allow a more extended
coverage of the brain.

SPECTRA

1H-MRS allows the detection of brain metabolites.
The metabolite changes often precede structural
abnormalities, and 1H-MRS can demonstrate
abnormalities before MR imaging does.5 To detect
these spectral alterations, it is fundamental to
know the normal brain spectra and their variations
according to the applied technique, patient’s age,
and brain region.

1H spectra of metabolites are shown on x and y
axes. The x (horizontal) axis displays the chemical
shift of the metabolites in units of ppm. The ppm
increases from right to left. The y (vertical) axis
demonstrates arbitrary signal amplitude of the
metabolites. The height of metabolic peak refers
to a relative concentration, and the area under
the curve to metabolite concentration.5

Long TE sequences result in less noise than short
TE sequences, but several metabolites are better
demonstrated with short TE. In 1.5-T MR scanners,
long TE sequences (TE 5 135–288 milliseconds)
detect N-acetylaspartate (NAA), creatine (Cr),
choline (Cho), lactate (Lac) and, possibly, alanine
(Ala).ShortTEsequences (TE520–40milliseconds)
demonstrate the metabolites seen with long-TE
acquisitions and, in addition, lipids, myoinositol
(Myo), glutamate-glutamine (Glx), glucose, and
some macromolecular proteins (Fig. 6).

Brain Metabolites

N-acetylaspartate
The peak of NAA is the highest peak in normal
brain, assigned at 2.02 ppm. NAA is synthesized
in the mitochondria of neurons, then transported
into neuronal cytoplasm and along axons. NAA is
exclusively found in the nervous system (periph-
eral and central), and is detected in both gray
and white matter. It is a marker of neuronal and
axonal viability and density. NAA can additionally
be found in immature oligodendrocytes and astro-
cyte progenitor cells. NAA also plays a role as
a cerebral osmolyte.
Absence or decreased concentration of NAA is

a sign of neuronal loss or degradation. Neuronal
destruction from malignant neoplasms and many
white-matter diseases results in decreased
concentration of NAA. By contrast, increased NAA
indicates Canavan disease, although it may also
Downloaded from ClinicalKey.com at Wake
For personal use only. No other uses without permission. Co
be demonstrated in Salla disease and Pelizaeus-
Merzbacher disease. NAA is not demonstrated in
extra-axial lesions such as meningiomas or intra-
axial ones originating from outside of the brain
such asmetastases, unless there is a partial volume
effect with normal parenchyma.

Creatine
The peak of the Cr spectrum is assigned at 3.02
ppm. This peak represents a combination of mole-
cules containing creatine and phosphocreatine. Cr
is a marker of energetic systems and intracellular
metabolism. The concentration of Cr is relatively
constant, and it is considered a stable metabolite.
It is thereforeusedasan internal reference forcalcu-
lating metabolite ratios. However, there is regional
and individual variability in Cr concentrations.
In brain tumors, the Cr signal is relatively vari-

able (see later discussion). Gliosis may cause mini-
mally increased Cr, owing to increased density of
glial cells (glial proliferation). Creatine and phos-
phocreatine are metabolized to creatinine, then
the creatinine is excreted via the kidneys.6

Systemic disease (eg, renal disease) may also
affect Cr levels in the brain.7

Choline
The Cho spectrum peak is assigned at 3.22 ppm
and represents the sum of choline and choline-
containing compounds (eg, phosphocholine).
Cho is a marker of cellular membrane turnover
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.
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(phospholipids synthesis and degradation) reflect-
ing cellular proliferation. In tumors, Cho levels
correlate with degree of malignancy reflecting
cellularity. Increased Chomay be seen in infarction
(from gliosis or ischemic damage to myelin) or
inflammation (glial proliferation). For this reason,
Cho is considered to be nonspecific.

Lactate
The Lac peak is difficult to visualize in the normal
brain. The peak of Lac is a doublet at 1.33 ppm,
which projects above the baseline on short/long
TE acquisition and inverts below the baseline at
TE of 135 to 144 milliseconds.

A small peak of Lac is visible in some physiologic
states such as newborn brains during the first hours
of life.8 Lac is a product of anaerobic glycolysis, so
its concentration increasesunder anaerobicmetab-
olism such as cerebral hypoxia, ischemia, seizures,
and metabolic disorders (especially mitochondrial
ones). IncreasedLacsignals also occurwithmacro-
phage accumulation (eg, acute inflammation). Lac
also accumulates in tissues with poor washout
such as cysts, normal-pressure hydrocephalus,
and necrotic and cystic tumors.7

Lipids
Lipids are components of cell membranes not
visualized with long TE because of their very short
relaxation time. There are 2 peaks of lipids: meth-
ylene protons at 1.3 ppm andmethyl protons at 0.9
ppm.9 These peaks are absent in the normal brain,
but presence of lipids may result from improper
voxel selection, causing voxel contamination
from adjacent fatty tissues (eg, fat in subcuta-
neous tissue, scalp, and diploic space).

