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Purpose: To examine the relationship between apparent
diffusion coefficients (ADC) from diffusion weighted imag-
ing (DWI) and choline levels from proton magnetic reso-
nance spectroscopic imaging (MRSI) in newly diagnosed
Grade II and IV gliomas within distinct anatomic regions.

Materials and Methods: A total of 37 patients with Grade
II and 28 patients with Grade IV glioma were scanned on a
1.5T system with 3D MRSI and DWI. Region level analysis
included Spearman rank correlation between median nor-
malized ADC and choline for each patient per grade within
each distinct abnormal anatomical region. Voxel level anal-
ysis calculated a Spearman rank correlation per region, per
patient.

Results: Grade II lesions showed no evidence of a correla-
tion between normalized ADC and choline using either the
region or voxel level analysis. Region level analysis of Grade
IV lesions did not appear to correlate in the contrast en-
hancement or necrotic core, but did suggest a significant
negative correlation in the more heterogeneous nonen-
hancing and combined regions.

Conclusion: There appears to be differences in the rela-
tionship between ADC and choline levels in Grade II and
Grade IV gliomas. Correlation within these regions in Grade
IV lesions was strongest when all regions were included,
suggesting heterogeneity may be driving the relationship.
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GLIOMAS ARE SPATIALLY heterogeneous brain tumors
with mixed areas that may include necrosis, solid tu-
mor, edema, and varying levels of infiltration into nor-
mal tissue. Noninvasive methods for evaluating this
heterogeneity are important in directing patient treat-
ment. Conventional magnetic resonance imaging (MRI)
is sensitive to morphologic changes that occur in pa-
tients with glioma, but such changes are not specific
indicators of disease progression or regression, partic-
ularly in patients that have undergone therapy. A num-
ber of functional and metabolic imaging methods have
been proposed in order to provide a more complete
evaluation of pathological heterogeneity. Two such im-
aging modalities are proton magnetic resonance spec-
troscopic imaging (MRSI) and diffusion-weighted imag-
ing (DWI).

In vivo proton MRSI has been used in a research and
clinical setting to measure metabolite levels in the
brain. Previous studies have shown that variations in
levels of metabolites such as choline, creatine, N-acety-
laspartate, lactate, and lipid are associated with brain
pathologies and are able to distinguish tumor from nor-
mal brain, edema, and treatment induced necrosis (1).
Of relevance to the current study is that the levels of
choline-containing compounds in brain tumors have
been reported to correlate with cell density (2) and the
proliferative index, Ki-67 (3).

DWI is based on the randomly distributed displace-
ment (Brownian motion) of water molecules, which is
affected by cell structures such as membranes, myelin
fiber bundles, organelles, etc. (4). The mean diffusivity,
also known as the apparent diffusion coefficient (ADC),
depends on the intracellular and extracellular environ-
ments, as well as tissue configuration and pathological
tissue changes (4). Although some studies have re-
ported a correlation between ADC and cell density in
high-grade brain tumors (2,5), it is not clear whether
this is applicable for all tumor types and grades. Recent
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observations have suggested that early changes in ADC
are predictive of response to therapy and that this is
likely to be an important modality for monitoring treat-
ment effects (6).

In developing protocols for following response to ther-
apy, it is important to determine whether ADC and
choline are alternate measurements of the same phe-
nomenon or whether they represent independent pieces
of information that are complementary in nature. Al-
though some studies have reported an inverse correla-
tion between ADC and choline, these have typically
considered a heterogeneous patient population and
heterogeneous tumor regions (i.e., edema, necrosis,
cystic cavity, and solid tumor) (7). Catalaa et al (8)
observed a negative correlation between ADC and cho-
line in mixed anatomical regions for a subpopulation of
patients with untreated Grade IV gliomas, but were
unable to establish a significant relationship for pa-
tients with Grade II and Grade III lesions.

