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Abstract
The spatial heterogeneity in magnetic resonance (MR) metabolic and diffusion parameters and their relationship
were studied for patients with treatment-naive grade 3 gliomas. MR data were evaluated from 51 patients with
newly diagnosed grade 3 gliomas. Anatomic, diffusion, and metabolic imaging data were considered. Variations
in metabolite levels, apparent diffusion coefficient (ADC), and fractional anisotropy (FA) were evaluated in regions
of gadolinium enhancement and T2 hyperintensity as well as regions with abnormal metabolic signatures. Contrast
enhancement was present in only 21 of the 51 patients. When present, the enhancing component of the lesion
had higher choline-to–N -acetylaspartate index (CNI), higher choline, lower N -acetylaspartate, similar creatine,
similar ADC and FA, and higher lactate/lipid than the nonenhancing lesion. Regions with CNI ≥ 4 had higher cho-
line, lower N -acetylaspartate, higher lactate/lipid, higher ADC, and lower FA than normal-appearing white matter
and regions with intermediate CNI values. For lesions that exhibited gadolinium enhancement, the metabolite lev-
els and diffusion parameters in the region of enhancement were consistent with it corresponding to the most
abnormal portion of the tumor. For nonenhancing lesions, areas with CNI ≥ 4 were the most abnormal in meta-
bolic and diffusion parameters. This suggests that the region with the highest CNI might provide a good target
for biopsies for nonenhancing lesions to obtain a representative histologic diagnosis of its degree of malignancy.
Metabolic and diffusion parameter levels may be of interest not only for directing tissue sampling but also for
defining the targets for focal therapy and assessing response to therapy.
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Introduction
The incidence rate of brain tumors is increasing, with an estimated
22,020 new cases of primary brain tumors being detected each year
in the United States [1]. For adults older than 45 years, 90% of such
tumors are diagnosed as gliomas. These lesions are infiltrative in na-
ture, which makes it difficult to define tumor margins and to specify
which regions should be targeted for focal therapy. Grade 2 gliomas
have the best prognosis with a median survival of 7.9 years [2], grade 3
gliomas have intermediate survival with a median of 33.5 months [3],
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and grade 4 gliomas are the most malignant with a median survival
of 40.9 weeks [4]. Whereas the initial therapeutic strategy is maximal
safe resection for all types of glioma, next-line therapies differ for pa-
tients with grade 2 versus grade 3 or 4 lesions, with radiation and, in
some cases, chemotherapy being delayed until the time of recurrence.
Making an accurate histologic diagnosis is especially critical for grade 3
lesions, which often look relatively uniform on T2-weighted mag-
netic resonance (MR) images and have little or no enhancement on
post-gadolinium T1-weighted images. In practice, the underlying
biological properties of different regions of the tumor may be quite var-
iable, and there may be regions with characteristics of grade 2 and grade
3 histologic diagnosis within the same tumor. The development of non-
invasive imaging methods that define tumor heterogeneity and can
be used to direct tissue sampling to the most malignant region of the
tumor is a priority for optimizing patient care.
One of the methods proposed for characterizing the heterogeneity

of both enhancing and nonenhancing regions of glioma is metabolic
imaging using MR spectroscopic imaging (MRSI). When used in
combination with standard MR imaging (MRI), this has been has
been shown to contribute to brain tumor diagnosis and localization
[5–11], staging [12–15], assessment of progression [14,16–18],
treatment planning [19–23], and response to therapy [24–29]. Long
echo time MRSI, which is the most commonly applied method, pro-
vides arrays of spectra that are characterized by three major metabo-
lite peaks in healthy brain tissue: choline (Cho), total creatine (Cr),
and N -acetylaspartate (NAA). An increase in Cho provides a marker
for increased proliferation or membrane turnover. The Cr peak reflects
bioenergetic processes, and NAA is an indicator of neuronal viability
that is observed to be significantly lower in tumors than regions of
normal brain. Singlet lipid and doublet lactate peaks occur at similar
spectral frequencies and may also be observed in the disease state.
Lactate is a byproduct of anaerobic glycolysis and is present in regions
of tumor as a result of poor oxygenation. Lipid is present in the bilayer
of the cell membrane, and its presence indicates membrane breakdown
and a more aggressive tumor phenotype.
Diffusion tensor imaging (DTI) is another MR technique that has

