Special Report

Clinical Applications of Proton MR Spectroscopy

Mauricio Castillo, Lester Kwock, and Suresh K. Mukherji

Magnetic resonance (MR) spectroscopy has
received little attention from the clinical radiol-
ogy community. Indeed, most MR spectro-
scopic studies are performed by a small and
dedicated group of individuals, mostly basic
scientists. This behavior is partly because MR
spectroscopy does not produce “pictures” but
results in “graphs,” and until lately, it could only
be obtained with dedicated units and software.
At present, MR spectroscopy may be obtained
with many clinical 1.5-T MR units and commer-
cially available software. Adequate MR spectra
may be obtained in periods of time as short as
10 to 15 minutes. Therefore, they may be added
to routine MR imaging studies without signifi-
cant time penalties. Moreover, MR spectros-
copy provides greater information concerning
tissue characterization than what is possible
with MR imaging studies alone. This article will
review the current status of proton MR spectros-
copy with emphasis on its clinical utility for
evaluation of neurologic disorders. Also, we in-
clude a section on some innovative and prom-
ising uses of proton MR spectroscopy. The in-
formation provided here is simplified in the
hope that its understanding will lead to in-
creased use of proton MR spectroscopy by clin-
ical radiologists.

History

Purcell et al (1) and Bloch et al (2) elucidated
the principles of nuclear magnetic resonance in
1946. Five years later, Proctor and Yu (3) pro-
posed that the resonance frequency of a nu-
cleus depends on its chemical environment,
which produces a small, but perceptible,
change in the Larmor resonance frequency of
that nucleus. This nuclear behavior is termed
“chemical shift,” and is caused by the magnetic
fields generated by circulating electrons sur-

rounding the nuclei interacting with the main
magnetic field. Protons ('H) have been tradi-
tionally used for MR spectroscopy because of
their high natural abundance in organic struc-
tures and high nuclear magnetic sensitivity
compared with any other magnetic nuclei (4).
Moreover, diagnostically resolvable hydrogen
MR spectra may be obtained with clinical instru-
ments (1.5 T or greater) and routine surface
coils. Phosphorus 31 MR spectroscopy has also
been used clinically to study changes in high
energy metabolism in a number of pathologic
processes. However, because of the scope of
this report, phosphorus 31, carbon 13, sodium
23, and fluorine 19 MR spectroscopy will not be
addressed here.

Technique

After the nuclei have been exposed to a uniform
magnetic field, they receive a 90° radio frequency
pulse that rotates them from the z-axis to the
x-axis. When this pulse is turned off, the nuclei
return to their original position in the z-axis. The
time it takes them to return to their original posi-
tion in the z-axis is governed by their relaxation
times. The receiving coil detects the voltage vari-
ations at many points in time during this period.
This voltage variation is termed free induction
decay and may be plotted as an exponential de-
cay function (ie, intensity versus time) to yield
time domain information (ie, relaxation times).
Fourier transformation of this information yields
information in the frequency domain, namely, a
plot of peaks at different Larmor frequencies. The
parameters that characterize each peak include
its resonance frequency, its height, and its width
at half-height (4). The resonance frequency posi-
tion of each peak on the plot is dependent on the
chemical environment of that nucleus and is usu-
ally expressed as parts per million from the main
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magnetic resonance frequency of the system
used (ie, chemical shift). The height (maximum
peak intensity) or the area under the peak may be
calculated and yield relative measurements of the
concentration of protons. The resonance frequen-
cy/chemical shift position gives information re-
garding the chemical environment of protons. The
width of the peak at half-height gives relaxation
time information because it is proportional to
1/T2.

Artifacts introduced by magnetic field inho-
mogeneities may result in distortion of the line
width of the peaks and decreased ability to re-
solve them. Therefore, a homogenous magnetic
field is an important prerequisite to obtaining
“resolvable” spectra. Shimming the field in the
region of interest to the resonance of water as-
sures the homogeneity of the field. The water
line width should be less than 0.2 ppm after
shimming. Spatial localization is achieved by
applying static and/or pulsed gradients. Local-
ization methods commonly used in a clinical
proton MR spectroscopy include: depth-
resolved surface coil spectroscopy (DRESS),
point-resolved surface coil spectroscopy
(PRESS), spatially resolved spectroscopy
(SPARS), and the stimulated-echo method
(STEAM) (5-7). At our institution, we use
PRESS and STEAM. For practical purposes,
STEAM allows for shorter echo times, thereby
improving resolution of the metabolites; how-
ever, it is more sensitive to motion, whereas the
PRESS technique is less sensitive to motion.
Because the signal from the water peak is very
large when compared with that of other metab-
olites, it needs to be suppressed for adequate
visualization of other peaks (the concentration
of water can be 10 000 times the concentration
of other metabolites). The most frequently used
method for suppressing the signal from water is
chemical shift selective excitation (CHESS),
which reduces the water signal by a factor of
1000.

