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ORIGINAL
RESEARCH

Low-Grade Glioma: Correlation of Short Echo
Time 1H-MR Spectroscopy with 23Na MR Imaging

R. Bartha
J.F. Megyesi
C.J. Watling

BACKGROUND AND PURPOSE: There is considerable variability in the clinical behavior and treatment
response of low-grade (WHO grade II) gliomas. The purpose of this work was to characterize the
metabolic profile of low-grade gliomas by using short echo time 1H-MR spectroscopy and to correlate
metabolite levels with MR imaging-measured sodium (23Na) signal intensity. Based on previous
studies, we hypothesized decreased N-acetylaspartate (NAA) and increased myo-inositol (mIns),
choline (Cho), glutamate (Glu), and 23Na signal intensity in glioma tissue.

MATERIALS AND METHODS: Institutional ethics committee approval and informed consent were ob-
tained for all of the subjects. Proton (1H-MR) spectroscopy (TR/TE � 2200/46 ms) and sodium (23Na)
MR imaging were performed at 4T in 13 subjects (6 women and 7 men; mean age, 44 years) with
suspected low-grade glioma. Absolute metabolite levels were quantified, and relative 23Na levels were
measured in low-grade glioma and compared with the contralateral side in the same patients.
Two-sided Student t tests were used to test for statistical significance.

RESULTS: Significant decreases were observed for NAA (P � .001) and Glu (P � .004), and increases
were observed for mIns (P � .003), Cho (P � .025), and sodium signal intensity (P � .001) in low-grade
glioma tissue. Significant correlations (r2 � 0.25) were observed between NAA and Glu (P � .05) and
between NAA and mIns (P � .01). Significant correlations were also observed between 23Na signal
intensity and NAA (P � .01) and between 23Na signal intensity and Glu (P � .01). Ratios of NAA/mIns,
NAA/23Na, and NAA/Cho were altered in glioma tissue (P � .001); however based on the t statistic,
NAA/23Na (t � 9.6) was the most significant, followed by NAA/mIns (t � 6.1), and NAA/Cho (t � 5.0).

CONCLUSION: Although Glu concentration is reduced and mIns concentration is elevated in low-grade
glioma tissue, the NAA/23Na ratio was the most sensitive indicator of pathologic tissue.

Low-grade (WHO grade II) gliomas, including astrocytoma,
oligodendroglioma, and mixed glioma (oligoastrocy-

toma), account for 10%–20% of primary brain tumors in
adults.1 Although such tumors are more indolent than high-
grade gliomas, there is considerable variability in their clinical
behavior.2 They are capable of malignant transformation and,
ultimately, are almost universally fatal. Pathologically, these
tumors are diffuse and infiltrative but lack such anaplastic
features as necrosis, endothelial proliferation, and mitotic
activity.3

Tailoring treatment to the individual patient requires a bet-
ter understanding of the factors that account for the variability
in tumor behavior.4,5 Currently, neither the appearance of a
low-grade glioma on conventional MR imaging nor tumor
pathology can completely predict future tumor behavior or
response to treatment. Metabolic profiling of these tumors
with MR spectroscopy has the potential to improve our ability
to predict the biological behavior and treatment response of

low-grade gliomas and to better delineate tumor boundaries.
Previous in vitro and in vivo MR spectroscopy studies have
identified metabolic markers that help noninvasively discrim-
inate tumor type,6-8 aid in radiation treatment planning,9 or
predict survival.10 Most studies have used long echotime spec-
troscopy acquisitions (TE � 130 ms), limiting tumor metab-
olite characterization to the dominant peaks in the 1H spec-
trum: N-acetylaspartate (NAA; a putative marker of neuronal
viability), total creatine (Cr; involved in energy metabolism),
choline-containing compounds (Cho; associated with mem-
brane breakdown/synthesis), and lactate (associated with an-
aerobic glycolysis). Typically, low-grade glioma is character-
ized by reduced NAA due to reduced neuronal attenuation,
reduced Cr due to a hypermetabolic state, and increased Cho,
reflecting increased membrane turnover.6,8 The metabolites
glutamate (Glu) and myo-inositol (mIns), measurable by
shorter echotime 1H-MR spectroscopy, may provide addi-
tional information about the pathologic state of the neoplasm.
A previous study11 has demonstrated that highly malignant
tumors may release excess Glu to kill surrounding tissue and
promote tumor growth, and increased Glu plus glutamine
(Gln) has been measured previously in oligodendroglioma by
1H-MR spectroscopy.12 mIns activation of protein kinase C13

has also been associated with tumor malignancy. The limited
use of short echotime 1H-MR spectroscopy is due mainly to
the difficulty in quantifying metabolites with complicated j-
modulated spectral line shapes and the uncertainty introduced
by less well-characterized macromolecule resonances beneath
the metabolites of interest.