been proposed as adding information on heterogeneity in the structural
properties of different types of tissue. DTI acquires images with diffu-
sion gradients applied in multiple directions, and uses these images to
generate pixel by pixel estimates of the coefficients of the corresponding
tensor matrix. The eigenvalues and eigenvectors derived from the ten-
sor are used for computing maps of the apparent diffusion coefficient
(ADC) and fractional anisotropy (FA). ADC values have been shown to
increase in regions of infiltrative tumor and surrounding edema [30–
34]. The values of FA provide an assessment of the directionality of
water diffusion and have been shown to decrease in brain tumors
due to disruptions in tissue architecture [30,31,34–36].
The current study evaluates data acquired from patients with

treatment-naive grade 3 gliomas with respect to regional differences
in MRSI and DTI parameters in enhancing and nonenhancing le-
sions. Of particular interest was to determine which MR parameters
highlighted regions of the tumor that were likely to be malignant and
might therefore be considered as targets for obtaining tissue during
surgical resection to make an accurate histologic diagnosis.

Materials and Methods
MRI data of 51 patients with newly diagnosed supratentorial grade 3
glioma according to WHO stage II classification and who had been
scanned 1 day before surgery were selected for this study (25 men and
26 women; median age = 40 years [range = 21-78 years]; 31 anaplastic
astrocytomas [AAs], 7 anaplastic oligodendrogliomas [OD3s], 13 ana-
plastic oligoastrocytomas [OA3s]). The patients were scanned on a
1.5-T GE Signa Echospeed scanner (GE Medical Systems, Milwaukee,
WI). All patients provided informed consent for participating in the
study, based on a protocol approved by the Committee on Human Re-
search at our institution. A biopsy was performed during the surgery. The
biopsy specimens were taken from the contrast-enhanced portion of the
contrast-enhancing lesions. For nonenhancing lesions, multiple speci-
mens were taken from different areas within the T2 hyperintense area.
The clinical diagnosis was made by a neuropathologist, and the diagnosis
was independently approved by a second neuropathologist.

The MRI protocol included an axial T2-weighted fast spin echo
(FSE) sequence (repetition time [TR] = 3000 milliseconds, echo time
[TE] = 105 milliseconds, matrix size = 192 × 256 × 120, field of view =
195 × 260 × 180 mm, slice thickness = 1.5 mm), and post-Gd-
diethylenetriaminepentacetate (DTPA) T1-weighted spoiled gradient
recalled (SPGR) sequence (TR = 34 milliseconds, TE = 3 milliseconds,
flip angle = 35 degrees, matrix size = 192 × 256 × 124, field of view =
195 × 260 × 186 mm, slice thickness = 1.5 mm).

MRSI data were referenced to the SPGR images and were acquired
using three-dimensional point-resolved spectroscopic (PRESS) [37] for
volume localization with spectral spatial pulses [38] and very selective
suppression [39] outer volume suppression bands (TR = 1000 milli-
seconds, TE = 144 milliseconds, matrix size = 12 × 12 × 8, field of
view = 120 × 120 × 80 mm, 1-ml nominal spatial resolution). Spectral
data from 30 patients were acquired with J-difference lactate editing
that allowed separation of lactate and lipid resonance [40].

MRSI data were quantified offline to estimate the levels of Cho,
Cr, NAA, combined lactate and lipid (LL) for regular spectra, and
separate lactate (Lac) and lipid levels for lactate-edited spectra using
in-house software described in detail in a previous report [41]. Spec-
tral values were normalized relative to the noise levels of the right
hand end of the spectra. The Cho-to-NAA index (CNI) [42], which
defines the distance between the Cho and NAA values for a given
voxel and a regression line that was fit to the normal voxels in a given
subject, was also computed. CNI values are expected to increase in
the tumor because of the reduction in NAA and increase in Cho.

DTI sequences with six gradient directions were acquired in the axial
planes with a b value of 1000 sec/mm2 (TR = 5000 milliseconds, TE =
105 milliseconds, matrix size = 256 × 256 × 40, field of view = 440 ×
440 × 84 mm, slice thickness = 2.1 mm). DTI images were quantified
to calculate the ADC and FA maps using the standard formulas [43].
Diffusion maps were resampled to the resolution of spectral data and
normalized relative to the mean of the voxels in normal-appearing white
matter (NAWM) to form maps of nADC and nFA.