The term voxel refers to the volume element
that is being sampled. This volume element has
a width, length, and depth. In clinical spectros-
copy, the size of the voxel generally varies be-
tween 2 and 8 cm?, but with current equipment,
it may be as small as 1 cm>. Smaller voxels
contain smaller amounts of tissues and produce
lesser signal-to-noise ratios. Therefore, the
number of signal averages required to obtain
good signal to noise needs to be increased with
smaller voxels. With voxels of 8 cm?, approxi-
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Fig 1. Normal brain proton MR spectroscopy, single voxel.
Proton MR spectroscopy obtained in a healthy volunteer using a
single 8-cm? volume element in right centrum semiovale.

mately 100 signal averages are required to ob-
tain adequate spectra. At present, most of our
MR spectroscopic studies are obtained using a
localized single volume (Fig 1). However, using
chemical-shift imaging it is possible to obtain
one- or two-dimensional data sets that display
metabolites from adjacent compartments en-
compassing a large tissue volume (Fig 2). Two-
dimensional chemical-shift proton MR spectros-
copy allows the mapping of metabolite
concentrations to be manipulated by computer
and superimposed on the image of an abnor-
mality illustrating the distribution of such me-
tabolites within that area (8). Different colors
may be assigned to each metabolite to facilitate
visual understanding of their distribution. Al-
though most modern clinical MR spectroscopy
units are capable of echo times (TEs) as short
as 20 milliseconds, adequate MR spectra may
be obtained with TEs as long as 136 to 272
milliseconds. Using long TEs, the signal from
most metabolites in the brain is lost except that
of choline (Cho), creatine (Cr), N-acetyl aspar-
tate (NAA), and lactate. Conversely, short TEs
allow for identification of many other metabo-
lites (eg, myoinositol, glutamate, glutamine,
and glycine). MR spectra may be obtained dur-
ing a 10- to 15-minute session. Therefore, MR
spectroscopy may be incorporated as part of a
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routine imaging study without a significant time
penalty. At our institution, we have created a set
of “shim files,” which allows the technologist to
perform the study easily by setting the location
of the voxel and tailoring its size to correspond
grossly to the abnormality in question. A voxel
should include as much of the abnormality as
possible and little (generally less than 20% of
the voxel size) normal surrounding brain.

Metabolites, Location, and Significance

There is evidence that the concentration of
normal metabolites in the brain varies accord-
ing to the patient’s age (9) (Fig 3). This varia-
tion is more noticeable during the first 3 years of
life but may be seen up to 16 years of age. The
most striking variation is an increase in NAA/Cr
ratio and a decrease in the Cho/Cr ratio as the
brain matures. These changes may reflect neu-
ronal maturation and an increase in the number
of axons, dendrites, and synapses. It is unclear
whether any significant changes are observed
with advancing age.

NAA

The presence of NAA is attributable to its
N-acetyl methyl group, which resonates at 2.0
ppm (Fig 1). This peak also contains contribu-
tions from less-important N-acetyl groups. NAA
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Fig 2. Normal brain proton MR spec-
troscopy, one-dimensional chemical-shift
image.

A, Normal spectra obtained from adja-
cent brain volumes (volumes 13 to 17).
The concentration of NAA relatively in-
creases in regions that contain larger areas
of gray matter—in this case, the basal
ganglia.

B, Corresponding MR T2-weighted im-
age (4000/93/1 [repetition time/TE/exci-
tations]) demonstrates location of vol-
umes. MR spectroscopy is shown only for
volumes 13 to 17.

is accepted as a neuronal marker, and as such,
its concentration will decrease with many in-
sults to the brain (10). The exact role of NAA in
the brain is not known. Glutamate and N-acetyl-
aspartyl-glutamate are colocalized with NAA
in neurons. Breakdown of N-acetyl-aspartyl-
glutamate releases both NAA and glutamate,
and subsequent breakdown of NAA leads to
aspartate. These compounds are excitatory
amino acids and are increased with ischemia. It
is possible that, in the near future, concentra-
tions of N-acetyl-aspartyl-glutamate and gluta-
mate may serve to monitor treatments designed
to protect brain tissues by blocking excitatory
amino acids. NAA is not present in tumors out-
side the central nervous system. Canavan dis-
ease is the only disease in which NAA is in-
creased. In normal spectra, NAA is the largest
peak.

Cho

The peak for Cho occurs at 3.2 ppm (Fig 1).
It contains contributions from glycerophos-
phocholine, phosphocholine, and phosphati-
dylcholine and therefore reflects total brain
choline stores. Cho is a constituent of the
phospholipid metabolism of cell membranes
and reflects membrane turnover, and it is a
precursor for acetylcholine and phosphatidyl-
choline (10). The latter compound is used to
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Fig 3. Normal newborn brain. Single-voxel proton MR spec-
troscopy in a healthy newborn shows relatively smaller concen-
tration of NAA with respect to Cho and Cr. This probably reflects
neuronal immaturity. Inositol (/n) is prominent and normal at this
age.

build cell membranes, whereas the former is a
critical neurotransmitter involved in memory,
cognition, and mood. Therefore, increased
Cho probably reflects increased membrane
synthesis and/or an increased number of
cells.

