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KEY POINTS

� Magnetic resonance spectroscopy (MRS) is an advanced MR imaging technique that allows nonin-
vasive evaluation of tissue molecular composition.

� High-grade neoplasms, including brain tumors, have elevation of choline, a marker of cell mem-
brane turnover, with decrease in N-acetyl aspartate, a marker of neuronal integrity.

� The most frequent applications of MRS in brain tumor care are differentiating tumor from other non-
neoplastic pathology, estimating tumor grade, and differentiating tumor recurrence from radiation
effects.

� Many pathologies overlap in spectroscopic appearance, andMRS is best interpreted in conjunction
with other imaging findings and clinical considerations.

� Future developments may make whole-brain spectroscopic imaging a useful tool for prognostica-
tion and treatment planning.
INTRODUCTION which have already reached clinical practice and
Magnetic resonance spectroscopy (MRS) is a
technique that combines the ability of nuclear
magnetic resonance (NMR) to differentiate mole-
cules with the imaging features of localization
unique to MR imaging. This provides a “molecular
window” into the component chemistry of a given
tissue, allowing for unique insight into physiologic
or disease (pathophysiologic) processes. MRS re-
quires no injected contrast agent and no ionizing
radiation is involved, which are obvious safety
benefits.

There are many applications of MRS to imaging
of brain tumors that have been explored, some of
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others that have been confined predominantly to
research applications (Table 1). In clinical applica-
tion, MRS can potentially differentiate primary
brain tumors from other potential mimics, such
as demyelinating disease, lymphoma, or infection.
In addition, the “molecular signatures” of high-
grade and low-grade tumors often differ, allowing
prediction of how aggressive a tumor may be. Af-
ter treatment, MRS can provide insight into
whether treated tissue consists predominantly of
radiation necrosis or tumor, a considerable diag-
nostic dilemma. More research-oriented applica-
tions include surveying a tumor to locate the
most aggressive area to target for biopsy and
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Table 1
Potential uses of magnetic resonance spectroscopy in brain tumor imaging

Clinical Applications Research Applications

Differentiating tumor from potential mimics
Metastatic disease
Demyelinating disease
Lymphoma
Infection

Evaluation of treated tumor to differentiate
Recurrent tumor
Pseudoprogression/radiation necrosis

Three-dimensional evaluation of tumor heterogeneity
Detection of molecular/genetic features

Isocitrate dehydrogenase mutation
Treatment planning

Surgical resection/biopsy
Radiation therapy
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radiation therapy by using high-resolution whole
brain spectroscopic MR imaging.
MRS has several limitations that have prevented

it from reaching its full potential in brain tumor im-
aging. Despite the theoretic ability to differentiate
tissues of different types, there is substantial over-
lap between the spectroscopic appearances of
different diseases. MRS can be time-consuming
and highly variable between different imaging lo-
cations; moreover, artifacts often limit evaluation.
This work provides an overview of the use of MR

spectroscopy in brain tumor imaging, including
general imaging principles and technique, key
imaged metabolites, the typical appearance of
overlapping disease processes, and practical lim-
itations on MRS. The second section discusses
ongoing development of new applications likely
to have an impact on clinical care in coming years.
IMAGING TECHNIQUE

Early in the development of NMR, it was discov-
ered that nuclei in different molecular environ-
ments resonated at slightly different
frequencies.1 In simplest terms, when subjected
to an applied magnetic field, molecules precess
at a resonant frequency that varies with the sur-
rounding molecular environment. This effect,
known as chemical shift, allows nuclei in different
chemical environments to be distinguished based
on their resonant frequencies. A shielding param-
eter, defined in parts per million (ppm), describes
the relative change compared with a reference
compound. The shielding parameter is a constant,
whereas the chemical shift measured in Hz in-
creases linearly with field strength. As a result,
the resolution of spectroscopy increases with
increasing field strength.
Most imaging spectroscopy applications image

the hydrogen nucleus (1H) because it is the most
prevalent nucleus in tissue. Spectroscopy of other
elements is possible,2 although not used widely in
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practice. For in vitro proton (1H) spectroscopy,
chemical shift values (d) are reported in ppm rela-
tive to a tetramethylsilane (TMS). In vivo, com-
pounds such as TMS are not available, so
usually one of the indigenous spectral signals is
used as a reference (eg, for the brain, the N-acetyl
resonance of N-acetyl aspartate (NAA), set at
2.02 ppm, is often used).
Virtually all MRS studies are performed by col-