Regions of contrast enhancement (the CE lesion) and T2 hyper-
intensity were defined manually by tracing the abnormality borders
on the SPGR and FSE slices using interactive in-house software by
experienced research assistants and were verified by an experienced
radiation oncologist. The NE lesion was defined as the regions of T2
hyperintensity that excluded the CE lesion. Metabolically abnormal re-
gions were defined as voxels with CNI values of 2 or greater based on
previous results [11]. CNI maps were then used to automatically gen-
erate three regions with distinct levels of metabolic abnormality, 2 ≤
CNI < 3 (CNI2-3), 3 ≤ CNI < 4 (CNI3-4), and CNI ≥ 4 (CNI >
4). Figure 1 shows an example of the regions analyzed for this study.

A total of 11,861 voxels of data were considered from the PRESS-
localized volumes, including 2286 from the NE lesion, 778 from the



Figure 1. A 40-year-old man diagnosed with a left frontal AA. Images from left to right display the distribution of CNI values, the FSE
image with the NE LESION region (yellow), and T1-weighted post-Gd SPGR image with the CE LESION (red), NAWM (blue), and an axial
representation of the MRSI-excited region (black box). Spectra from the black box are shown at the bottom with the corresponding CNI
values displayed in each voxel.
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CNI2-3 region, 432 from the CNI3-4 region, 687 from the CNI >
4 region, and 68 from the CE lesion. A single median value was cal-
culated for each spectral or diffusion parameter within a given region
of interest. A Wilcoxon signed rank test was applied to detect paired
significant differences of medians for spectral or diffusion values be-
tween the tumor regions and NAWM for all the patients. For compari-
son of values between patients, the metabolite levels were normalized to
the levels in NAWM and Spearman rank correlation coefficients were
calculated to detect correlations of diffusion and spectral parameters
within the regions of interest. The Holm test was used for multiple
comparisons correction. A sequentially increasing P value was used for
pairwise region comparisons for each parameter, and a Pj value of less
than .05 / (k − j + 1) was considered significant where j = 1, …, k and
k was the total number of comparisons.
Results

Tumor Spatial Extent and Coverage
All the grade 3 patients included in this study exhibited a region of

T2 hyperintensity. The median percentage of the NE lesion within
the PRESS box was 54.2% (min = 27.9%, max = 83.3%). Of
51 patients, 21 exhibited CE on the SPGR images after the injection
of Gd-DTPA. Five of these patients showed minimal CE, and in
one patient, the PRESS-selected volume did not fully cover the
CE lesion. This left 16 of 51 patients with CE lesions that could
be evaluated. All of the patients had CNI2-3 regions, 48 patients
had CNI3-4 regions, and 44 patients had regions with CNI > 4.
Overlap of Anatomic Tumor Regions and Metabolically
Abnormal Areas

The CE lesion covered by the PRESS box was found to reside
within the CNI > 4 region for five patients, the CNI3-4 region for
two patients, and the CNI2-3 region for three patients. There were
six patients who had CE voxels outside the CNI defined regions. For
four of these patients, more than 80% of the CE lesion was within
the CNI > 2 region, and the other two patients had 50% and 12.5%
of their CE lesions within the CNI > 2 regions. The CNI regions
were within the region of T2 hyperintensity for all patients. The me-
dian percentage of the NE lesion that was outside the CNI regions
was 39.1% (min = 4.1%, max = 97.6%).



Figure 2. Box plots of median CNI values for all the patients. The
borders of the box plots are 25th and 75th percentiles of the
median values. The line inside the box depicts the median, and
the black dot depicts the mean of the median values. Error bars
extending outside the boxes indicate the minimum and maximum
median values for this patient population.
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Spectral and Diffusion Parameters within Anatomic
Tumor Regions
Table 1 shows the median values of the metabolite and diffusion