Cr

The peak for Cr is seen at 3.03 ppm and
contains contributions from Cr, Cr phosphate,
and, to a lesser degree, y-aminobutyric acid,
lysine, and glutathione (Fig 1). An additional
peak for Cr may be visible at 3.94 ppm.
Therefore, the Cr peak is sometimes referred
to as “total Cr.” Cr probably plays a role in
maintaining energy-dependent systems in
brain cells by serving as a reserve for high-
energy phosphates and as a buffer in adeno-
sine triphosphate and adenosine diphosphate
reservoirs (11). Cr is increased in hypometa-
bolic states and decreased in hypermetabolic
states. In normal spectra, Cr is located to the
immediate right of Cho and is the third-high-
est peak. Because this peak remains fairly
stable even in face of disease, it may be used
as a control value.

Lactate

The lactate peak has a particular configura-
tion. It consists of two distinct, resonant peaks
called a “doublet” and is caused by the mag-
netic field interactions between adjacent pro-
tons (J coupling). This lactate doublet occurs at
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1.32 ppm. A second peak for lactate occurs at
4.1 ppm. Because this latter peak is very close
to the water, it is generally suppressed. Nor-
mally, lactate levels in the brain are low. The
presence of lactate generally indicates that the
normal cellular oxidative respiration mecha-
nism is no longer in effect, and that carbohy-
drate catabolism is taking place (12). Lactate
can play a role as a neuromodulator by altering
the excitability of local neurons (12). Confirma-
tion that a peak at 1.32 ppm corresponds to
lactate may be done by altering the TE. At a TE
of 272 milliseconds, lactate projects above the
baseline, whereas at a TE of 136 milliseconds,
the lactate doublet is inverted below the base-
line.

Myoinositol

Myoinositol is a metabolite involved in hor-
mone-sensitive neuroreception and is a possi-
ble precursor of glucuronic acid, which detoxi-
fies xenobiotics by conjugation (13). The
myoinositol peak occurs at 3.56 ppm. De-
creased myoinositol content in the brain has
been associated with the protective action of
lithium in mania and the development of dia-
betic neuropathy (14). In addition, a triphos-
phorylated derivative of myoinositol, myoinosi-
tol-1,4,5-triphosphate, is believed to act as a
second messenger of intracellular calcium-mo-
bilizing hormones (14). The combination of el-
evated myoinositol and decreased NAA may be
seen in patients with Alzheimer disease (15).
The myoinositol peak is significant in tissues
outside the central nervous system, for exam-
ple, in head and neck carcinomas.

Glutamate and Glutamine

Glutamate is an excitatory neurotransmit-
ter, which plays a role in mitochondrial me-
tabolism (13). Gamma-amino butyric acid is
an important product of glutamate. Glutamine
plays a role in detoxification and regulation of
neurotransmitter activities (16). These two
metabolites resonate closely together and
they are commonly represented by their sum
as peaks located between 2.1 and 2.5 ppm.

Alanine

Alanine is a nonessential amino acid whose
function is uncertain. Its peak occurs between
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1.3 and 1.4 ppm and therefore may be over-
shadowed by the presence of lactate. Alanine,
similar to lactate, inverts when the TE is
changed from 136 to 272 milliseconds.

Lipids

Membrane lipids in the brain have very
short relaxation times and are normally not
observed unless very short TEs are used. The
protons of lipids produce peaks at 0.8, 1.2,
1.5, and 6.0 ppm. These peaks comprise
methyl, methylene, allelic, and the vinyl pro-
tons of unsaturated fatty acids (17). These
metabolites may be increased in high-grade
astrocytomas and meningiomas and may re-
flect necrotic processes (16). However, it is
also important to remember that normal lipid
resonances arising from fat may be the result
of voxel contamination by fat located in the
subcutaneous scalp; they are normally much
less intense or absent at a TE of 272 millisec-
onds because of their short relaxation times.

Clinical Applications
Astrocytomas

Proton MR spectroscopy readily distin-
guishes normal brain tissues from astrocyto-
mas (18-20). However, proton MR spectros-
copy may not be able to distinguish between
different histologic grades of malignancy in
astrocytomas (21). Some investigators have
proposed that the presence of lactate corre-
lates with a higher degree of malignancy and
that it is commonly observed in glioblastoma
multiforme (8, 22). The typical proton MR
spectroscopic characteristics of astrocytomas
include a significant reduction in NAA, a mod-
erate reduction in Cr, and an elevation of Cho
(19) (Fig 4). Reduction of NAA probably in-
dicates a loss of normal neuronal elements as
they are destroyed and/or substituted by ma-
lignant cells. In astrocytomas, the NAA is re-
duced to 40% to 70% of that in normal brain
(10). Reduction of Cr is probably related to an
altered metabolism, and elevation of Cho may
reflect increased membrane synthesis and
cellularity (both of which are present in tu-
mors) (8). Elevation of lactate may reflect
tumor hypoxia. The Cho peak also is in-
creased in the more-malignant astrocytomas
(10). Proton MR spectroscopy may be used to
distinguish infection from a tumor, because
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Fig 4. Glioblastoma multiforme. Single 8-cm? voxel from sur-
gically proved glioblastoma multiforme shows low NAA and
markedly elevated Cho. Although lactate may be present in high-
grade astrocytomas, it is not seen in this tumor.

the former has extremely low concentrations
of Cho (10).