lecting time domain data after application of either
a 90� pulse, or an echo-type of sequence. The time
domain signal is then converted to the frequency
domain through Fourier transformation, which al-
lows the viewing of the signal intensity as a func-
tion of frequency (ie, in the frequency domain).
To accumulate sufficient signal to noise ratio
(SNR), the scan can be repeated many (N) times
and averaged together to improve SNR, which is
proportional to the ON. Choosing an appropriate
N and scan repetition time (TR) is required to bal-
ance image acquisition time and optimize
SNR.3,4 Successful 1H MRS also requires water
and lipid suppression techniques, because water
and lipids are present at concentrations many-
fold higher than target metabolites, which are usu-
ally present in the millimolar range. Magnetic field
homogeneity and field strengths must be sufficient
to allow resolution of the relatively small chemical
shift range of protons (w10 ppm). Large and/or
membrane-associated molecules are not usually
well-seen, although their broad resonances
contribute to the baseline of the spectrum.5

The information from a brain MR spectrum de-
pends on several factors, such as the field
strength, echo time, and type of pulse sequence.
On a 1.5 T scanner with long echo times (TE) (eg,
140 or 280 ms), only choline (Cho), creatine (Cr),
and NAA are typically observable in healthy adult
brain, whereas compounds such as lactate,
alanine, or others may be detectable if their con-
centrations are elevated above normal levels due
to abnormal metabolic processes.6–8 At short TE
IGAN from ClinicalKey.com by Elsevier on May 26, 
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(� 35ms), additional compounds, including gluta-
mate, glutamine, myo-inositol, lipids, and other
macromolecules may become detectable.

Spatial localization allows signals to be
recorded from well-defined structures or lesions
within the brain.9–12 In the 1980s, a wide range
of spatial localization techniques were developed
for in vivo spectroscopy13; however, many were
either difficult to implement, involved too many
radiofrequency pulses, or were inefficient. Out of
this plethora of sequences, 2 emerged as simple
and robust enough for wider use, each based
on 3 slice-selective pulses applied in orthogonal
directions. The STEAM sequence (Stimulated
Echo Acquisition Mode)14–17 uses three 90�

pulses and detects the resulting stimulated echo
from the volume intersected by all 3 pulses,
whereas the PRESS sequence (Point REsolved
Spectroscopy Sequence)18,19 uses one 90� pulse
and two 180� pulses to detect a spin echo from
the localized volume. The sequence is designed
so that signals from other regions outside the
desired voxel are eliminated (usually by using
crusher gradients).14,20 Typical voxel sizes for
brain 1H MRS are approximately 8 cm.3 Multi-
voxel (2-dimensional [2D], or 3-dimensional [3D])
PRESS magnetic resonance spectroscopic imag-
ing (MRSI) sequences are available on commer-
cial MR scanners from most scanner vendors
and are the most commonly applied MRS
technique.21
METABOLITES

The most described metabolites in brain tumor
spectroscopy are choline, NAA, creatine, lipids,
myo-inositol, and lactate (summarized in Table 2).
A representative normal spectrum from the cere-
bral hemisphere is shown in Fig. 1. The area under
each curve represents the number of spins identi-
fied; however, this result is only quantitative if an
external reference (of known concentration) is
used. As such, the areas under the curve are usu-
ally evaluated in a relative fashion. Some systems
automatically produce relative area under the
curve numbers. In the absence of these numbers,
peak height is often used as a surrogate marker.
Although alterations in the concentrations of
each of these metabolites can be seen with
various pathologies, a combination of the relative
changes of these various metabolites in conjunc-
tion with other imaging features can be useful in
distinguishing primary brain tumors from metasta-
ses, grading gliomas, and distinguishing recur-
rence from radiation necrosis. Sometimes, ratios
of metabolites (such as Cho/Cr, or Cho/NAA) can
be used to increase the sensitivity of a particular
Downloaded for Anonymous User (n/a) at UNIVERSITY O
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measure. In practice, this is one of the most
commonly used approaches.