values in the anatomic tumor regions and NAWM. Several differences
in the median metabolite levels, CNI, and diffusion values were ob-
served. Cho levels were significantly different in the NE lesion com-
pared with NAWM (P < .001), and there were substantial increases
in Cho within the CE lesion compared with both the NE lesion
and NAWM (nCho = 1.83 in CE vs 1.2 in NE). Cr values were highly
variable. There was a trend toward lower Cr values in the NE lesion
and CE lesion relative to NAWM, but the difference was only signifi-
cant for the NE lesion and this may have been driven by the higher
number of sample points. Levels of NAA were significantly lower in
the anatomic lesion regions compared with NAWM and in the CE
lesion compared with the NE lesion (nNAA = 0.3 in CE vs 0.41 in
NE). The highest Cho, lowest NAA, and, accordingly, highest CNI
levels were observed in the CE lesion (Figure 2). Combined levels
of LL were significantly higher in the CE lesion and the NE lesion
than in NAWM and were also significantly higher in the CE lesion
than in the NE lesion (LL/nNAA = 0.21 in CE vs 0.1 in NE and
0.06 in NAWM).
Normalized ADC values were significantly higher in the anatomic

regions compared with NAWM but were not significantly different
between the NE lesion and CE lesion (nADC = 1.59 in CE vs 1.67
in NE). Levels of FA were lower in the anatomic lesion regions than
in NAWM (nFA = 0.25 in CE vs 0.42 in NE), and although the
value in the CE lesion was lower than in the NE lesion, the differ-
ence was not significant. Box plots of the diffusion values are seen in
Figure 3.

Spectral and Diffusion Parameters within Metabolically
Abnormal Areas
There were clear differences in spectral and diffusion parameters

between the metabolically abnormal areas and NAWM. Cho levels
were significantly different between the NAWM and CNI2-3; there
was an increase in Cho within the CNI3-4 (nCho = 1.37) and the
CNI > 4 region (nCho = 1.83). NAA levels were significantly lower
in all of the metabolically abnormal regions compared with NAWM
and were significantly lower in regions with increasing CNI (nNAA =
0.55, 0.47, and 0.29). The CNI2-3 regions had significantly lower
Cr levels (nCr = 0.97) than the CNI > 4 (nCr = 1.06). All abnormal
metabolic regions had higher LL than NAWM with the level in
the CNI > 4 region being the highest (LL/nNAA = 0.16 vs 0.06
in NAWM).

The ADC values were significantly higher in all of the metaboli-
cally abnormal regions compared with NAWM. The CNI2-3 had
intermediate nADC levels (1.47), whereas the nADC in CNI3-4
and CNI > 4 (1.74 and 1.88) were increasing and were significantly
higher than both NAWM and CNI2-3. The levels of FA were sig-
nificantly lower in all of the metabolically abnormal regions than in
NAWM, with values that significantly decreased within regions having
higher CNI (nFA = 0.54, 0.41, and 0.34).

Differences in Levels of Lactate
Lactate-edited spectroscopy data were acquired in 30 patients. In

20 of these patients, there were spectral voxels that had visible lactate
peaks. Only nine patients in this lactate-edited cohort displayed CE and
only six of these had visible lactate peaks. Figure 4 displays a grade 3
patient whose spectral data were acquired with lactate editing. The
voxels with high Cho and low NAA intensities also displayed prominent
lactate doublets at 1.3 ppm. Figure 5 shows the box plots for median
lactate values estimated from the 20 patient data sets with visible lac-
tate peaks. Lactate was significantly higher in the NE lesion (mean
Lac = 5.37, P < .001) and in the CE lesion (mean Lac = 3.49, P = .03)
compared with NAWM (mean Lac = 1.16). The CNI2-3 (mean Lac =
2.45, P < .001), CNI3-4 (mean Lac = 3.69, P = .005), and CNI > 4
(mean Lac = 5.65, P < .001) regions all had significantly higher lactate
values than NAWM. The lactate levels were similar between CNI2-3
and CNI3-4 regions but significantly higher in the CNI > 4 region
compared with CNI2-3 (P = .002) and CNI3-4 (P = .026) regions.
Table 1. Differences of Spectral and Diffusion Parameters between NAWM, CE Lesion, and
NE Lesion.
Parameter
 Region
 Median
 n
 CE Lesion, P
 NE Lesion, P
nCho
 NAWM
 1
 51
 .001*
 <.001*