Proton MR spectroscopy may also play a
role in monitoring the response of astrocyto-
mas to treatment (8). In some instances, pro-
ton MR spectroscopy may detect tumor recur-
rence before MR images become abnormal.

Meningiomas

Although the diagnosis of a meningioma is
usually straightforward from the MR images,
proton MR spectroscopy may be useful in dif-
ficult cases. Because meningiomas arise out-
side the central nervous system, theoretically
they do not contain NAA (19). The signal of
Cho is, however, markedly increased (up 300
times normal) particularly in recurrent men-
ingiomas (21). Lactate and alanine may be
also elevated in some meningiomas (19).
There is no clear explanation for the increase
in alanine in meningiomas. The above proton
MR spectroscopic features are seen in typical
meningiomas (fibrous type). Atypical and
malignant meningiomas, or those that invade
the brain, may show resonances in the loca-
tion of NAA, and differentiating them from
astrocytomas may prove difficult. Unfortu-
nately, in our experience, meningiomas gen-
erally show MR spectra that are indistinguish-
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Fig 5. Meningioma.

A, Axial postcontrast MR T1-weighted
image (600/15/1) shows the position of a
single voxel, which tightly fits the lesion with
little contribution from the surrounding
brain.

B, Proton MR spectroscopy shows pat-
terns similar to those seen in astrocytomas
with elevated Cho and low NAA. There is no
obvious lactate or alanine. Spectra were ob-
tained before contrast was given.

C, Axial precontrast MR T1-weighted im-
age (770/15/1) shows location of the vol-
ume of interest within a frontobasal menin-
gioma (surgically proved).

D, Proton MR spectra show Cho (1), Cr
(2), and a peak (A-L) at 1.3 to 1.4 ppm,
corresponding to alanine and/or lactate. No
definite NAA is identified.

able from those of astrocytomas and only
rarely show the alanine peak (Fig 5). The
presence of NAA may be related to a partial
volume-averaging artifact from adjacent brain
included in the volume of interest. Other ex-
traaxial masses, such as schwannomas, also
show increased lipid, lactate, and Cho peaks.

Metastases

In adults with multiple brain lesions the pri-
mary differential diagnosis is that of metasta-
ses. In the presence of a single lesion, differ-
entiating between primary and secondary
brain tumors is important but not often possi-
ble. Unfortunately, proton MR spectroscopic
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findings are also nonspecific in this situation
(21, 23). Metastases commonly show moder-
ate to marked reduction of NAA, a decreased
Cr signal, and elevated Cho (Fig 6). Obvi-
ously, these features are identical to those
present in astrocytomas (see above). Some
metastases (particularly those from breast
carcinomas) may also contain lipids (24).
Lipid resonance may also be present in high-
grade astrocytomas and is caused by the
presence of necrosis. Metastases to the brain
pose challenging demands to the spectrosco-
pist, because their small size may require
small voxels and a larger number of signal
averages. If analyzed with larger voxels, which
may include normal surrounding tissues, par-
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tial volume artifacts that render the MR spec-
tra suboptimal may result. In addition, be-
cause of the peripheral location of these
lesions, lipids from the subcutaneous scalp fat
may contaminate the sample.

Radiation injury

Histologically, radiation injury is character-
ized by damage to the vascular endothelium
that may result in ischemia and necrosis. Proton
MR spectroscopy shows elevation of lactate in
patients who have received 40 Gy or more to
the brain (25). This abnormality is appreciable
even when the MR imaging studies are normal.
Therefore, proton MR spectroscopy may be
promising as a tool for the detection of radiation
injury before it becomes evident by MR imaging.

Radiation necrosis may be indistinguishable
from residual and recurrent tumors by com-
puted tomography, MR, single-photon emission
computed tomography, and even positron
emission tomographic imaging (25). At our in-
stitution, 25 patients with brain tumors treated
with a combination of radiation and chemother-
apy underwent serial proton MR spectroscopic
studies (Ende J, Scatliff JH, Powers S, et al,
“Spectral proton and P-31 MR Spectroscopy
Patterns of Treated Human Brain Tumors,” pre-
sented at the 11th Annual Meeting of the Soci-
ety of Magnetic Resonance in Medicine, Berlin,
Germany 1992). In 9 patients with tumor recur-
rence, proton MR spectroscopy showed ele-
vated Cho/NAA, Cho/Cr, and the presence of
lactate (Fig 7A and B). Eight patients with ra-
diation necrosis showed highly depressed levels
of NAA, Cho, and Cr and an intense and broad
peak between 0 and 2.0 ppm. This peak is
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Fig 6. Metastasis.

A, Single-volume proton MR spectros-
copy in a solitary brain metastasis (proved
small-cell carcinoma). Note decreased NAA
with respect to Cho and Cr, which appear
elevated. Large peaks (small and large as-
terisks) are probably combination of lactate
and lipids.

B, Axial MR T2-weighted image (4000/
93/1) shows the position of the voxel with
respect to the lesion. Note that the voxel is
eccentric to the lesion to avoid skull and
subcutaneous fat. The tumor occupies ap-
proximately 80% of the voxel.

consistent with tissue necrosis. This cellular
breakdown peak probably consists of free fatty
acids, lactate, and amino acids (Fig 7C). Ele-
vated lactate, reflecting severe tissue ischemia
and/or mitochondrial damage, was also present
in these patients.