Tumors may also be characterized by the local concentra-
tion of total sodium, which is sensitive to changes in the tumor
microstructure.14-16 For example, neoplastic cell proliferation
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and packing, cell death, and necrosis expand the extracellular
space in tumors. A defective blood-brain barrier in tumors
also permits water, electrolytes, and proteins to enter the ex-
tracellular space leading to vasogenic edema. Because both
intracellular and extracellular sodium levels may be increased
in tumors, 23Na MR imaging represents a potentially sensitive
and noninvasive means of monitoring tissue sodium content
related to cancer pathology.15-18

The purpose of this study was to prospectively characterize
the metabolic profile of low-grade gliomas by using 1H-MR
spectroscopy and to correlate metabolite levels with MR im-
aging-measured sodium signal intensity. Based on previous
studies, it was hypothesized that levels of NAA would be re-
duced, and levels of Cho, mIns, Glu, and 23Na signal intensity
would be increased in low-grade glioma compared with nor-
mal tissue.

Methods
Thirteen patients with suspected low-grade glioma (7 male and 6

female; mean age, 44 � 10 years) participated in this study, which was

approved by the local ethics review board for health sciences research

involving human subjects. Informed consent was obtained from all of

the patients. Patients whose initial MR (n � 12) or CT (n � 1) imag-

ing was considered highly suggestive of a diagnosis of low-grade gli-

oma were considered eligible for the study. The treatment plan for

each patient was not affected by the study and was determined by the

treating oncologist. Pathologic classification of tumor type was ob-

tained for patients when available from their clinical assessments. MR

spectroscopy data from the parietal white matter of 10 young healthy

control subjects who participated in a previous study19 were also ret-

rospectively examined to provide context for the current study.

Data Acquisition
All of the in vivo images were acquired on a Varian (Palo Alto, Calif)

whole body 4T MR scanner using a Sonata gradient coil (Siemens,

Erlangen, Germany). Each study began with the acquisition of 3D

inversion-prepared T1-weighted fast low-angle shot (FLASH) volu-

metric images (TI/TR/TE � 500/9.5/5 ms; 256 � 256 in-plane reso-

lution; FOV, 24 cm; 64 sections; 2.5-mm thickness). In a subset of

patients (n � 10), fast spin-echo (FSE) images (TR/TE � 4500 –7000/

15–123 ms; 256 � 256 in-plane resolution; FOV, 22–24 cm; 21 sec-

tions; 5-mm thickness) were also acquired to aid in positioning a

single voxel within the tumor. Full spectra (metabolite and macro-

molecule, 128 averages), macromolecule spectra (128 averages), and

water unsuppressed spectra (8 averages) were acquired as described

previously19 from voxels with volumes ranging from 1.3 cm3 to

17.9 cm3 (average � SD � 6.9 � 4.6 cm3) positioned within the

tumor (n � 13) and in healthy tissue on the contralateral side (n �

10; Fig 1A). Spectra were localized by adiabatic selective refocusing

(LASER20; 500-�s dwell time; 2-kHz receiver bandwidth; TE, 46

ms; TR, 2.2 seconds) preceded by variable power RF pulses with op-

timized relaxation delays water suppression,21 using 3 pairs of 3.5-ms

hyperbolic secant (HS2 and R1520) adiabatic inversion pulses. Al-

though an echo time of 46 ms is not normally considered a short echo

time, the refocusing ability of the LASER pulse sequence due to the

close spacing of adiabatic inversion pulses (6 ms) reduced j-coupling

signal intensity modulation and allowed quantification of metabolites

such as Glu20 that are normally only quantified with shorter echo

times (eg, 20 ms).