Cho (3.2 ppm) is a precursor of acetylcholine, a
component of cell membranes. Elevated Cho is a
marker of increased cell turnover, which can be
seen with tumors and other proliferative pro-
cesses. In combination with other imaging fea-
tures, elevated Cho can identify high cellular
turnover pathologies like gliomas and lymphoma
compared with other pathologies with lower cellu-
larity, such as radiation necrosis or infarction.22,23

NAA (2.0 ppm) is synthesized from acetylation of
the amino acid aspartate in the neuronal mito-
chondria and is a marker of neuronal viability.
Reduction of NAA is seen in many pathologies,
such as glioma and radiation necrosis, which
involve destruction or replacement of neurons.
Lymphoma or metastases tend to show low
or absent NAA levels due to lack of neurons in
the tumor component.24

Cr (3.0 ppm) has a role in storage and transfer of
energy in neurons that have high metabolism. Cr is
relatively maintained across a number of disease
processes and serves as an internal control which
can be used for ratio calculations, such as Cho/Cr.

Lactate (Lac, 1.3 ppm) is a marker of anerobic
metabolism and is not seen in normal adult brain
spectra due to exclusive aerobic metabolism in
brain. Lactate is visualized in necrotic tissues with
anerobic metabolism which include abscesses
and high-grade tumors.25,26 Lactate overlaps with
lipids at short TE, shows inversion at intermediate
TE, and has a characteristic double peak at longer
TE.27

Lipids (Lip, 1.3 ppm) are components of cell
membrane and are increased in diseases with
high cell turnover rates such as high-grade gliomas
(HGGs). However this is not a specific feature and
can be see with other pathologies with high cell
turnover/destruction such as abscesses, infarc-
tion, and metastases.28

Myo-Inositol (MI, 3.5 ppm) is aprecursor of phos-
phatidylinositol (a phospholipid) and of phosphati-
dylinositol 4,5-bisphosphate. Elevations of MI are
seen in low-grade gliomas; in contradistinction,
reduction seen in World Health Organization grade
IVgliomasandcanbeausefulmarker in gradinggli-
omas.29 Elevation ofMI can also be seenwith other
pathologies like dementia of Alzheimer type and
progressive multifocal leukoencephalopathy.

2-Hydroxyglutarate (2-HG, 2.25ppm) is an onco-
metabolite of increasing interest in recent times.
Tumors with isocitrate dehydrogenase (IDH-1) mu-
tations accumulate higher levels of 2-HG, and as a
result detection of 2-HG can be used with reason-
able accuracy for noninvasive detection of IDH-1
mutant gliomas.30
F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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Table 2
Frequently encountered metabolites and their characteristics and clinical role in evaluating brain
tumors

Metabolite ppm Elevated in Decreased in

Clinical Significance
in Brain Tumor
Imaging

Choline 3.2 ppm Neoplasms
Inflammation
Gliosis

Necrosis Grading gliomas
Distinguishing
glioblastomas for
metastases

Radiation planning in
gliomas

Differentiating tumor
progression vs
pseudoprogression/
Radionecrosis

N-acetyl aspartate 2.0 ppm Gliomas and more
so in high-grade
gliomas

Radiation necrosis
Metastases
Lymphoma

Grading of gliomas
Distinguishing gliomas
from metastases

Creatine 3.0 ppm High-grade gliomas
Necrosis

Grading of gliomas
Distinguishing
metastases from
glioblastoma

Lactate 1.3 ppm Glioblastoma
Abscesses

Not present in
normal spectra

Grading of gliomas

Lipids 1.3 ppm
with
inversion
at
intermediate
echo time

Glioblastoma
Abscess
Lymphoma
Metastases

Grading of gliomas

Myo-Inositol 3.5 ppm Low-grade gliomas
Progressive
multifocal
encephalopathy

High-grade gliomas Grading of gliomas

2-Hydroxyglutarate 2.5 ppm Isocitrate
dehydrogenase
(IDH)-1 positive
tumors

Detection of IDH-1
positive tumors
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Other metabolites have been described in the
research setting, including metabolites of other
nuclei.31,32 However, these have demonstrated lit-
tle clinical importance.
CLINICAL RELEVANCE: DIAGNOSIS