Lipid peaks can be seen when there is cellular
membrane breakdown or necrosis, such as in
metastases or primary malignant tumors.

Myoinositol
Myo is a simple sugar assigned at 3.56 ppm. Myo
is considered a glial marker because it is primarily
synthesized in glial cells, almost only in astro-
cytes. It is also the most important osmolyte in
astrocytes. Myo may represent a product of
myelin degradation. Elevated Myo occurs with
proliferation of glial cells or with increased glial-
cell size, as found in inflammation. Myo is elevated
in gliosis, astrocytosis, and Alzheimer disease
(AD).7,9

Alanine
Ala is an amino acid that has a doublet centered
at 1.48 ppm. This peak is located above the
baseline in spectra obtained with short/long TE
and inverts below the baseline on acquisition
using TE of 135 to 144 milliseconds. Its peak
Downloaded from ClinicalKey.com a
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may be obscured by Lac (at 1.33 ppm). The func-
tion of Ala is uncertain, but it plays a role in the
citric acid cycle.7 Increased concentration of Ala
may occur in defects of oxidative metabolism.9

In tumors, an elevated level of Ala is specific for
meningiomas (Fig. 7).

Glutamate-glutamine
Glx has complex peaks from glutamate, gluta-
mine, and g-aminobutyric acid assigned at 2.05
to 2.50 ppm. These metabolite peaks are difficult
to separate at 1.5 T. Glutamate is an important
excitatory neurotransmitter and also plays a role
in the redox cycle.7,9 Elevated concentration of
glutamine are found in a few diseases such as
hepatic encephalopathy.5,9

Regional Variations of the Spectra

Metabolite peaks may differ slightly according to
the brain region being studied. Studies have
shown differences between the spectra of white
and gray matter and between supratentorial and
infratentorial structures. Nevertheless, no signifi-
cant asymmetries of metabolite spectra between
the left and right hemispheres or between genders
have been found.10,11

In specific quantitative techniques, the concen-
tration of NAA in gray matter is higher than that in
white matter. For clinical purposes, concentra-
tions of NAA in both gray and white matter are
not significantly different. Most studies have found
higher Cho levels in white matter than in gray
matter, whereas the Cr level is higher in gray
matter.6,12–14 There are some frontal-occipital
variations too. The clearest difference is a caudal
decrease in Cho in the cortex.15,16 Regional varia-
tions of Glx and Myo have been studied less than
those of NAA, Cho, and Cr. One study17 found
higher Glx levels in gray matter than in white
matter. The regional distribution of Myo is unclear,
but tends to be higher in gray matter than in white
matter.17

Regarding the brainstem and cerebellum, the
highest levels of NAA are in the pons.18 Signifi-
cantly higher levels of Cho have been found in
the cerebellum and pons than in supratentorial
regions.16,18 Cerebellar levels of Cr are also
significantly higher than supratentorial levels,
whereas low levels of Cr are seen in the
pons.16,18

1H-MRS of the hippocampus has been studied
especially in epilepsy and AD. There are anterior-
posterior gradients of metabolites in the hippo-
campi. The concentration of Cho increases from
the posterior to anterior hippocampus, whereas
a lower NAA concentration has been found
anteriorly.19,20
t Wake Forest University May 09, 2016.
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Fig. 7. Extra-axial mass on the right frontal region with enhancement post gadolinium on T1-weighted imaging
and hyperperfusion on arterial spin-labeling volume map (upper right). An inverted doublet peak is seen at 1.48
ppm at 1H-MRS that corresponds to alanine (arrow). High peaks of Cho and low NAA are also depicted. Ala,
alanine; Cho, choline; Cr and Cr2, creatine; NAA, N-acetylaspartate.
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Spectra in Pediatrics

Regardless of thedifferences inmethodology, there
are differences in metabolite levels in the devel-
oping brain. MR spectra depend on age, and during
the first year of life significant changes occur. In
general, the spectral pattern in pediatrics is consid-
ered to be similar to that of adults when older than 2
years of age, and the concentration of metabolites
is practically constant by 4 years of age.7,21,22

NAA levels are low, whereas levels of Myo and
Cho are high at birth. Both gray and white matter
show similar patterns. Myo is a prominent metabo-
lite in brain spectra of newborns. As age increases,
increased concentration of NAA and decreased
concentrations of choline-containing compounds
and Myo become evident.5,7,21 Concentrations of
Cr and phosphocreatine are constant and may be
used as reference values (Fig. 8). An increased
concentration of NAA reflects brain maturation,
and its concentration correlates with myelina-
tion.6,21 With cerebral maturation, there is also
adecrease in the concentration ofChocompounds.
A small amount of Lac may be seen in newborn
brains.8 Glutamate and glutamine do not demon-
strate significant alterations with age.21

According to gestational age, the equation of
Kreis and colleagues22 describes changes in
metabolite concentration. With this equation and
Downloaded from ClinicalKey.com at Wake
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parameters for a multiexponential model,21 graphs
of metabolite changes with age can be drawn
(Fig. 9).