After anatomic imaging and 1H-MR spectroscopy acquisitions,

the 1H hybrid birdcage coil was replaced with a 16-rung quadrature
23Na hybrid birdcage coil without moving the subject. 3D single-

quantum 23Na volumetric images (64 � 64 in-plane resolution; FOV,

24 cm; 16 sections; 10-mm thickness; TR, 25 ms; bandwidth, 6.4 kHz;

24 averages; 10.2-minute acquisition time; TE, 3.8 ms) were acquired

using a FLASH imaging sequence as described previously.22,23 A gra-

dient-echo sequence with an asymmetric (67%) k-space readout (43

of 64 points) was chosen instead of a spin-echo sequence to minimize

echo time and energy deposition and to increase signal-to-noise ratio

(SNR).22 At the minimum echo time achieved (3.8 ms), this pulse

sequence was primarily sensitive to the long T2 component of the
23Na signal intensity. To provide greater sensitivity to the short T2

component, sequences capable of shorter echo times must be

used.24,25 Excitation power levels were calibrated for each acquisition

to maximize SNR (Ernst angle, �49°, assuming that T1 of 23Na is 60

ms at 4T). The 23Na images were acquired at the same positions and

with the same FOV as the 1H FLASH images (1 23Na image � 4 1H

images) and, therefore, did not require further alignment or

registration.

Data Processing and Metabolite Quantification
All of the spectroscopy data were line-shape corrected,26 processed

(the macromolecule contribution removed and residual water sub-

tracted), and metabolites quantified by a single researcher as de-

scribed previously.19 To quantify metabolite levels, metabolite spectra

were fit in the time domain by using a Levenberg-Marquardt mini-

mization routine incorporating prior knowledge from 19 metabolite

line shapes.27 Metabolite levels were normalized to the level of unsup-

pressed water within the tissue of each voxel.28 To estimate the con-

centration of unsuppressed water in each voxel, the water content was

estimated at 81%, 71%, and 94% in gray matter, white matter, and

low-grade tumor, respectively.7,28 The average ratio of gray matter/

white matter/CSF was determined for each voxel by segmenting the

T1-weighted images into gray matter/white matter/CSF probability

maps using Statistical Parametric Mapping (SPM5,29) in Matlab

(Macintosh v7.3.0.298; The Mathworks, Natick, Mass). To perform

Fig 1. Transverse T1-weighted (A; TI/TR/TE � 500/9.5/5 ms),
23Na (B; TR/TE � 25/3.8 ms), and FSE (C; TR/TE � 4500/15
ms) 4T MR images of a typical low-grade glioma in the same
patient. The T1-weighted image has a 10-mm section thick-
ness corresponding with the 23Na image thickness. The white
arrow identifies the low-grade glioma in each image. White
boxes outline tissue regions in tumor (A) and on the con-
tralateral side (B) studied by spectroscopy.
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the analysis, the T1-weighted images were warped to a standard space,

and a template of tissue probability was used. The contribution of

gray matter, white matter, and CSF to each voxel in normal tissue was

calculated by using a plug-in written in ImageJ (National Institutes of

Health, Bethesda, Md). Because the same method could not be used

to determine the contribution of glioma tissue to a voxel, an average

ratio of glioma tissue/CSF within a voxel was estimated as 98%/2% in

low-grade tumors. A correction was made for T1 and T2 relaxation

signal intensity loss in water and metabolite spectra by using estimates

of these time constants from the literature6,19,30-33 (Table). For spec-

tra acquired in tissue contralateral to the tumor, a weighted average of

relaxation time constants based on the average gray matter/white

matter tissue fraction was used to determine T1 and T2 signal inten-

sity attenuation. The measurement of metabolite T2 values in tumors

has been only sparsely reported, with considerable variability for

NAA, Cr, and Cho.6,34-36 Due to the inconsistency in these reports,

the values for normal white matter were used in the current study. The

average line width (full width at half maximum) of the unsuppressed

water spectra was quantified for tumors and control data to support

the use of a greater T2 time constant in glioma tissue.6 Metabolite

levels were calculated by using equations 1 and 2 in Stanley et al,28 but

also incorporating the relaxation time corrections detailed above, as

follows:

1) Amet � Areametabolite � RMetabolite

2) AH2O � Areawater � ��FGray � RGray	 �

�FWhite � RWhite	 � �FGlioma � RGlioma	


where Amet and AH2O are defined in reference 28, Areametabolite is the

fitted area of a metabolite, Areawater is the fitted area of the water peak

in the water unsuppressed spectrum, F is the fraction of specified

tissue in the voxel (gray matter, white matter, or glioma), and R is the

relaxation correction factor for a specified tissue and metabolite in

equations 1 and 2 defined as follows:

3) RTissue/Metabolite � [(1 � e�TR/T1) � e�TE/T2]�1

where T1 and T2 are the relaxation time constants defined in the

Table corresponding with the tissue or metabolite, and TR is the rep-

etition time and TE is the echo time of the spectroscopy sequence. An

extra term (0.937 � fglioma) was also added to equation 2 in Stanley et

al28 to correct for the increased water concentration in glioma tissue

(where fglioma is the fraction of glioma tissue in the voxel).

Sodium images were reconstructed using a 3D fast Fourier trans-

form without zero-filling or spatial filters. The average sodium signal

intensities for pixels in the sodium image that contributed to each

spectroscopy voxel (including all of the sections that intersected with

the voxel) were automatically calculated using a plug-in written for

ImageJ. Pixels on the boundary of the voxel were weighted by the

fraction of the pixel in the sodium image that was contained within

the spectroscopy voxel. The sodium signal intensity acquired at

3.8-ms echo time is dominated by the long T2* relaxation compo-

nent.22 The T2* of this component (18 ms) has been characterized

previously in normal tissue22 and was measured in 1 low-grade gli-

oma patient in the current study (27 ms) to estimate T2* in low-grade

glioma. Therefore, the average sodium intensities in voxels within

glioma were corrected for the long component of T2* relaxation by

using a T2* time constant of 27 ms. The corrected sodium intensity

was then normalized to the corrected 23Na signal intensity (by using a

T2* time constant of 18 ms) from a region of normal-appearing white

matter (manually outlined) on the contralateral side. Therefore, re-

ported values represent the percentage of sodium signal intensity nor-

malized to white matter.

Statistical Analysis
All of the statistical tests were performed in Prism (v4.0b for Macin-

tosh, 2004; GraphPad Software, San Diego, Calif). The line widths of

the unsuppressed water spectra from tumor and contralateral tissue

were compared using a 2-sided Student t test (P � .05 was considered

statistically significant). The average (�SD) level of all 19 metabolites

and 23Na signal intensity was determined in healthy tissue and in

tumor tissue. Average metabolite levels measured with coefficients of

variation (SD/mean � 100%) of less than 50% in control tissue

(NAA, Glu, Cr, Cho, and mIns) were compared. To determine

whether metabolite levels and tissue 23Na were different in low-grade

glioma and normal tissue, levels from a low-grade tumor were com-

pared with levels from contralateral tissue in the same subjects. These

comparisons were made with 2-sided Student t test (P � .05 was

considered statistically significant). To determine whether levels of

NAA and 23Na signal intensity were correlated with other measured

metabolite levels that were found to be significantly different between

groups, the Pearson correlation coefficients and associated P values

were calculated. Metabolites were considered significantly correlated

if r2 was �0.25 and P value was �.05.

Based on the absolute metabolite level changes hypothesized, sev-

eral metabolite ratios (NAA/mIns, NAA/23Na, and NAA/Cho) were

also examined to determine whether these would provide greater dis-

crimination between glioma tissue and normal tissue. Average ratios

were compared between tissues by using a 2-sided Student t test (P �

.05 was considered to indicate a statistically significant difference).

Results

Pathologic Classification
Of the 13 study subjects, 3 underwent gross total resection, 3
underwent subtotal resection, and 5 underwent biopsy. The
remaining 2 patients continue to be managed expectantly
based on clinical and radiologic stability and have not yet had
a tissue diagnosis made. Among those with a tissue diagnosis,
there were 5 grade 2 oligodendrogliomas, 4 tumors where pa-
thology confirmed grade 2 glioma but could not specify histo-
logic subtype (2 of these were labeled “probable oligodendro-
glioma”), and 2 anaplastic astrocytomas. These 2 patients were
excluded from further analysis. It should be noted that 1 of
these patients was enrolled after CT. This patient went on to
have a contrast-enhanced MR imaging subsequent to being
entered in the study, which demonstrated a small area of con-

Relaxation time constants used in metabolite quantification

Variable

T1 Time
Constant,

ms

T2 Time
Constant,

ms Reference
Gray matter–water 1361 93 30, 31
White matter–water 814 102 30, 31
Low-grade glioma–water 814 175 6, 31
NAA 1630 401 32, 33
Cr 1720 273 32, 33
Cho 1290 330 32, 33
Other metabolites 1550 335 19

Note:—NAA indicates N-acetylaspartate; Cr, creatine; Cho, choline.