CE Lesion
 1.83
 16
 .044*

NE Lesion
 1.2
 51
nCr
 NAWM
 1
 51
 NS
 .006*

CE Lesion
 0.75
 16
 NS

NE Lesion
 0.91
 51
nNAA
 NAWM
 1
 51
 <.001*
 <.001*

CE Lesion
 0.3
 16
 .005*

NE Lesion
 0.41
 51
CNI
 NAWM
 −0.02
 51
 <.001*
 <.001*

CE Lesion
 4.09
 16
 .01*

NE Lesion
 2.47
 51
LL/nNAA
 NAWM
 0.06
 51
 .008*
 <.001*

CE Lesion
 0.21
 16
 .039*

NE Lesion
 0.1
 51
nADC
 NAWM
 1
 51
 <.001*
 <.001*

CE Lesion
 1.59
 16
 NS

NE Lesion
 1.67
 51
nFA
 NAWM
 1
 51
 .001*
 <.001*

CE Lesion
 0.25
 16
 NS

NE Lesion
 0.42
 51
P values were calculated with the Wilcoxon signed rank test.
NS indicates not significant.
*P < .05/(k−j+1).



Figure 3. Box plots of median normalized ADC and FA values for all the patients. The borders of the box plots are 25th and 75th
percentiles of the median values. The line inside the box depicts the median, and the black dot depicts the mean of the median values.
Error bars extending outside the boxes indicate the minimum and maximum median values for this patient population.

Figure 4. Presence of lactate within the hypointense region in a 24-year-old man diagnosed with an OA3. The spectral data were
acquired with J-difference lactate editing method. Top: Post-Gd-DTPA T1-weighted SPGR image with the spectral grid superimposed
upon it. Bottom: Corresponding summed spectra is shown on the left with gray-shaded voxels that have CNI ≥ 2. The difference lactate
spectra are shown on the right.
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Figure 5. Box plots of median lactate levels normalized by the stan-
dard deviation of noise estimated from the J-editing PRESS spectros-
copy for the nine patients. The borders of the box plots are 25th and
75th percentiles of the median values. The line inside the box de-
picts the median, and the black dot depicts the mean of the median
values. Error bars extending outside the boxes indicate the mini-
mum and maximummedian values for this patient population.
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Tumor Subtype Differences
Differences in metabolic and diffusion parameters for the patients

with AAs, OD3s, and OA3s were examined. Moreover, the 10th,
25th, 50th (median), 75th, and 90th percentile values for each param-
eter in each region of interest were considered. There were no statisti-
cally significant differences between the AAs and the OA3s for any of
the imaging parameters in any given region. As is shown in Table 2,
there were differences in some of the parameters that described levels
of lipid between the OD3 compared with the AA and OA3 subtypes.
This included significantly higher median, 75th, and 90th percentile
lipid values in almost all regions of OD3 compared with AA lesions
and in some of the regions of OD3 compared with OA3 lesions.
The 25th percentile of NAA was also higher in AAs than OD3s
in the CE lesion (P = .035, AA = 0.34, OD3 = 0.19). Although the
median lactate levels were higher in the CNI2-3 region of OD3s than
AAs (P = .03, AA = 2.18, OD3 = 3.68) and in the NE lesion of OA3s
than OD3s (P = .036, median (OA) = 3.66, median (OD) = 3.50),
there were only three patients with OD3 who had lactate-edited MRSI
with visible lactate peaks, and so these differences need to be further
verified in a larger population of patients.
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Discussion
Whereas there have been several studies that focus on the applications
of advanced MR techniques to the assessment of tumor grade and
type, there have been relatively few studies that have provided a de-
tailed analysis of the metabolic and physiological properties of grade 3
gliomas. Even when they are included, the number of grade 3 lesions
is often small, and they are frequently grouped with a relatively large
population of grade 4 lesions under the general designation of high-
grade glioma. This means that the results presented are typically domi-
nated by the findings for grade 4 glioma. Defining the metabolic and
physiological characteristics that best represent grade 3 lesions is an im-
portant clinical problem that has so far not been adequately addressed.
Determining where within the region of hyperintensity onT2-weighted
MR images, it would be best to take tissue samples to have the highest
probability of obtaining an accurate diagnosis is an important question
that requires information about the functional properties of the le-
sion. It is for this reason that we have focused on the evaluation of
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spatial variations in parameters that were extracted from metabolic
and physiological MR images of patients with grade 3 glioma.