Spectra in the Elderly

1H-MRS studies of elderly brains are less consis-
tent than those of pediatric brains. Some studies
have found a reduced concentration of NAA with
aging, which suggests a decrease in neuronal
mass.7,23,24 By contrast, other studies have found
relatively stable concentrations of NAA in older
groupsbut increasedChoand/orCr.14,25 A system-
atic reviewof 1H-MRS in healthy aging summarized
the findings of 1H-MRS in aging in that they are
varied. Most studies have reported no changes in
metabolites with advanced age. However, some
data suggest lower NAA and higher Cho and Cr
with increasing age.26 Disagreement of the studies
could be due to the use of different techniques
(eg, evaluation of different brain regions and
atrophy correction). Different study populations
may also affect results.
CLINICAL APPLICATION
Brain Tumors

Brain tumors are currently the main application of
1H-MRS. This technique is usually used as
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.



Fig. 8. Normal spectra in newborn (left) demonstrate high levels of myoinositol (Myo) and Cho but low NAA
compared with the normal spectra in an adult (right). Cho, choline; CrPcr, creatine/phosphocreatine; Cr and
Cr2, creatine; Glx, glutamate-glutamine; In, Myo; MI, Myo; NAA, N-acetylaspartate.

Fig. 9. Changes in metabolite concentrations with age calculated by the equation of Kries and colleagues and the
parameters of Dezortova and Hajek. Cho, choline; Cr, creatine; Myo, myoinositol; NAA, N-acetylaspartate.
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a complement to conventional MR imaging, along
with other advanced techniques such as perfu-
sion. Combined with conventional MR imaging,
proton MR spectra may improve diagnosis and
treatment of brain tumors. 1H-MRS may help
with differential diagnosis, histologic grading,
degree of infiltration, tumor recurrence, and
response to treatment, mainly when radionecrosis
develops, and is indistinguishable from tumor by
conventional MR imaging.
An important decision regarding analysis of

intracranial masses concerns which 1H-MRS tech-
nique to use. Different 1H-MRS parameters may
be varied to optimize the results, the most relevant
of which is TE.27 Short TE allows for recognition of
more peaks than does long TE, which may be
important for the differential diagnosis of brain
masses and for grading tumors. Myo is a marker
for low-grade gliomas, only seen on short-TE
acquisitions. However, longer TEs give a spectrum
with a limited number of peaks, making it easier to
analyze. Long TEs varying from 135 to 140 milli-
seconds also invert peaks of Lac and Ala. This
inversion is important for differentiating between
these peaks and lipids, because they commonly
overlap. Hence, the choice of TE may be difficult,
and one solution is to acquire 2 different spectra
using both short and long TEs. In clinical practice,
2 1H-MRS acquisitions are rarely feasible because
of time constraints.
MR spectroscopy imaging is usually preferable

to SVS because of its spatial distribution. It allows
the acquisition of a spectrum of a lesion and the
adjacent tissues, and also gives a better depiction
of tumor heterogeneity. However, MR spectros-
copy imaging is generally combined with long TE
instead of short TE. SVS, on the other hand, is
faster and can be obtained using both long and
short TEs. When using SVS, the VOI should be
placed within the mass, avoiding contamination
from adjacent tissues. An identical VOI must be
positioned on the homologous region of the
contralateral hemisphere for comparison, when-
ever possible.
Elevation of Cho is seen in most neoplastic

lesions. The Cho peak may help with treatment
response, diagnosis, and progression of tumor.
Its increase has been attributed to cellular
membrane turnover, which reflects cellular prolif-
eration. One prospective study28 analyzing 18
gliomas showed that the Cho signal correlated
linearly with cell density (inversely to what is seen
with the apparent diffusion coefficient) instead of
the proliferative index. The Cho peak is usually
higher in the center of a solid neoplastic mass,
and decreases peripherally. The Cho signal is
consistently low in necrotic areas.
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Another 1H-MRS feature seen in brain tumors is
decreased NAA. This metabolite is a neuronal
marker, and its reduction denotes destruction
and displacement of normal tissue. Absence of
NAA in an intra-axial tumor generally implies an
origin outside of the central nervous system
(metastasis) or a highly malignant tumor that has
destroyed all neurons in that location. The Cr
signal, on the other hand, is slightly variable in
brain tumors, and changes according to tumor
type and grade. The typical 1H-MRS spectrum
for a brain tumor is one of a high level of Cho,
low NAA, and minor changes in Cr (Fig. 10).
Cho elevation is usually evidenced by an

increase in Cho/NAA or Cho/Cr ratios, rather
than its absolute concentration. Estimation of
absolute Cho concentration, although possible, is
susceptible to many errors because many
assumptions are required. Therefore, Cho/NAA
and Cho/Cr ratios are accurate for establishing
Cho levels in brain neoplasms.
When faced with intracranial expansive lesions,

conventional MR imaging with or without perfusion
may lead to a reliable diagnosis. In doubtful cases,
1H-MRSmay play a role in preoperative differential
diagnosis (Table 2). Studies have shown that the
use of 1H-MRS in specific cases improves accu-
racy and the level of confidence in differentiating
neoplastic from nonneoplastic masses.29 The
differentiation of a low-grade glioma from stroke
or focal cortical dysplasia (Fig. 11) may be difficult
or impossible using conventional MR imaging. In
these cases, increased levels of Cho make a diag-
nosis of neoplasm much more likely. In some
cases of focal cortical dysplasia, Cho may be
moderately increased, probably as a result of
intrinsic epileptic ictal activity.30