466 Bartha � AJNR 29 � Mar 2008 � www.ajnr.org



trast enhancement within the tumor that was not appreciated
on CT imaging.

Imaging and Spectroscopy
T1-weighed and FSE anatomic images (Fig 1) were used to
position the voxel for 1H-MR spectroscopy. The low-grade
glioma is clearly visible in the T1-weighted, T2*-weighted
23Na, and FSE images (white arrow, Fig 1). The location of the
2 spectroscopy voxels acquired in 1 subject are shown (Fig 1)
corresponding with locations within the tumor (voxel a) and
on the contralateral side (voxel b). The average ratio of gray
matter/white matter/CSF was 38%/56%/6% in the voxels po-
sitioned on the contralateral side. This ratio varied from voxel
to voxel; in particular, the CSF contribution ranged from 1%
to 9% in the voxel studies. A typical spectrum acquired from
normal white matter in a control subject without cancer (Fig
2) demonstrates the expected relative amplitudes of each me-
tabolite. The fit result, with the residual shown above and the
individual metabolite components shown below (Fig 2), dem-
onstrates the appropriateness of the metabolite components
included in the spectral fitting. Representative spectra from
within the tumors of 2 different patients with low-grade gli-

oma (Fig 3) highlight the variations in
detected metabolite levels between pa-
tients and compared with levels in nor-
mal tissue (Fig 2), particularly for NAA,
Glu, Cho, and mIns. Unsuppressed wa-
ter spectra from the low-grade tumors
had a narrower line width (5.8 � 2.8 Hz)
than spectra from normal tissue on the
contralateral side (9.3 � 2.5 Hz; P �
.01).

Metabolite Levels and 23Na Signal Intensity
The average levels of several metabolites and relative 23Na sig-
nal intensity were different in low-grade tumors (n � 11)
compared with contralateral control tissue (n � 10) in the
same patients (Fig 4). Metabolite levels from white matter in a
separate group of healthy control subjects19 also had less vari-
ability than the measures made from the contralateral tissue
(Fig 4) sampled in patients (which contained a mixture of gray
and white matter). Significant average decreases were ob-
served for NAA (69%; P � .001) and Glu (61%; P � .004), and
average increases were observed for mIns (90%; P � .003),
Cho (52%; P � .025), and sodium signal intensity (102%; P �
.001) in low-grade glioma tissue compared with tissue on the
contralateral side in the same patients. Had a Bonferroni cor-
rection been applied, these differences would have remained
significant except for the increase in Cho. Combining data
from the low-grade glioma and contralateral control tissue,
significant correlations were observed between NAA and Glu
(r2 � 0.27; slope � 0.5 � 0.2; y intercept � 2.3 � 1.5; P � .05)
and NAA and mIns (r2 � 0.32; slope � �0.7 � 0.2; y inter-
cept � 16.1 � 1.9; P � .01; Fig 5). Significant correlations were
also observed between 23Na signal intensity and NAA (r2 �
0.34; slope � �0.04 � 0.01; y intercept � 13.5 � 2.2; P � .01)
and 23Na signal intensity and Glu (r2 � 0.35; slope � �0.04 �
0.01; y intercept � 11.1 � 1.9; P � .01; Fig 5).

Follow-up comparisons were made between contralateral
control and grade 2 glioma for ratios of NAA/mIns, NAA/
23Na, and NAA/Cho (Fig 6). The NAA/Cho ratio is often con-
sidered an indicator of tumor malignancy. All 3 of the ratios
were lower (P � .001) in glioma tissue compared with con-
tralateral control; however, based on the t statistic, NAA/23Na
(t � 9.6) was the most significant, followed by NAA/mIns (t �
6.1) and NAA/Cho (t � 5.0). These differences would also
have remained significant had a Bonferroni correction been
applied.