Years ago, brain tumor workups commonly
involved a 2-step process including an initial nee-
dle biopsy followed by a more definitive surgical
resection. The transition to what is usually a single
(initial) surgery has been ushered along by devel-
opments in neuroimaging, including advanced
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
2021. For personal use only. No other uses without permission. 
techniques. MRS is one of those techniques and,
along with other methods, this constellation of im-
aging tools essentially serves as a sort of “virtual
biopsy.” In complex cases, such an approach
can be used to differentiate gliomas from
other diagnoses such as metastases, lymphoma,
demyelination, edema, necrosis, and infection.
Unfortunately, the spectroscopic profile of HGGs
overlaps that of other brain tumors and even
non-neoplastic diagnoses on many occasions. It
is important to use advanced neuroimaging such
as MRS in the context of conventional imaging,
including MR imaging.
IGAN from ClinicalKey.com by Elsevier on May 26, 
Copyright ©2021. Elsevier Inc. All rights reserved.



Fig. 1. MRS spectrum from an area of normal brain.
Cho, Cr, and NAA are the dominant peaks, with
NAA higher than both Cho and Cr.
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Brain metastases, particularly when solitary, can
have considerable overlap with the appearance of
primary brain tumors on MR imaging. Both are
characterized by enhancing masses with sur-
rounding T2/fluid attenuated inversion recovery
(FLAIR) hyperintense edema. Both metastases
and gliomas are known to have elevated Cho
and decreased NAA compared with adjacent
normal white matter. However, lipids and macro-
molecules are higher in metastases than glioblas-
toma.33 Evaluating spectroscopic results for the
Downloaded for Anonymous User (n/a) at UNIVERSITY O
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edema next to an enhancing mass may help with
diagnosis, as the edema in gliomas more often
contains infiltrating tumor cells and as a result
has higher Cho/NAA and Cho/Cr.24,33–35 As an
example of this approach, please see Fig. 2.
Placement of voxels within the enhancing abnor-
mality is suggestive of a high-grade tumor (either
glioma or metastasis), but elevated Cho in the non-
enhancing abnormality is more consistent with a
high-grade tumor.

Primary central nervous system lymphoma
(PCNSL) also can mimic primary brain tumors in
many cases; however, there remains some hope
for the utility of MRS in these instances. For
example, Nagashima and colleagues36 recently re-
ported that MI was significantly increased in HGGs
compared with PCNSL. In addition to absolute
value measurements, peak ratios have also been
used to assist with differentiation. High-grade tu-
mors such as lymphoma and HGG have higher
elevation of Cho/NAA compared with non-
neoplastic diagnoses, such as demyelination.37

Although both lymphoma and HGG have Cho/
NAA elevation, lymphoma is reported to have lower
Cho/NAA than primary brain tumors.38 Fig. 3
shows an example of a patient with periventricular
abnormality on brain MR imaging that is, most
consistent with primary central nervous lymphoma
on conventional imaging. MR spectroscopy in this
setting was consistent with high-grade tumor
(Fig. 3). Spectroscopy does rule out other
Fig. 2. Glioblastoma. An 86 year-old
woman with new neurologic symp-
toms. Coronal FLAIR (A) and
contrast-enhanced T1-weighted im-
ages (B) demonstrate a mass in the
corpus callosum and left superior
frontal gyrus with multiple areas of
enhancement. Spectroscopy (TE
144 ms) from the corpus callosum (C,
region ofwhite box in B) shows mark-
edly elevated Cho (white arrow) and
relatively low NAA. Spectroscopy
from the area of nonenhancing tu-
mor in the left centrum semiovale
(D, black box in B) shows similar find-
ings in the nonenhancing areas, con-
firming infiltrative tumor.

F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 3. Lymphoma. A 40 year-old
woman with human immunodefi-
ciency virus presented with altered
mental status. FLAIR (A) though the
basal ganglia showed masslike FLAIR
hyperintensity and expansion of the
left caudate (black arrow) with multi-
ple periventricular masses that
enhance on postcontrast T1-
weighted images (B, white arrows).
DWI (C) demonstrates associated hy-
perintensity. Spectroscopy (TE
140 ms) (D) from the caudate (black
box, A) shows markedly elevated
Cho (white arrow) with very low Cr
and NAA.
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possibilities such as infection in this case, although
this appearance could easily be confusedwith glio-
blastoma, highlighting the importance of interpret-
ing MRS alongside conventional imaging. For
further review of intracranial lymphoma including
MRS see an article by Brandao and Castillo.39