Some expansive lesions may be similar to
neoplasms on conventional MR imaging and
1H-MRS. The 1H-MRS spectrum of a giant demy-
elinating plaque usually shows high Cho and low
NAA levels. In the acute stage of a demyelinating
disease, increased Lac can also be seen, and
may reflect the metabolism of inflammatory
cells.31,32 An increase in Glu33 and Myo34 is also
noted in multiple sclerosis.
The differential diagnosis between brain abscess

and neoplasms (primary and secondary) is another
challenge. These features may appear as cystic
lesions with rim enhancement on conventional MR
imaging. Pyogenic abscesses have high signal
intensity on diffusion-weighted imaging, which is
usually not seen in tumors. Nevertheless, some
neoplasms may occasionally have restricted diffu-
sion, and biopsy is inevitable. In these cases,
1H-MRS may help to establish a diagnosis. If the
VOI is positioned in the enhancing area, presence
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.



Fig. 10. Histologically confirmed glioblastoma. Axial fluid-attenuated inversion recovery (FLAIR) MR image (A)
shows a lesion with high signal intensity in a posterior region of the right frontal lobe. 1H-MRS with long TE
demonstrates increase in Cho peak and decrease in NAA peak inside the lesion (B) and in the surrounding tissue
(C), representing tumor infiltration. Lactate and lipids are also present. Color metabolite map (D) also demon-
strates abnormal Cho/Cr ratio. Cho, choline; Cr and Cr2, creatine; Lac, lactate; NAA, N-acetylaspartate.
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of Cho favors a neoplasm.35 If the VOI is positioned
in the cystic area of a lesion, abscess and tumor
both demonstrate a high Lac peak. Nonetheless,
the presence of acetate, succinate, and amino
acids such as valine, Ala, and leucine in the core
of the lesion has high sensitivity for pyogenic
abscess (Fig. 12).36,37 These peaks are not seen in
tumors. It is important to be aware that in patients
with pyogenic brain abscess who are under antibi-
otic therapy, these peaks may be absent.

1H-MRS can also help in the differentiation of
high-grade gliomas from solitary metastasis.
Both lesions show the same 1H-MRS pattern,
with high Cho and low NAA. However, the high
Downloaded from ClinicalKey.com a
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signal intensity on T2-weighted imaging seen in
the perilesional area demonstrates an elevated
Cho/Cr ratio only in high-grade gliomas (see
Fig. 10).38 This feature is consistent with the path-
ologic findings of infiltrating tumor cells in areas of
edema not seen in metastases.

Gliomas, themost commonand themost studied
lesions among neuroepithelial tumors, originate
fromglial cells (eg, astrocytesor oligodendrocytes).
Gliomas have an infiltrative nature, resulting in
neuronal cell damage and decreased NAA. Cohen
and colleagues39 found decreased whole-brain
NAA in patients with glial tumors beyond the main
tumor. This significant whole-brain NAA depletion
t Wake Forest University May 09, 2016.
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Table 2
1H-MRS changes in tumors and other lesions

Cho NAA Lac Lip Myo Glu Suc Acet Ala Aa

Low-grade tumor [ Y [

High-grade tumor [ Y [ [

Metastasis [ Absenta [ [

Oligodendroglioma [ Y [b

Meningioma [ Absent [

Gliomatosis cerebri [ Y

Lymphoma [ Absenta [

Radionecrosis Y Y [ [

Abscess N Y [ [ [ [ [ [

Demyelination [ Y [c [ [ [c

Abbreviations: [, increased peak; Y, reduced peak; Aa, amino acids; Acet, acetate; Ala, alanine; Cho, choline; Glu, gluta-
mine; Lac, lactate; Lip, lipids; Myo, myoinositol; N, normal peak; NAA, N-acetylaspartate; Suc, succinate.

a NAA is absent in the core of the tumor, butmay bepresentwhere it infiltrates brain parenchyma orwith voxel bleeding.
b The presence of lactate depends on the grade of the tumor.
c Lac and Glu are increased only in the early stage of the disease.
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may reflect extensive tumor infiltration in the
normal-appearing brain onMR imaging. One quan-
titative 1H-MRS study40 found a correlation
between the percentage of tumor infiltration from
the 1H-MRS–guided biopsy samples and changes
in NAA, Cho, and Cho/NAA ratio in corresponding
voxels. Absolute concentration of NAA decreased,
whereas absolute concentration of Cho and the
Cho/NAA ratio increased with degree of tumor
infiltration.
Astrocytomas can be classified into low grade