The current study indicates that the median nADC values were
similar in enhancing and nonenhancing lesions from the patients with
grade 3 lesions, with values of 1.59 and 1.67. These are considerably
higher than the median values that we and others have reported in the
literature for grade 4 lesions (typically 1.4-1.5) [44] and are in the
same range that we have observed for grade 2 lesions (1.6 for oligo-
dendrogliomas and of 2.0 for astrocytomas) [45]. The interpretation
of these differences is complex because there have been a number of re-
ports in the literature that there are inverse correlations between ADC
andmarkers of tumor proliferation for brain tumors, including of Ki-67
labeling index [46], cell density [47], tumor cellularity [48], and malig-
nancy [33]. When these studies are examined in the composition of the
populations of patients being considered, it becomes clear that the re-
sults cannot be considered representative for grade 3 glioma because
there were only 2 of 47 [46], 2 of 18 [47], 0 of 56 [48], and 6 of 59
[33] of the patients with this diagnosis. In a recent study that focused
specifically on patients with grade 2 and 3 glioma, a positive rather than
a negative correlation between ADC and total tumor cell number was
reported for both types of lesions [49]. In our study of grade 4 glioma,
the lower 10th percentile of ADC values and larger areas of nADC <
1.5 were both associated with a poor survival [44], which might indi-
cate an increase in tumor burden. The median nADC levels in the
contrast enhancing and T2 hyperintense areas of grade 3 patients were
both found to be higher than 1.5 in our study, indicating smaller
nADC < 1.5 volumes, that may contribute to the improved survival,
which is typically observed in such patients. Our study is consistent
with the diffusion properties in grade 3 glioma being more similar to
those in lower-grade lesions and with the processes determining the
observed levels of nADC and nFA being associated with demyelina-
tion, edema, and disruption of normal brain as opposed to being direct
measures of tumor cell density.

There were 21 (41%) of the 51 patients in our study with areas of
low to moderate contrast enhancement. These enhancing lesions were
relatively small in volume and resided mainly within the metabolically
abnormal regions. This is consistent with the findings of Pirzkall et al.
[19], in which the enhancing lesion had the highest median nCho and
the lowest median nNAA. This was not the case for grade 4 lesions,
where the highest Cho levels were observed in the nonenhancing por-
tion of the tumor [44]. This may be due to there being more necrosis
in the contrast enhancement for grade 4 tumors, which would reduce
overall tumor cellularity. The fact that the median nADC was sig-
nificantly higher and the median nFA was significantly lower in the
enhancement of grade 3 gliomas compared with NAWM may suggest
that there was breakdown of the normal tissue architecture in these
regions that allowed for more rapid diffusion. The high median LL/
nNAA and low median nCr levels suggest that there was a tendency
toward the enhancing regions being hypoxic, which may also be a fac-
tor in inducing the breakdown of the blood-brain barrier. Overall,
these results suggest that, when present, the regions of enhancement
are the most malignant portion of untreated grade 3 glioma and pro-
vide an appropriate target for directing biopsy or surgical sampling for
diagnostic purposes.

The other anatomic region studied was the portion of the T2
hyperintensity that was nonenhancing. For 30 (59%) of 51 patients,
this comprised the entire lesion. There were highly variable median lev-
els of Cho in these regions, with 16 being lower and 35 being higher
than the levels in NAWM. Although there were variations in median
levels of NAA, these were all lower than the corresponding values
in NAWM. Differences in the normalized metabolite levels reflect the
heterogeneity in lesion characteristics between patients and underline
the motivation for using the CNI index, which defines whether a
spectrum is abnormal by combining the values of nCho and nNAA.
The fact that the LL/nNAA was higher in both the nonenhancing and
enhancing regions than the value in NAWM is consistent with the
presence of regions with hypoxia. The relatively large increase in median
nADC and decrease in median nFA in the nonenhancing regions may
be attributed to a combination of demyelination, inflammation, edema,
and tumor infiltration.