Tumefactive demyelinating lesions (TDLs) have
an overlapping appearance with primary brain tu-
mors. Results have been conflicting regarding the
value of MRS in these cases. Ikeguchi and col-
leagues40 found that a Cho/NAA ratio greater than
1.72 favors HGG over TDL. These results contrast
with thoseofSaindaneandcolleagues41who found
no difference Cho/Cr ratios in contrast-enhancing,
central, or perilesional areas of TDLs and gliomas.
TDL are most associated with loss of normal
neuronal peaks includingCr andNAA.Fig. 4 shows
an example of tumefactive demyelination that has a
typical appearance on conventional imaging. The
MR spectroscopic results are most notable for
the presence of prominent lactate and absence of
peak ratios suggestive of high-grade tumor
(Fig. 4). In our experience, prominent lactate is
rarely associated with untreated brain tumors.
Another type of brain mass that can occasionally

be misinterpreted as primary brain tumor is pyo-
genic brain abscess. The conventional imaging,
especially diffusion-weighted imaging (DWI) and
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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apparent diffusion coefficient evaluation of the cen-
tral nonenhancing material is traditionally quite
helpful. As one might imagine, identification of
lactate commonly overlaps both entities.42 The
classic MRS description of abscess includes pres-
ence of amino acid peaks such as valine, alanine,
leucine, acetate, and succinate.42 However, Pal
and colleagues43 found that amino acids, although
found in 80% of abscesses, had a sensitivity and
specificity of 0.72 and 0.30, respectively. The clin-
ical utility of numbers like these is unclear at best.
To summarize, a Venn diagram of MRS

for astrocytoma/glioma, lymphoma, TDL, and brain
abscess would not have distinct circles. An individ-
ual patient may have anMRS pattern that suggests
one of these diagnoses, but this result is best inter-
preted in the setting of the conventional MR imag-
ing results and the clinical presentation. A
combination of peak presence (especially combi-
nations), peak height, area under the (peak) curve,
and peak ratio may be helpful, whereas individual
values are challenging to interpret. Future work us-
ing MRS as a multiparametric biomarker, including
incorporation of machine learning techniques, may
increase its ability to differentiate these diagnoses
and predict patient prognosis.34 In reviewing the
literature, it is clear that the consensus is that there
is no consensus.
IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 4. Tumefactive demyelination. A
50-year-old woman with right-sided
weakness. FLAIR (A) images show an
expansile, FLAIR hyperintense mass
in the left parietal lobe with a periph-
eral incomplete rim of enhancement
on T1-weighted imaging (B). DWI (C)
similarly shows a peripheral rim of
abnormally hyperintense DWI. Spec-
troscopy (TE 135 ms) (D) from the cen-
tral portion of the lesion (black box,
A) shows elevated Cho, near com-
plete loss of NAA, and a characteristic
inverted doublet lactate peak at
1.3 ppm.
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CLINICAL RELEVANCE: TUMOR GRADING

MRS has a clinical role in grading gliomas. In
conjunction with other imaging features like hem-
orrhage, necrosis, and enhancement it can be
useful to support a diagnosis of HGG versus low-
grade glioma. Typical abnormal spectroscopic
features of low-grade gliomas include modest
Cho elevation, NAA reduction, and Cho/Cr ratio
elevation (Fig. 5). MI and MI/Cr ratio can also be
elevated. Low-grade gliomas typically lack Lac
and Lip peaks. In some cases, low-grade gliomas
may have only mild changes in Cho or NAA with
some changes in MI. Therefore, it should be noted
that short TE spectroscopy with more detectable
metabolites is helpful in low-grade gliomas.

HGGs tend to have more dramatic MRS
changes compared with low-grade tumors.
Typical MRS features of grade III and IV gliomas
include increased Cho and decreased Cr, NAA,
and MI (Fig. 2). NAA is seen in higher concentra-
tions in low-grade gliomas relative to HGGs and
can be used as a marker of prognosis and grading
gliomas.44 Reductions in Cr can be seen and in
combination with increased Cho results in higher
Cho/Cr ratios in HGGs compared with low-grade
gliomas.44 There can be variations in spectros-
copy abnormalities in glioblastoma depending on
Downloaded for Anonymous User (n/a) at UNIVERSITY O
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the area sampled, and sampling of necrotic re-
gions may show only lipid and lactate peaks with
reduced/absent Cho peak. Presence of lactate
and lipid peaks suggests a grade IV tumor and is
not commonly seen with grade III gliomas.