(grades I and II, benign) and high grade (grades
III and IV, malignant). High-grade gliomas
(anaplastic gliomas or grade III, and glioblastoma
multiforme or grade IV) have higher Cho and lower
NAA than low-grade gliomas. Elevated Cho corre-
lates with cellular proliferation and density.
Although several studies in one systematic
review41 have reported that 1H-MRS can accu-
rately differentiate between low-grade and high-
grade gliomas, the results of glioma grading using
1H-MRS vary widely. Such wide variations may be
attributed to different methods and metabolites
overlapping between different tumor grades.
Statistically significantly higher Cho/Cr, Cho/
NAA, and relative cerebral blood volume (rCBV)
have been reported in high-grade in comparison
with low-grade gliomas,42 although threshold
values of metabolite ratios for grading of gliomas
are not well established. Cho/Cr is the most
frequently used ratio. Some institutions use
a threshold value of 2.0 for Cho/Cr to differentiate
low-grade from high-grade gliomas, whereas
some use a cutoff value of 2.5.
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As described earlier, lipid and Lac peaks are
absent under normal conditions. Lipid peak indi-
cates necrosis in malignant tumors. Lac, a product
of anaerobic glucolysis, accumulates in necrotic
portions of tumors. The presence of lipids and
Lac correlates with necrosis in high-grade gliomas.
Compared with high-grade gliomas, low-grade
gliomas show higher Myo levels,43,44 which may
be due to a low mitotic index in low-grade gliomas
and, thus, fewer mitogens (substances that trigger
cell mitosis). Some mitogens can influence the
metabolism of phosphatidylinositol, and Myo is
also involved in the formation of phosphatidylinosi-
tol. Thus, lack of activation of phosphatidylinositol
metabolism results in Myo accumulation. Howe
and colleagues44 concluded that high Myo was
characteristic of grade II astrocytomas.
On serial 1H-MRS, malignant degeneration of

gliomas can be detected using percentage signal
change in Cho. Tedeschi and colleagues45 have
demonstrated that interval percentage changes
in Cho intensity in stable gliomas and progressive
gliomas (malignant degeneration or recurrent
disease) is less than 35 and more than 45, respec-
tively. Interval increased Cho/Cr or Cho/NAA is
suggestive of malignant progression.
Gliomatosis cerebri is a distinct entity of glial

tumors. This rare disease is characterized by
diffuse infiltration of glial-cell neoplasm throughout
the brain. Gliomatosis cerebri has various histo-
logic subtypes (astrocytoma, oligodendroglioma,
or mixed glioma). The World Health Organization
(WHO) classification denotes grades II, III, and IV
gliomatosis cerebri46; therefore, patients with this
 Forest University May 09, 2016.
pyright ©2016. Elsevier Inc. All rights reserved.



Fig. 11. A 10-year-old boy with intractable seizures. (A) FLAIR image shows focal high signal intensity in the white
matter of the centrum semiovale of the left frontal lobe (arrow) and overlying blurry gray matter–white matter
junction. 1H-MRS images with TE 5 35 milliseconds (B) and TE 5 144 (C) demonstrate normal Cho and NAA peaks.
Color metabolite map (D) demonstrates normal Cho/NAA ratio. These findings are suggestive of a cortical
dysplasia with adjacent abnormal white matter. Cho, choline; Cr and Cr2, creatine; Ins dd1, myoinositol.
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tumor have a widely variable prognosis. Marked
elevation of Myo and Cr has been found in glioma-
tosis cerebri, and this may be attributed to glial
activation rather than glial proliferation47 because
the Cho level is moderately elevated, suggesting
low density of glial cells.

Oligodendroglioma is a subgroup of gliomas
that has a better response to treatment (chemo-
sensitive) and better prognosis than glioblas-
toma. This distinct tumor is divided into two
groups according to the WHO classification:
grades II and III.48 It originates from oligodendro-
cytes but often contains a mixed population of
cells, particularly astrocytes. Loss of genes in
chromosomes 1p and 19q is a characteristic
genetic alteration of most oligodendrogliomas.
On dynamic contrast-enhanced MR perfusion,
low-grade oligodendrogliomas may demonstrate
Downloaded from ClinicalKey.com a
For personal use only. No other uses without permiss
high rCBV because they contain a dense network
of branching capillaries.49 Thus several oligoden-
drogliomas can be misinterpreted as high-grade
tumors because of their high rCBV, which
contributes to decreasing the reliability of rCBV
in differentiating high-grade and low-grade
gliomas. Among the low-grade gliomas, low-
grade oligodendrogliomas also exhibit signifi-
cantly higher rCBV on dynamic-contrast MR
perfusion.50 In subgroups of the oligodendroglial
tumors, MR imaging studies have found that
contrast enhancement is not suggestive of
anaplasia as it is in astrocytomas. One study
showed that rCBV was not significantly different
between low-grade and high-grade oligodendro-
glimas,51 in contrast to another study52 showing
rCBV to differ significantly between the low and
high grades.
t Wake Forest University May 09, 2016.
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Fig. 12. Parenchymal pyogenic abscess presenting as lesion with rim enhancement after gadolinium injection on
T1-weighted imaging (A) and high signal diffusion on diffusion-weighted imaging (B). 1H-MRS images with short
TE (C) and long TE (D) show high levels of acetate (Ace), alanine (Ala), lactate (Lac), succinate (Succ), and amino
acids (AA). The VOI was positioned in the core of the lesion.
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The results of 1H-MRSstudies inoligodendroglio-
mas are more consistent than those of MR perfu-
sion studies. Similarly to astrocytomas, 1H-MRS of
oligodendrogliomas demonstrates significantly
higher Cho, Cho/Cr ratio, and a higher incidence
of Lac and lipids in high-grade than in low-grade
tumors.51–53 Nevertheless, low-grade oligodendro-
gliomas may show highly elevated Cho, mimicking
high-grade tumors, because these low-grade
tumors can have high cellular density but absent
endothelial proliferation and necrosis.52 Apart from
higher rCBV, the level of glutamine plus glutamate
is significantly higher in low-grade oligodendroglio-
mas than in low-grade astrocytomas, andmay help
to distinguish these tumors from each other.53