Discussion
Human low-grade glioma was studied in vivo at 4T in 11 pa-
tients by using 1H-MR spectroscopy (incorporating the direct
measurement of macromolecules in the spectrum) and 23Na
imaging. The results showed that absolute levels of Glu and
NAA were significantly decreased, whereas levels of mIns and
23Na signal intensity were significantly increased in low-grade
glioma tissue. Pooling all of the data, a significant positive
correlation was observed between NAA and Glu, whereas a

Fig 2. White matter MR spectrum (center gray line) with fit
(center black line) superimposed. Individual metabolite com-
ponents are shown beneath, along with the fit residual (top).

Fig 3. A, A representative LASER (TR/TE � 2200/46 ms) spectrum (including metabolite
and macromolecule components) from 1 patient with low-grade glioma. The corresponding
metabolite nulled macromolecule spectrum (B) is subtracted from a fully processed
spectrum (A). C, The resultant spectrum after water removal demonstrates the efficacy of
the macromolecule removal. D, A second dataset acquired in a different subject is also
provided. Spectra have been line broadened by a 2-Hz Lorentzian filter for display.

AJNR Am J Neuroradiol 29:464 –70 � Mar 2008 � www.ajnr.org 467



significant negative correlation was observed between NAA
and mIns and between 23Na signal intensity and both NAA
and Glu. To our knowledge, this is the first study to measure
levels of 23Na and 1H metabolites in the same tumor and to
show that 23Na levels correlate with tissue metabolite levels.
The analysis indicates that the ratio of NAA/23Na may be a
more sensitive indicator of tissue pathology than the use of
metabolite levels alone.

Because gliomas represent a proliferation of glial-type cells,
the density of neurons within these tumors is lower than nor-
mal tissue. The observation of decreased NAA levels is consis-

tent with previous studies6-8,12 and with
the notion that NAA is predominantly lo-
calized within neurons.37 The observed
decrease in Glu contradicts one previous
study12 performed at 1.5T that suggested
that increased Glu�Gln may be charac-
teristic of low-grade gliomas. The discrep-
ancy may be due to the removal of the
macromolecule baseline signal intensity
in the current study before quantification.
Because the macromolecule resonances
overlap with NAA and, to some extent
both Glu and Gln resonances between 2.0
and 2.5 ppm, failure to account for these
signals may lead to the overestimation of
other metabolites of interest. A careful ex-
amination of the macromolecule spectra
acquired in the current study indicates

that the inversion times used for metabolite nulling were ef-
fective in tumor tissue, as well as normal tissue. The observed
increase in mIns is consistent with previous studies.8,13 The
correlation of NAA with Glu and mIns lends further support
to the idea that levels of these metabolites are different in neu-
rons and glioma cells. When the level of NAA approached 0
(implying that no neurons were present in the sample) there
was very little extrapolated Glu (2.3 mmol/L/L volume of in-
terest [VOI]) and very high extrapolated mIns (16.2 mmol/
L/L VOI). Increased Cho was also detected in low-grade gli-
oma as expected.6,8 Although decreased Cr8 has been reported

previously compared with normal-ap-
pearing white matter, a significant differ-
ence in Cr was not detected in this cohort.

The increased sodium signal intensity
observed in the current study is also con-
sistent with previous reports14,15,18 and
probably indicates expansion of the ex-
tracellular space and increased intracellu-
lar sodium concentration. 23Na signal in-
tensity was inversely correlated with both
NAA and Glu as expected. In both cases,
extrapolation to NAA and Glu levels of 0
produced levels of 23Na that were roughly
3 times higher than those observed in
normal white matter. As a follow-up test,
metabolite ratios were computed for

Fig 4. Scatter plot of individual metabolite levels (millimoles
per liter of VOI) for NAA (A), Cr (B), Cho (C), Glu (D), mIns (E),
and percentage of sodium signal intensity (F) in grade II
glioma and on the contralateral side are shown along with
horizontal lines indicating the metabolite averages. Data
from a reference region of homogeneous white matter are
also included from a previous study.19 The sodium signal
intensity in arbitrary units is reported for grade 2 glioma and
from the contralateral side. Asterisks indicate significant
differences between grade 2 glioma and control (NAA, Glu,
mIns, and sodium).