As there is considerable overlap in spectroscopy
patterns of low-grade versus HGGs, semiquantita-
tive analysis using ratios of various metabolites is
used to better predict the grade. Commonly used
ratios are Cho/Cr, Cho/NAA, and NAA/Cr. Typical
pattern in HGGs is elevated Cho/Cr, Cho/NAA ra-
tios and reduced NAA/Cr ratio. Cho/Cr is the
most commonly used in clinical practice and in
research studies. Wang and colleagues,45 in a large
meta-analysis, looked at 30 articles comprising
1228 patients and analyzed utility of various metab-
olite ratios in predicting grade of gliomas and distin-
guishing low-grade gliomas from HGGs.
Quantitative synthesis of studies showed that the
pooled sensitivity/specificity of Cho/Cr, Cho/NAA
and NAA/Cr ratios was 0.75/0.60, 0.80/0.76 and
0.71/0.70, respectively. The area under the curve
values for these metabolites were 0.83, 0.87, and
0.78, respectively. In this analysis, all 3 ratios had
comparable performance and Cho/NAA ratio
showed the highest accuracy. However, it should
be noted that there was wide variation in the ratio
cutoffs used in these studies.
F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 5. Low-grade glioma. A 34-year-
old woman with neurofibromatosis
type 1. Axial (A) and coronal (B) FLAIR
images show an expansile mass
within the midbrain with no
enhancement on postcontrast T1-
weighted images (C) (arrows). Spec-
troscopy (TE 135 ms) (D) within the
midbrain shows modest elevation of
Cho (arrow) and depression of NAA.
Spectroscopy is particularly important
in this difficult to biopsy location.
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CLINICAL RELEVANCE: FOLLOW-UP

MRS can be useful in the longitudinal follow-up of
patients with brain tumor, particularly for trouble-
shooting cases in which there may be significant
overlap between tumor progression and radiation
effects. Worsening in both post–contrast enhance-
ment on T1-weighted imaging and surrounding
FLAIRhyperintenseedemacanbothoccur because
of radiation injury to the tumor and surrounding
normal tissue.46 Pseudoprogression is the phenom-
enon of acute imaging worsening in the early phase
after radiation, usually within the first 3 to 6 months
after completing chemoradiation.47 Pseudoprog-
ression can occur in asmany as 20% to 30% of pri-
mary brain tumors and is more common in patients
with O6-methylguanine–DNA methyltransferase
methylation.48 Furthermore, pseudoprogression is
associated with improved patient outcomes. It is
important to differentiate pseudoprogression from
true tumor progression, as tumor progression in
thisearlyperiodwould indicatea failureof initial ther-
apy, which would necessitate a change in therapy,
often taking apatient off thewell-tolerated andoften
effective temozolomide to begin another therapy
such as lomustine. Interpretation guidelines such
as the Response Assessment in Neuro-Oncology
advise conservative interpretation of cases in the
first 3 months after completing radiation, assuming
imaging worsening is pseudoprogression as long
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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as they occur in the radiation treatment field.49

Pseudoprogression is usually self-limited,47 and
when imaging does not improve on subsequent
follow-up, interpretation ismorenuancedanddeter-
mining if worsening represents tumor progression is
morechallenging.Radiationnecrosiscanalsooccur
in a delayed fashion any time from months to years
after completing radiation therapy. It can have pro-
gressive worsening of enhancement, edema, and
mass effect along with worsening patient symp-
toms.Later, radiationnecrosisposesaconsiderable
diagnostic dilemma because of its highly variable
timing.
Advanced imaging, including MRS, can be a