Accurate grading of gliomas based on 1H-MRS
alone may be difficult. On combining 1H-MRS
with conventional and other advancedMR imaging
techniques such as perfusionMR imaging, grading
becomes more precise. Some features of tumors
on conventional MR imaging (eg, contrast
enhancement, surrounding edema, signal hetero-
geneity, necrosis, hemorrhage, and midline
crossing) and perfusion MR imaging (high rCBV)
suggest a high grade. 1H-MRS is complementary
and helpful for glioma grading. High-grade gliomas
demonstrate marked elevation of Cho, decreased
NAA, and presence of Lac and lipids. Myo is high
in low-grade gliomas and decreases with
increasing grades of tumors.
An important issue regarding postradiation

therapy in patients with brain tumors is differentia-
tion between recurrent brain tumor and radiation
injury/change, particularly when new contrast-
enhancing lesions are seen in previously operated
and/or irradiated regions. Many studies have
found that Cho/Cr and/or Cho/NAA ratios are
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significantly higher in recurrent tumor (or predom-
inantly tumor) than in radiation injury (Fig. 13).54–57

One study57 reported that the Lac/Cr ratio was
significantly higher in recurrent tumor than in radi-
ation injury, whereas the lipid/Cr ratio was signifi-
cantly lower in recurrent tumor than in radiation
injury. Another study showed that the Lac or lipid
signal alone was not helpful in differentiating these
2 conditions.56 Rabinov and colleagues54 have
also demonstrated no correlation between the
signal intensity of lipids and the histopathology,
but they observed that the signal intensity of Lac
in 2 patients with enhancing areas corresponded
to recurrent tumor. It is probable that the amount
of lipids may be higher in an area of radiation
changes than in tumor recurrence, whereas Lac
may be found in recurrent tumor, but both lipids
and Lac cannot differentiate these conditions.
Infections

Distinguishing brain abscesses from necrotic brain
tumors can be difficult on computed tomography
or conventional MR imaging; these can appear
as rim-enhancing lesions. Although pyogenic brain
abscesses show restricted diffusion and brain
tumors usually do not show the restriction, in
some instances neoplasms may have restricted
diffusion. 1H-MRS may be helpful for establishing
the diagnosis. In pyogenic abscess, typical
1H-MRS spectra of the enhancing rim demon-
strate a decrease in NAA and Cr levels but no
change or a slight decrease in Cho level.58,59 In
one study,35 maximum Cho/Cr, Cho/NAA, and
Cho/Cho ratios in glioblastomas multiforme were
significantly higher than in brain abscesses; thus,
an increased Cho level specifies brain tumors.
 Forest University May 09, 2016.
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Fig. 13. Glioblastomamultiforme in deep portions of the left temporal and occipital lobes previously treated with
surgery and radiotherapy. An area of irregular and patchy contrast enhancement is seen on the region of prior
surgery that could correspond to tumor recurrence or treatment-induced changes. 1H-MRS image shows high
peak of Cho (and high Cho/Cr) and low NAA in all voxels of the grid (2 are shown), a pattern that is consistent
with tumor recurrence. The presence of lactate could reflect tumor ischemia, but may be seen after treatment
and thus its meaning is not clear. After treatment, the presence of lactate may signify treatment-induced necrosis
and not high histologic grade. Cho, choline; Cr and Cr2, creatine; NAA, N-acetylaspartate; T1Gd, T1-weighted with
gadolinium; T1WI, T1-weighted; T2WI, T2-weighted.
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Spectra of the cystic portion of necrotic tumor or
abscess cavity show a Lac peak and may show
lipid signals, therefore Lac and lipid peaks are
nonspecific.35,37 By contrast, abscess demon-
strates elevation of acetate, succinate, and some
amino acids (eg, valine, leucine, and Ala), which
are specific spectra and are not seen in the
neoplasms.35–37 However, there are 2 situations
that one must be aware of. First, the resonances
of acetate, succinate, and amino acids may be
absent in an abscess under effective antibiotic
therapy. Second, in aerobic bacterial abscesses,
acetate is usually not present. Moreover, typical
spectra of anaerobic bacterial abscesses (acetate,
succinate, and amino acids) do not exist in
Downloaded from ClinicalKey.com a
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Staphylococcus aureus abscess, which is one of
the aerobic bacterial abscesses.35 Therefore,
interpretation of 1H-MRS spectra of the enhancing
rim along with the spectra of cystic components of
the rim-enhancing lesions could differentiate
anaerobic and aerobic bacterial abscesses, and
necrotic brain tumors from each other.