Human Immunodeficiency Virus (HIV)
Infection

In more than 60% of persons with acquired
immunodeficiency syndrome (AIDS), a demen-
tia complex will develop (26). MR imaging find-
ings, which include diffuse brain atrophy and
white matter hyperintensities in the frontopari-
etal regions on T2-weighted images, are evident
only in advanced cases. Therefore, it would be
advantageous to develop a method that may
detect the AIDS dementia complex before it
becomes evident by physical examination or by
MR imaging. Proton MR spectroscopy demon-
strates marked metabolic alterations in patients
with only mild AIDS-related dementia. The met-
abolic abnormalities increase proportionally
with the severity of the diseases (27). Also, MR
spectral abnormalities correlate with diffuse, but
not with focal, signal abnormalities on MR im-
aging studies (28). In patients with AIDS de-
mentia complex, proton MR spectroscopy
shows a net reduction of NAA and decreases of
NAA/Cho and NAA/Cr ratios (Fig 8). In patients
with very low CD4 lymphocyte counts and ab-
normal MR imaging studies of the brain, the
Cho/Cr ratio is increased (inferring a net in-
crease in Cho) (26).

HIV-infected mothers may transmit the virus
to their offspring. Approximately 25% to 40% of
these newborns will seroconvert eventually
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A, Axial MR T2-weighted image (2300/90/1) in a patient after resection of a left temporal anaplastic astrocytoma and treatment with
intraarterial chemotherapy and radiation. There is an abnormal area of increased signal intensity encompassed in volumes 19 to 24. No

enhancement was present after gadolinium administration.

B, Proton MR spectroscopy in volumes 19 to 24. The concentrations of Cho, Cr, and NAA are normal in volume 19. Volume 21 shows
low NAA, high Cho, and lactate (arrow) compatible with a recurrent tumor (later proved by surgery). Volume 24 shows no NAA, low Cho,
and a “death peak” (D) (combination of lactate and cellular breakdown products). At surgery, this region was necrotic brain probably

as a sequela of irradiation.

C, Single-voxel proton MR spectroscopy in a surgically proved region of radiation-induced necrosis shows large death peak.

(29). Determining positive seroconversion dur-
ing the initial 6 months of life may be difficult.
Despite normal MR brain images, HIV-positive
newborns may show abnormal proton MR spec-
tra as early as 10 days after birth (29). These
abnormalities include higher NAA/Cr and
Cho/Cr ratios than in healthy control subjects.
Also, in these patients abnormal resonances be-
tween 2.1 and 2.6 ppm (overlapping the NAA
peak) may be present. These have been termed
“marker peaks,” and their significance is not
known.

Degenerative Disorders of the Elderly:
Alzheimer and Parkinson Diseases

Alzheimer disease is a common disorder ac-
counting for more than 40% of dementias in the
elderly (30). Histologically, it is characterized
by neuronal loss, neurofibrillary tangles, and
amyloid deposits. However, because these

changes also occur with normal aging, they
need to be extensive before the diagnosis of
Alzheimer disease may be made with certainty.
Biochemically, Alzheimer disease is character-
ized by decreased cortical acetylcholine caused
by a loss of cholinergic cells that are critical for
normal memory and cognition. The clinical
manifestations of the disease may be subtle and
insidious, and often the diagnosis is difficult. A
noninvasive tool with which to diagnose early
Alzheimer disease is therefore highly desirable.
Two clinical series with a total of 76 patients
with Alzheimer disease in which proton MR
spectroscopy was used to study the brain have
been published in the radiology literature (30,
31). In both studies, NAA was decreased, and
myoinositol was increased. These findings were
present even in cases of mild to moderate de-
mentia. Recently, it has been suggested that the
decrease in NAA may be caused by acute
deafferentation in the brains of patients with
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Fig 8. HIV infection.

A, Single-voxel proton MR spectroscopy in a high-risk patient
(intravenous drug user and homosexual) who is HIV negative at
this time. (For all figures, I indicates Cho; 2, Cr; and 3, NAA.)

B, Single voxel (same location as A) in same patient after
seroconverting to HIV positive. The NAA has decreased relative to
Cho and Cr.

C, Single voxel (same location as A and B) in same patient at
the time of severe dementia and 2 weeks before death. Note the
marked decrease in NAA probably related to neuronal loss or
dysfunction.

Alzheimer disease, which is reflected by a trans-
synaptic decrease in NAA levels (32). There-
fore, proton MR spectroscopy shows promise as
an early diagnostic tool for Alzheimer disease. It
remains to be determined whether Cho (reflect-
ing the presence of acetylcholine) is decreased
in patients with Alzheimer disease. Other de-
mentias do not commonly show alterations of
myoinositol (30).
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Parkinson disease is characterized by re-
duced activity of the electron transport chain in
the substantia nigra, platelets, and muscle (33).
These findings imply that Parkinson disease is a
systemic disease in which there is a dysfunction
of the mitochondrial electron transport chain. In
these patients, NAA, Cho, and Cr are normal,
but lactate is increased (33). Patients with su-
perimposed dementia have a more significant
elevation of lactate than do patients with iso-
lated Parkinson disease.