useful tool in differentiating treatment effects
from tumor progression, and the imaging appear-
ance of pseudoprogression and delayed radiation
necrosis are similar. Radiation results in
decreased NAA, Cho, and Cr compared with pa-
tients with tumor recurrence.46 Using ratios
including Cho/Cr can further improve performance
of spectroscopy, with higher Cho/Cr in cases of tu-
mor progression. In a meta-analysis of 477 lesions,
MRS had moderate performance in differentiating
radiation necrosis from glioma recurrence, with
Cho/Cr ratio having a sensitivity, specificity, and
areas under the curve of 0.83, 0.83, and 0.91,
respectively.50 Compared with progressive tumor,
radiation necrosis is also more likely to show
elevation in Lip and Lac (Fig. 6).51
IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 6. Radiation necrosis. A 21-year-
old with Ewing sarcoma metastasis
to the left frontal lobe previously
treated with radiation. Expansile
mass in the left frontal lobe with sur-
rounding abnormal FLAIR (A) and
central enhancement on postcontrast
T1 (B). Spectroscopy (TE 135 ms) of
the contralateral normal white mat-
ter (C, from white box in A) shows
relatively normal spectrum. Spectros-
copy of the abnormal region (D,
from black box in A) shows decrease
in height of all peaks, particularly
NAA, with a lipid/lactate peak at
1.3 ppm (white arrow).
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MRS has performed similar or better than other
advanced techniques for evaluating potential radi-
ation necrosis.52 MR perfusion has shown promise
in evaluating necrosis, with hyperperfusion associ-
ated with tumor recurrence.46 PET with both flu-
deoxyglucose F 18 and 11C-methionine, an
amino acid tracer, have had intermediate results.
Quantitative diffusion imaging has also been rela-
tively promising (sensitivity 75%, specificity
88.9%), with radiation necrosis having greater
reduction in central apparent diffusion coefficient
values.53 Combined approaches using MRS in
conjunction with other advanced imaging may
have the best performance.
LIMITATIONS

Use of MRS in evaluation and follow-up of brain tu-
mors has several significant limitations. The pri-
mary limitation is the considerable overlap
between the spectroscopic appearance of
different pathology. Each pathology has charac-
teristic features that may occur most commonly,
but typical diagnostic accuracy may range from
60% to 80%. However, because of overlapping
appearance, many times short-term follow-up im-
aging (4–6 weeks) or surgical biopsy are required
to confirm a diagnosis. The lack of definitive imag-
ing findings has been the primary reason MRS is
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not used more frequently. Other technical limita-
tions also confound implementation of MRS. Im-
aging sites and scanners vary widely in their
implementation, and there is little widespread
standardization of imaging techniques. Artifacts
and noise are common and further limit interpreta-
tion. Susceptibility from adjacent bone or air limit
signal from portions of the brain near the skull
base and calvarium. Averaging of all signal within
relatively large voxels limits evaluation of small le-
sions, and incomplete water and lipid suppression
can completely obscure the diagnostic signal. Im-
aging can also be time-consuming and require
technologist or radiologist intervention. All these
limitations are the subject of ongoing research
and development.
FUTURE DIRECTIONS

Research is currently under way to improve current
technology and develop and new applications to in-
crease the clinical usefulness of MRS in brain tumor
diagnosis and treatment. Sequence development is
geared toward improving resolution, brain
coverage, and speed while decreasing artifacts.
Conventional Cartesian 2D or 3D phase-encoding
approaches can give excellent quality data, but
they rapidly become too time-consuming with
increasing spatial resolution and brain coverage. A
F MICHIGAN from ClinicalKey.com by Elsevier on May 26, 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.
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number of methods to accelerate MRS have been
described, include parallel imaging and com-
pressed sensing.54–56 Alternative strategies are
required to increase acquisition speed by an order
of magnitude or more; echo-planar spectroscopic
imaging (EPSI) is one of the oldest but also one of
the fastest acceleration methods for MRS.57–60 In
EPSI, k-space is traversed in a rectilinear manner
by theoscillating readgradient that is, applied simul-
taneously with spectral data acquisition. For a 3D
acquisition, the other 2 dimensions are encoded us-
ingconventional (or elliptical) phase-encoding.Scan
times can be reduced even further through under-
sampling approaches such as SENSE or GRAPPA
in these dimensions.61–63 When combined with
advanced water and lipid suppression techniques,
EPSI can be used to obtain high-resolution whole-
brain spectroscopic maps with scan times ranging
from 10 to 18 minutes.58,64,65 Smaller voxel sizes
result in decreased artifact from surrounding struc-
tures and less partial volume artifact. Whole-brain
coverage further allows novel applications such as
biopsy66 and treatment planning. These applica-
tionsarenot limitedbyoverlapbetweendifferentpa-
thology, as the disease of often already known and
MRS is being used to define the involved region.
Downloaded for Anonymous User (n/a) at UNIVERSITY OF MICH
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Using MRS to choose optimal biopsy sites is
made possible by whole-brain spectroscopic im-
aging. Brain tumors are highly infiltrative, and diag-
nosis of grade II and III gliomas can be particularly
challenging because they are heterogeneous tu-
mors that can lack well-defined enhancement.67