Another challenge is discriminating between
toxoplasmosis and lymphoma in human immuno-
deficiency virus infection. Both can have the
appearance of rim-enhancing lesions. Lymphoma
typically demonstrates restricted diffusion;
however, toxoplasmosis has a variation of the diffu-
sion and may overlap with that of the lymphoma.60

TypicalMRperfusion of lymphoma shows elevation
t Wake Forest University May 09, 2016.
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of rCBV, whereas toxoplasmosis does not. Positive
findings using single-photon emission computed
tomography and positron emission tomography
(PET) are found in lymphoma.61 On 1H-MRS,
lymphoma has an elevated Cho level. Toxoplas-
mosis shows lipid and Lac peaks, but these peaks
are rather nonspecific and can be found in the
necrotic portion of lymphoma.61 A moderate
decrease in NAA and a moderate increase in Cho
have been documented in toxoplasmosis as well.62

Herpes simplex encephalitis is the most
common encephalitis, which has typical distribu-
tion of brain involvement at the hippocampus
and cortex of temporal, frontobasal, and insular
lobes.63 1H-MRS shows marked reduction of
NAA and NAA/Cr ratio, and elevation of Cho and
Cho/Cr ratio at the involved region, which reflect
neuronal loss and gliosis and correlate with histo-
pathologic findings.63–65
Inborn Error of Metabolism

The diagnosis of an inborn error of metabolism is
always challenging and is mainly based on clinical
and laboratory findings, evolution, and genetic
tests. Brain MR imaging may help to narrow the
differential diagnosis, avoid expensive genetic
tests, or even establish a final diagnosis. Because
these disorders are caused by inherited enzymatic
defects, concentrations of some metabolites may
be abnormally low or high. Metabolites with
a very small concentration in brain tissue are not
depicted on 1H-MRS. In these cases, the changes
in the spectrum usually correspond to a general
abnormality, such as demyelination or ischemia.
For some diseases, however, 1H-MRSmay identify
a specific biomarker that helps in the diagnosis.66

Disorders that have specific 1H-MRS patterns
maymanifest as an increase, decrease, or absence
of particular metabolites. Specific biomarkers can
be seen in phenylketonuria (phenylalanine), Cana-
van disease (NAA), nonketotic hyperglycinemia
(glycine), creatine deficiency (Cr), and maple syrup
urine disease (branched-chain amino acids and
keto acids).67

Phenylalanine is an a-amino acid that is as-
signed at 7.36 ppm and can be used for the diag-
nosis of phenylketonuria, follow-up of treatment,
and evolution of the disease. 1H-MRS is usually
not needed because early diagnosis is made by
neonatal screening tests, and response to treat-
ment can be monitored by phenylalanine blood
levels and neuropsychological tests.
An increase inNAAsignal is characteristic ofCan-

avan disease (a disorder caused by a defect of the
enzyme aspartoacylase that results in NAA accu-
mulation in the brain) in a child with diffusely
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abnormal white matter and macrocephaly.
However, a high peak at 2.03 ppm is also noted in
Salla disease, a rare autosomal recessive free sialic
acid storage disorder.68 This latter disease accu-
mulates acetylneuraminic acid (NANA), which reso-
nates at the same frequency as NAA. In patients
diagnosed with Pelizaeus-Merzbacher disease,
the NAA peak may also be elevated.
Nonketotic hyperglycinemia is an autosomal

recessive disease that manifests mainly during
the neonatal period. There is accumulation of
glycine in the brain, and this metabolite shows up
in 1H-MRS as a peak at 3.55 ppm. Of importance
is that Myo resonates at 3.56 ppm, therefore these
peaks overlap. However, glycine has a higher T2
value, and is seen with both short-TE and long-TE
sequences.66 Thus 1H-MRS is an important tool
for diagnosing nonketotic hyperglycinemia, and
long-TE studies must be acquired. 1H-MRS can
also be used formonitoring the disease, correlating
more with the clinical findings than levels of blood
and cerebrospinal fluid glycine.
Maple syrup urine disease is an aminoacidop-

athy with accumulation of branched-chain a-keto
and amino acids. These metabolites resonate at
0.9 ppm, a region that is usually attributed to lipids.
Lac may also be present. In Cr deficiency there is
a severe reduction in the Cr peak. In both diseases,
1H-MRS may help with diagnosis and treatment.
All mitochondrial diseases caused by disorders

of pyruvate metabolism, disorders of fatty acid
oxidation, or defects of the respiratory chain and
may show Lac elevation on 1H-MRS. However,
this finding is nonspecific and Lac is not always
present. Nonetheless, in mitochondrial disorders
an abnormal Lac peak may be present when the
VOI is positioned in normal brain parenchyma on
MR imaging and in the ventricles.69,70 Therefore,
even if the findings of 1H-MRS are nonspecific,
they may be useful in the evaluation of mitochon-
drial disorders.
Dementia