Degenerative Disorders in Children

The clinical symptoms and imaging features
of degenerative brain disorders presenting dur-
ing childhood tend to be nonspecific. Although
many of these disorders have specific biochem-
ical markers, a noninvasive method that pro-
vides an early diagnosis and could be used to
follow up these children is desirable. Demyeli-
nating childhood disorders show low NAA/Cr
ratios (34). The lowest ratios are found in chil-
dren with severe atrophy and white matter
changes. Similar proton MR spectroscopic find-
ings are also present in children with neuronal
degenerative disorders. Patients with Alex-
ander, Schilder, Cockayne, Leigh, and Peliza-
eus-Merzbacher diseases also show decreased
NAA and elevated lactate (35). Unfortunately,
these abnormalities are nonspecific and do not
permit differentiation of these disorders. Pa-
tients with childhood adrenoleukodystrophy
show, by proton MR spectroscopy, decreased
NAA/Cr and increased Cho/Cr ratios (36).
These patients also show elevations of the lac-
tate, glutamate, glutamine, and inositol peaks.
The only disorder in which proton MR spectros-
copy may provide a conclusive diagnosis is
Canavan disease (37, 38). These children show
a marked increase of the NAA peak (Fig 9).
Biochemically, this occurs because of a defi-
ciency in the enzyme aspartoacyclase, whose
function is to break down NAA. When this en-
zyme does not function properly, NAA in-
creases. Elevated concentration of NAA may be
at least partly responsible for the degeneration
of the brain present in these patients.

MELAS is a rare disorder clinically character-
ized by mitochondrial myopathy, encephalopa-
thy, lactic acidosis, and strokes (39). Although
many children with this disorder have abnormal
MR imaging findings (abnormal signal intensity
in the basal ganglia and infarctions) that in the
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Fig 9. Canavan disease. Single-voxel proton MR spectros-
copy in a patient with Canavan disease shows marked elevation of
NAA. Lac indicates lactate. (Courtesy of Drs R. A. Zimmerman
and Z. Wang, Childrens Hospital of Philadelphia.)

correct clinical setting may suggest the disor-
der, MELAS is a group of disorders with variable
clinical expression, and in some patients, MR
imaging of the brain may be normal or near-
normal. In patients with this disorder, proton MR
spectroscopy shows an elevation of lactate (39,
40) (Fig 10). Lactate normalizes in chronic in-
farctions, which also show a decrease in NAA.

Hepatic Encephalopathy

This type of encephalopathy results from cir-
rhosis and other chronic liver disorders. It is
clinically characterized by changes in mood and
behavior, tremors, dysarthria, dementia, and
myelopathy (41). Establishing the diagnosis of
hepatic encephalopathy with certainty in many
patients is difficult; moreover, many patients
have a subclinical form of the disease. In pa-
tients with hepatic encephalopathy, proton MR
spectroscopy shows an elevation of glutamine
levels and a reduction in Cho and myoinositol
levels (42). Indeed, a reduction in the levels of
myoinositol is even present in patients with liver
disease but who have no overt neurologic im-
pairment (41, 42). Therefore, it may be possible
to screen for subclinical hepatic encephalopa-
thy with proton MR spectroscopy.

Cerebral Ischemia

Because early and aggressive treatment (in-
cluding intraarterial thrombolysis performed by
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Fig 10. MELAS syndrome. Single-voxel proton MR spectros-
copy over the centrum semiovale in a patient with MELAS syn-
drome shows normal Cho (1), Cr (2), and NAA (3) and mild
elevation of lactate (4) (from Castillo et al [39]).

radiologists) of cerebral infarctions is being cur-
rently evaluated, a noninvasive diagnostic test
that confirms the presence of hyperacute
strokes is desirable. Computed tomography
changes are difficult to identify during the first
24 hours after the ictus. Although MR imaging
abnormalities may be present as early as 3
hours after the onset of symptoms, permanent
tissue damage may be already present at that
time. In humans, proton MR spectroscopy per-
formed in the initial 24 hours after a stroke
shows elevation of lactate implying ischemia
(43) (Fig 11). Decreased NAA may be ob-
served as early as 4 days after infarction (44).
Chronic infarctions show decreased NAA, Cr,
and Cho, but no evidence of lactate (45). Ex-
perimentally, an increase in lactate may be de-
tected after only 2 to 3 minutes of cerebral
ischemia (46). In these animals, the lactate re-
turned to normal when the hypoxic insult was
reversed. The role of proton MR spectroscopy in
the evaluation of human hyperacute cerebral
infarction still needs to be evaluated.

White matter hyperintensities on T2-
weighted MR images are common and are
found in approximately 30% of patients older
than 60 years of age (47). Their cause is uncer-
tain but differentiating them from true infarc-
tions is important. Proton MR spectroscopy
shows that these age-related white matter
changes contain normal levels of NAA and Cr
(48). Their Cho level is increased, suggesting
an alteration of the white matter phospholipids.
They do not contain lactate.
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Fig 11. Acute ischemia. Single-volume proton MR spectros-
copy in the right temporal region in a patient with a suspected
middle cerebral artery infarct. MR spectroscopy obtained within
48 hours of ictus shows normal concentrations of Cho (1), Cr (2),
and NAA (3). Note that in this study obtained with a TE of 136
milliseconds, the lactate doublet (Lac) is inverted. NAA is normal,
because neuronal loss does not occur this early.