Fig 5. Correlation of pooled NAA with Glu (A) and mIns (B) and
of percentage of sodium signal intensity normalized to white
matter (WM) with NAA (C) and Glu (D). Linear regression lines
are superimposed. Details of the correlation results are de-
scribed in the text.
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NAA/Cho (commonly reported as decreased in tumors) and
for NAA/mIns and NAA/23Na to determine whether these ra-
tios may represent more sensitive biomarkers of tumor tissue.
Although all 3 of the indicators were highly sensitive, the NAA/
23Na ratio was the most significant, demonstrating the least
variability and, therefore, greatest separation between groups.

There are several limitations to this study. The sample size
in this pilot study was small and did not allow for comparison
of metabolite levels in different tumor types. However, this
pilot study indicates that a larger study of the use of the NAA/
23Na ratio to evaluate tumor extent and grade may be war-
ranted. Several methodologic issues must also be discussed. In
the acquisition of spectroscopy data, a voxel size was chosen
based on the size of individual tumors; specifically, voxels were
made as large as possible to increase the SNR associated with
spectroscopy measures while placing the voxel edges within
the tumor boundary as visualized on T1- and T2-weighted
images. Signal intensity-to-noise ratio is an important consid-
eration, particularly for the quantification of metabolites such
as Glu and mIns.38 The same voxel dimensions were used in
contralateral tissue and, therefore, incorporated gray matter,
white matter, and CSF. Although the partial volume of these
tissue components was determined for each voxel and incor-
porated in the final metabolite level calculations, greater vari-
ability in control data acquired in this study was observed
compared with data from a previous study of homogeneous
parietal lobe white matter.19 This variability is probably due to
differences in metabolite levels in different parts of the brain
and different signal intensity-to-noise ratios between spectra
and does not represent abnormalities in uninvolved brain
regions.

Absolute quantification of tumor metabolite levels is criti-
cal for accurate characterization of tumor types to aid in non-
invasive diagnosis.39 The careful measurement by inversion
nulling and removal of the macromolecule baseline19 before
metabolite quantification increased the accuracy of metabolite
level measurements, particularly in tumor spectra, where
macromolecule and lipid signal intensity are known to fluctu-
ate. In the quantification of metabolites, estimates were made
for the T1 and T2 time constants within the tissue, because it is
not possible to measure all such parameters in each subject.
The use of a longer T2 for water in tumor40 was supported by
the narrower line widths (38% decrease) of the water-unsup-
pressed spectra from tumors in the current study. The overall
impact of the relaxation times used for tumor tissue was to

increase metabolite estimates by approximately 30% com-
pared with what they would have been had the same relaxation
times been used as for normal tissue. A greater water concen-
tration was also used to estimate metabolite levels in low-grade
glioma, resulting in higher metabolite values (�25%) than if
the concentration for normal tissue had been used. Although
there is some uncertainty regarding the estimates of relaxation
times and water content, failure to make these adjustments
would lead to the underestimation of metabolite concentra-
tion. Had these adjustments not been made, a greater differ-
ence in NAA and Glu would have been reported, whereas the
observed difference in mIns would have decreased. However,
the quantified metabolite levels are consistent with the
changes observed visually in tumor spectra (Fig 3). The use of
metabolite ratios also removes these biases and, therefore, may
also represent reliable biomarkers of tumor physiology. With
regard to the sodium imaging, a longer T2* (27 ms) was used
to correct 23Na signal intensity in tumor tissue compared with
control tissue (18 ms), consistent with a previous study.14 If
the same T2* had been used to correct 23Na signal intensity in
tumor and contralateral tissue, a greater signal intensity dif-
ference would have been observed between these tissue types.
Therefore, future studies with longer 23Na imaging echo time
may provide even greater contrast; however, this increase in
contrast must be weighted against the loss in signal intensity-
to-noise ratio at longer echo times, particularly for 23Na,
which has very short transverse relaxation times. In the cur-
rent study, it is estimated that only 49% of the sodium signal
intensity was sampled at the 3.8-ms echo time used.

Conclusion
Low-grade glioma was characterized with low levels of NAA
and Glu, high levels of mIns, and high levels of 23Na, whereas
the ratio of NAA/23Na most clearly differentiated glioma tissue
from normal tissue. Future work should examine the potential
for these metabolic parameters to distinguish low-grade glio-
mas destined for indolent behavior from those destined for
early malignant transformation to identify those tumors most
likely to benefit from specific treatment interventions or to
delineate tumor boundaries (identify infiltration).
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