Dementia is a clinical diagnosis in patients with
a decline in memory and cognitive function. MR
imaging may play an important role in ruling out
neurologic disorders that may clinically present
with dementia, such as subdural hematomas,
tumors, and multiple cerebral infarctions. The
most common causes of dementia, however, are
AD, dementia with Lewy bodies, and vascular
dementia. Although there are clinical criteria to
differentiate thesepathologic subtypesofdementia,
pathologic studies have shown that such criteria are
not accurate. Therefore, specific imaging neuro-
markers may help in the differential diagnosis.
 Forest University May 09, 2016.
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In patients with dementia, 1H-MRSmay aid in the
differential diagnosis and progression of the
disease.71 AD is associated with neuronal damage,
particularly in the limbic cortical regions. In the end
stages of the disease, primary sensorimotor and
neuronal cortices are also involved. 1H-MRS shows
a reduction onNAA/Cr ratio andelevationofMyo/Cr
ratio, especially in paralimbic cortical regions
(posterior cingulate gyri).72,73 The higher level of
Myo is thought to be associated with gliosis.74

Mild cognitive impairment (MCI) is established
as a transitional state between the cognitive
changes of normal aging and AD.75 Patients with
MCI have memory loss, but still do not meet
criteria for AD; however, they usually have AD
pathology. This condition is suitable for early ther-
apeutic intervention. 1H-MRS depicts high Myo/Cr
levels in the parietal lobes of these patients. NAA/
Cr is either mildly decreased or normal.

1H-MRS measurements of NAA and Myo levels
are also a marker for progression of clinical
disease, and correlate with dementia severity
and neuropsychological cognitive function. A
study comparing antemortem 1H-MRS and neuro-
pathologic criteria for AD demonstrated a strong
association between NAA/Myo levels and disease
progression.76
Seizures

Localization of the focus of an epileptogenic seizure
relies on the combination of many different tech-
niques, such as video-electroencephalography
(EEG), neuropsychological assessment, and PET.
MR imaging may also be useful in detecting the
epileptic focus. MR imaging is usually performed
in patients with recent-onset or recurring focal
seizures. Underlying structural abnormalities, such
as cortical dysplasia and tumors, are depicted on
MR imaging andmaybe the cause of focal epilepsy.
However, in some patients with focal epilepsy, MR
imaging does not show any structural abnormality.
The role of 1H-MRS is to help characterize and
localize the epileptogenic focus, especially when
studying patients with refractory focal epilepsy
and without clear MR imaging abnormalities.

Temporal lobe epilepsy (TLE) is the most
common cause of focal epilepsy. Hippocampal
sclerosis is responsible for most cases of TLE.
The characteristic MR imaging findings are hippo-
campal increased T2-weighted signal, reduced
volume, and architectural distortion. The accuracy
of MR imaging to detect abnormalities in TLE is
controversial. Studies77,78 have indicated a high
reliability in the diagnosis of hippocampal sclerosis
using MR imaging, with sensitivity of up to 90%
and specificity up to 70%. However, other studies
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showed that approximately 20% of patients with
TLE have no findings on MR imaging.79

1H-MRS may help to distinguish the side of the
focus in some cases of TLE, particularly in patients
with normal brain MR imaging.71,80 A reduction in
NAA concentration and NAA/Cho 1 Cr ratio is
the typical abnormality of TLE, and is a reflection
of neuronal damage.81 Increased Cho and Myo
signals may also be present, and are believed to
be caused by gliosis. However, the specificity of
the abnormal concentration of the metabolites on
1H-MRS is unknown. Abnormalities on 1H-MRS
have been seen in both temporal lobes in patients
with TLE.71,79 Moreover, metabolic changes were
also found in other areas distant to the seizure
focus, probably due to widespread effects of
seizures.71 These 1H-MRS abnormalities in distant
areas may reverse after surgery.82
SUMMARY

MRspectroscopyoffers a noninvasivemeansof as-
sessing in vivo brain metabolites that shed light on
cellular concentrations, cell function and dysfunc-
tion, cellular energetics, presence of ischemia,
and presence of necrosis, among others. Studies
obtained at higher field strengths are evolving
toward sampling of smaller tissue volumes, greater
SNR, and higher metabolic spatial resolution. From
the clinical standpoint MR spectroscopy is useful in
various disorders, as described in this review.
However, to be valid and significant the results of
MR spectroscopy should always be correlated
with their imaging counterparts.
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