Systemic disorders, which result in central
nervous system vasculitis, may be subclinical
for prolonged periods of time. Patients with lu-
pus erythematosus have decreased NAA/Cr ra-
tios (49). These ratios are lower in patients with
concomitant severe cerebral atrophy and prob-
ably reflect neuronal loss.

Seizure Foci: Hippocampal Sclerosis and
Rasmussen Encephalitis

Hippocampal sclerosis may be pathologically
identified in approximately 65% of patients with
temporal lobe seizures (50). MR imaging can
identify hippocampal abnormalities in 70% of
these patients. Visual determination of hip-
pocampal abnormalities is also difficult, partic-
ularly in patients with bilateral involvement.
Having a noninvasive tool that could lateralize
the focus of seizures in all patients would be
desirable. Proton MR spectroscopy of the hip-
pocampus is difficult to obtain because of its
small size (which requires the use of very small
voxels) and because of the presence of adjacent
bone in the floor of the middle cranial fossa that
introduces magnetic susceptibility artifacts. By
proton MR spectroscopy, the epileptogenic hip-
pocampus shows decreased NAA/Cho ratios,
an increased or a normal Cho/Cr ratio, and oc-
casionally elevated lactate (51). The reduction
in NAA corresponds with the neuronal loss seen
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on histology. Because these abnormalities are
not present in the normal hippocampus, abnor-
mal proton MR spectra seem to be excellent
markers for locating a seizure focus. It has been
recently shown that shortly after the onset of
status epilepticus, the hippocampi may become
swollen (Tien RD, Felsberg GJ, “The Genesis of
Human Mesial Temporal Sclerosis after Status
Epilepticus: Evaluation with Sequential High-
Resolution Fast Spin-Echo MR Imaging, pre-
sented at 33rd Annual Meeting of the American
Society of Neuroradiology, Chicago, 1995).
This abnormality may resolve on follow-up MR
imaging studies or result in hippocampal scle-
rosis. Proton MR spectroscopy of the acutely
swollen hippocampus showed normal concen-
trations of NAA, Cho, and Cr, but increased
lactate, suggesting that ischemia may precede
and predispose to hippocampal sclerosis.

Rassmussen encephalitis is a devastating
cause of unilateral epilepsy (epilepsia partialis
continua). As many as half of these patients
have histories of infectious diseases before the
onset of seizures (52). This disorder has been
associated with infection by the Epstein-Barr
virus and cytomegalovirus. Pathologically,
there are atrophy and chronic inflammatory
changes in the involved region. MR imaging
shows volume loss and areas of increased T2
signal intensity, generally confined to one cere-
bral hemisphere. In our experience, there is se-
vere loss of NAA in the affected region by pro-
ton MR spectroscopy. More importantly, we
have observed decreased NAA in contralateral
cerebral hemispheres, which were normal on
MR imaging. Because functional hemispherec-
tomy may be indicated for the control of phar-
macologically refractory seizures in these pa-
tients, knowledge that abnormalities are present
in both hemispheres may preclude this type of
treatment.

Some Innovative Applications of MR
Spectroscopy

Measurement of Psychoactive Drugs

The best-known application of proton MR
spectroscopy for the measurement of psycho-
active drugs in humans is the quantification of
brain lithium (53). Lithium is a drug used for the
treatment of patients with bipolar disorders and
probably acts by decreasing the transport of
Cho into cells (10). Measurements of serum
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lithium levels do not have a clear relationship to
recurrence of this disorder. Approximately 30%
to 50% of patients with therapeutic serum levels
of lithium will experience a relapse each year
(53). Gonzalez et al (54) have developed a
method using proton MR spectroscopy that pro-
vides adequate measurement of brain lithium in
humans. This highly reliable method may play
an important future role in the treatment of bi-
polar disorders. It remains to be determined
whether proton MR spectroscopy will show a
reduction in brain Cho levels in patients receiv-
ing lithium therapy.