If variations in levels of CNI are used to define regions of abnormal-
ity, it is possible to obtain further insight into the relationships between
metabolite and diffusion parameters. The three regions considered
in this study represented areas that were mildly abnormal (CNI2-3),
moderately abnormal (CNI3-4), and very abnormal (CNI > 4). In
the mildly abnormal region, the Cho was higher than normal, the
Cr was slightly reduced, the NAA was almost half of the normal value,
and the LL/nNAA was significantly increased over normal. The reduc-
tion in nNAA was inversely correlated with nADC, which was in-
creased to 1.47 and the nFA was decreased to 0.54. This suggests
that the region included some tumor infiltration but that the changes
in MR parameters were dominated by reduction in neuronal function
and disruption of tissue architecture. In the moderately abnormal re-
gion, the Cho was significantly higher than normal but the Cr was
similar to the values in the mildly abnormal region. The NAA was
further reduced, the LL/nNAA further increased, the nADC further
increased and the nFA further decreased. This is consistent with the
presence of a larger number of tumor cells, together with a continued
and more extensive disruption of normal tissue.

In the highly abnormal region, there were further significant in-
creases in the median values of nCho, nCr, LL/nNAA, and nADC
and a continued decrease in the median values of nFA and nNAA
relative to the moderately abnormal region. This suggests that the
highly abnormal region included a relatively large number of tumor
cells with a higher likelihood of there being areas with reduced oxy-
genation. Taking into consideration the variations in metabolite and
diffusion parameters, it seems that, for patients with grade 3 glioma,
the area of the tumor likely to be the most malignant is at the
location of the maximum CNI, irrespective of whether the lesion
is enhancing or not. This is consistent with a recent study in non-
enhancing grade 2 and grade 3 gliomas, which investigated correla-
tions between spectroscopic parameters and histologic measures, and
reported that both the ratio of Cho/NAA and the CNI correlated with
MIB-1 proliferative index, cell density, and the ratio of proliferation to
cell death [50].

In the 30 patients who received lactate-edited spectroscopy, the re-
gion with highly abnormal metabolism was observed to have the high-
est level of lactate. This suggests that these regions exhibit anaerobic
glycolysis and are poorly oxygenated. The regions with mild and mod-
erate metabolic abnormalities and the nonenhancing lesion also had
lactate levels higher than NAWM, indicating poor oxygenation even
in areas of relatively lower tumor invasion. This is consistent with re-
cent studies from our group, which have noted voxels with lactate and
lipid peaks in some patients with grade 3 glioma [31] and reported
the presence of significant lactate and lipid peaks with volumes of these
regions varying from 0.1 to 11.8 ml [15]. The findings from this study
suggest that the MRSI data may be valuable in predicting sensitivity to
radiation therapy by delineating such poorly oxygenated regions.
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Some of the diffusion and metabolic imaging patterns were different
for subtypes of grade 3 gliomas than had previously been reported for
subtypes of treatment-naive grade 2 gliomas. In particular, it was found
that the ADC values were similar for all 3 subtypes of grade 3 gliomas,
whereas they were significantly higher for grade 2 astrocytomas and
oligoastrocytomas compared with grade 2 oligodendrogliomas [45].
The higher lipid values in subregions of OD3 compared with the
other two subtypes of grade 3 glioma is also a novel finding and may
indicate a higher tendency to cellular breakdown and the formation of
necrosis than for other histologic subtypes.
Overall, the results of the current study suggest that MRSI and

diffusion parameters provide complementary information that may
be valuable for characterizing nonenhancing regions of the anatomic
lesion and possibly directing tissue sampling for accurate diagnosis of
tumor grade. This is especially important for distinguishing patients
with grade 3 glioma from those with lower-grade lesions. Regions
of infiltrative tumor were differentiated by their increased water con-
tent (high nADC), altered normal tissue function (high Cho, low
NAA), and structure (low nFA). Regions of macroscopic tumor could
be identified by high cellularity (high CNI) and major disruptions
in the tissue structure and function (low nFA and low NAA) and hyp-
oxia (high Lac or LL/nNAA). These signatures may be of interest not
only for directing tissue sampling but also for defining the targets
for focal therapy and assessing response to therapy. Future studies that
compare presurgery MRSI and diffusion parameters with the find-
ings from image-guided tissue samples would be valuable for vali-
dating these biomarkers as clinical tools for managing patients with
grade 3 glioma.
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