Biopsy is taken from areas of hyperintensity on
T2/FLAIR images, but this does not account for
areas of tumor heterogeneity and can result in
undersampling of high-grade or anaplastic
areas.68–70 Whole-brain EPSI can be a useful
adjunct to conventional imaging to guide biopsy
target selection, with Cho or Cho/NAA maps over-
laid on anatomic images and uploaded to surgical
guidance software to choose a biopsy site (Fig. 7)
(Zhong et al., manuscript in preparation). Greater
metabolite abnormalities are associated with
more proliferative areas, and sampling these re-
gions maximizes the chance of sampling high-
grade areas.44,71

Advanced treatment planning is also a potential
application of whole-brain MRS.72–75 In grade IV
tumors, high-dose radiation is targeted to the
resection cavity and areas of residual contrast
enhancement that may underrepresent areas of
infiltrative tumor.71 Recurrence can then occur in
Fig. 7. Grade 3 astrocytoma. A 31-
year-old man with a left frontal ex-
pansile, nonenhancing mass seen on
FLAIR (A). T1-weighted images over-
laid with 3D Cho map (B) and Cho/
NAA ratio (C), showing areas of great-
est metabolic abnormality. Scale in (C)
shows the ratio between Cho/NAA
and normal white matter. Stereotactic
biopsy was targeted to a region with
maximal metabolic abnormality, as
seen on post-biopsy CT (D).

IGAN from ClinicalKey.com by Elsevier on May 26, 
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Fig. 8. Glioblastoma. Right frontal
glioblastoma, status post resection.
FLAIR abnormality surrounds the cav-
ity in the right middle and superior
frontal gyri (A). A small amount of
nodular enhancement is present
around the cavity on postcontrast
T1-weighted imaging (B). T1-
weighted images overlaid with 3D
Cho/NAA ratio (C) show tumor ex-
tending beyond the area of abnormal
enhancement and FLAIR (white ar-
row). The red line outlines the area
with a Cho/NAA ratio 2 times normal
white matter, a threshold associated
with 30% tumor in previous biopsy
studies. Three-dimensional rendering
of area of MRS abnormality surround-
ing the resection cavity (D).

� Magnetic resonance spectroscopy (MRS) is a
useful troubleshooting tool which can be
used in advanced imaging of brain tumors
to differentiate tumor from other pathology
and estimate tumor grade.

� Tumors are characterized by high cell turn-
over, resulting in elevated choline (Cho),
and replacement of normal neurons, result-
ing in decreased N-acetyl aspartate (NAA).

� Greater elevation in choline (Cho) is associ-
ated with more aggressive tumors and other
neoplastic pathologies such as lymphoma,
while non neoplastic pathologies often man-
ifest other peaks including lactate/lipids and
myo-inositol.

� Because of considerable overlap between
spectroscopic findings between a variety of
pathology, spectroscopy results should be in-
terpreted in the context of other imaging
findings and clinical presentation.
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surrounding areas undertreated by existing radia-
tion plans. An improved strategy might be to treat
areas of greater spectroscopic abnormality, such
as those with elevated Cho/NAA ratio, with high-
dose radiation to the area meeting a threshold
difference from normal white matter (Fig. 8). A
multisite clinical trial recently completed patient
enrollment to test this approach (NCT03137888)
and is currently in the follow-up period.76

SUMMARY

MRS is an advanced technique that allows for mo-
lecular evaluation of tissue composition without
contrast or radiation. It has a valuable role in the
diagnosis, treatment, and subsequent evaluation
ofpatientswithbrain tumor, particularly asa trouble-
shooting tool when conventional imaging findings of
2 diagnoses overlap. Unfortunately, overlap be-
tween spectroscopy findings and technical consid-
erations limit its accuracy, MRS is most useful
when interpreted in conjunction with MR imaging
findings and other advanced techniques. Future de-
velopmentspromise faster andmoreaccurateMRS,
which can be applied to novel applications such as
biopsy and treatment planning.
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