Neurofibromatosis Type 1

By MR imaging, approximately 43% of pa-
tients with neurofibromatosis type 1 will show
areas of increased T2 signal intensity in the
brain (55). These lesions tend to remain static
over time or to decrease in size. They are not
malignant, and for lack of a better term they are
called “hamartomas.” In this group of patients,
6% to 15% will develop cerebral astrocytomas.
These are commonly of low histologic grade
and may be indistinguishable from the so-called
hamartomas by MR imaging alone. We have
successfully used proton MR spectroscopy to
characterize these hamartomas (56). In our se-
ries, 10 patients with neurofibromatosis type 1
and cerebral lesions, which were presumed to
represent hamartomas (unchanged in size dur-
ing a 3-year period, no mass effect or edema,
and no contrast enhancement), were examined
with localized MR spectroscopy volumes. When
the results obtained from the lesions were then
compared with those obtained from the brains
of healthy volunteers, no significant differences
were found (Fig 12). This observation implies
that lesions in patients with neurofibromatosis
type 1 may be assumed to be benign when their
proton MR spectra are that of (or very close to)
normal brain. Because astrocytomas have sig-
nificantly different proton MR spectra than nor-
mal brain (see above), they may be readily
distinguished from hamartomas. Proton MR
spectroscopy also helped us characterize an en-
hancing, but stable, mass in the cerebellum of a
child with neurofibromatosis type 1 (57). De-
spite enhancement on MR images after gado-
linium administration, this lesion showed proton
MR spectra identical to that of normal cerebel-
lum. In this patient, this information led to the
avoidance of surgery, and the lesion has re-
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Fig 12. Hamartoma in neurofibromatosis type 1. Single-
volume proton MR spectroscopy in left basal ganglia hamartoma
in a patient with neurofibromatosis type 1 shows normal Cho (1)
and Cr (2) and minimally decreased NAA (3). These findings are
remarkably similar to normal brain (compare with Fig 1) and very
different from those expected in glial malignancies (compare with
Fig 4) (from Castillo et al [56]).

mained unchanged for 4 years after its discov-
ery. In a different patient with neurofibromatosis
type 1 and a cerebellar mass that demonstrated
growth in a 12-month period, proton MR spec-
troscopy showed changes compatible with a
tumor, and resection yielded a low-grade astro-
cytoma.

Cerebral Heterotopias

Small gray matter heterotopias are found in
as many as 10% of children with medically re-
fractory seizures (58). These are easily diag-
nosed by MR images, because they parallel the
signal intensity of normal cortex in all se-
quences and do not enhance after contrast ad-
ministration. Rarely, these heterotopias may be
very large, and because they may contain ce-
rebrospinal fluid spaces and vessels, they may
be confused with tumors. Biopsies of such le-
sions will further confound the diagnosis, be-
cause the pathologist may interpret them as
ganglion cell tumors (58). In these lesions, pro-
ton MR spectroscopy may show that their me-
tabolite concentrations are identical or very
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Fig 13. Maxillary sinus squamous cell
carcinoma.

A, Axial MR T1-weighted image (600/
15/2) shows the location of the voxel within
the mass in the left maxillary sinus (proved
squamous cell carcinoma).

B, Proton MR spectroscopy shows ele-
vated Cho with respect to Cr. S indicates
sialic acid, which is present in malignancies
outside the central nervous system; ME,
methylene; and My, methyl; both are found

pn/ W

in membrane lipids of malignancies.

C, Axial MR T1-weighted image (600/
15/2) shows the voxel encompassing the
left-sided compartment of the sphenoid si-

nus. It was unclear whether the opacification
of this sinus was secondary to postobstruc-
tive inflammation or tumor invasion.

D, Proton MR spectroscopy from the
sphenoid sinus shows no discernible Cho or
Cr. A small peak for sialic acid (1) is present.
A large peak (2) at 1.3 ppm may be related
to lipids in inflammatory tissues. At surgery,
there were only inflammatory mucosa
changes and retained secretions in this
region.

2.00

PPM

00

similar to that of normal brain, thereby estab-
lishing the diagnosis of giant heterotopia
(hamartomatous malformation) (17).

Multiple Sclerosis

MR images with contrast will show enhance-
ment in active multiple sclerosis lesions. It has
been shown that NAA is decreased in patients
with chronic multiple sclerosis in whom axonal
loss has occurred (59). Conversely, in acute
plaques, NAA may be normal, indicating that
the axons have not yet disappeared or have
been permanently damaged. In addition, reso-
nances corresponding to free lipids (0.9 to 1.6
ppm) have been observed in chronic multiple
sclerosis plaques and may reflect disintegration
of myelin.

Malignant Head and Neck Tumors

Proton MR spectroscopy has been used to
study orbital tumors (60, 61). Despite their rel-
atively small size, adequate MR spectra may be
obtained in vivo. Ocular melanotic melanomas
show a large peak at 6.72 ppm that corre-
sponds to melanin (61). Preliminary data also

indicate that proton MR spectroscopy may be
used to characterize extracranial head and neck
malignancies in vivo (61, 62). Lipomas show
resonances at 1.29 and 2.13 ppm that corre-
spond to lipids. Proton MR spectroscopy may
also be useful in separating truly benign follic-
ular thyroid masses from follicular malignancies
(63). Thyroid carcinomas show resonances
from amino acids, glutamate (2.20 ppm), and
valine (0.71 ppm) (64).

At our institution we have found that an in-
creased Cho/Cr ratio is present in all squamous
cell carcinomas of the upper aerodigestive track
when compared with normal tissues (Mukherji
SK, Schiro S, Castillo M, Kwock L, Soper R,
Blackstock W, unpublished data) (Fig 13). We
have confirmed this preliminary observation by
analyzing tissue blocks from squamous cell car-
cinomas with proton MR spectroscopy at 11 T.
Currently, we are evaluating the potential utility
of proton MR spectroscopy in the differentiation
of recurrent and residual tumors from posttreat-
ment changes, monitoring the response of tu-
mors during and after treatment, attempting to
detect and to characterize occult nodal metas-
tases in sites that are indeterminate by both
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physical examination and imaging studies, and
detecting unknown primary sites.
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