The purpose of this study was to examine the rela-
tionship between normalized ADC and choline levels in
regions of tumor both within an individual patient and
between patients with tumors of similar grade. Two
distinct populations of patients were considered; one
group with newly diagnosed Grade II glioma and the
other with newly diagnosed Grade IV glioma. We were
particularly interested in seeing whether it was possible
to verify the previously reported correlations for tissue
that was solely within subregions of T2 hyperintensity,
contrast enhancement, and necrosis.

MATERIALS AND METHODS

Study Population

A total of 65 newly diagnosed patients with gliomas
were included in this study. Diagnosis of tissue was
based upon histologic examination using criteria de-
fined by the World Health Organization (WHO). A total
of 37 Grade II patients consisting of 14 astrocytomas,
17 oligodendrogliomas, and six oligoastrocytomas (17
female, 20 male), ranged in age from 22 to 72 years. A
total of 28 Grade IV glioblastoma multiforme patients
(eight female, 20 male), ranged in age from 29 to 84
years. Patients provided informed consent as approved
by the Committee on Human Research at our institu-
tion.

Conventional MRI

Patient exams were performed on a 1.5T GE Signa
Echospeed scanner (GE Healthcare Technologies), us-
ing a standard quadrature head coil. The MRI exami-
nation included axial T1-weighted pre- and postgado-
linium three-dimensional (3D) spoiled gradient echo
(SPGR) images (TR ! 34 msec, TE ! 3 msec, slice
thickness ! 1.5 mm, matrix ! 256 " 192, field of view
[FOV] ! 260 " 195 mm2, flip angle ! 40°) and axial
T2-weighted 3D fast spin echo (FSE) (TR ! 4000 msec,
TE ! 104 msec, slice thickness ! 1.5 mm, matrix !
256 " 192, FOV ! 260 " 195 mm2). After each exam-
ination, the images were transferred to a Sun Ultra 10
workstation (Sun Microsystems, CA, USA) for postpro-
cessing. The FSE and pregadolinium SPGR images were

aligned to the postgadolinium SPGR using software de-
veloped in our laboratory (9).

1H MRSI

3D MRSI was acquired with 12 " 12 " 8 phase encodes
with a nominal voxel size of 1 cc with the point-resolved
spectroscopy sequence (PRESS) box size of 8 " 8 " 4
(TR ! 1000 msec, TE ! 144 msec) and very selective
saturation (VSS) bands for outer-voxel suppression.
The postgadolinium T1-weighted 3D SPGR was used to
prescribe the PRESS selected volume. MRSI processing
algorithms were developed in-house and have been de-
scribed in detail elsewhere (10). Briefly, the data were
filtered with a Lorentzian function and Fourier trans-
formed, resulting in an array of spectra. The spectra
were corrected for baseline variations, phase shifts, and
frequency shifts within the region of each peak, employ-
ing a priori information about the relative location of
each metabolic peak. An automatic search procedure
was used to identify each resonance and to quantify
levels of choline, creatine, N-acetyl aspartate (NAA), lac-
tate, and lipid resonances. The MRSI exams were pre-
scribed on the postgadolinium 3D SPGR volume di-
rectly after the acquisition of the SPGR and it was
assumed that there was negligible patient movement in
between.

DWI

A total of three directional axial diffusion-weighted
echo-planar images (TR ! 10,000 msec, TE ! 110
msec, matrix size ! 256 " 256 " 24, FOV ! 360 " 360
mm2, slice thickness ! 5 mm, b ! 1000 second/mm2,
gradient strength ! 0.04 T/m, gradient duration [#] !
21 msec, and gradient separation [$] ! 27 msec) were
acquired, covering the supratentorial brain. The ADC
was calculated on a pixel-by pixel basis using software
developed in-house, based on published algorithms
(11). The DWI maps were aligned to the T2-weighted
FSE, which resulted in the registration of all four imag-
ing datasets (DWI, FSE, SPGR, and MRSI ) (12). The
ADC maps were then resampled to the 1-cc MRSI res-
olution, as shown in Fig. 1.

Data Processing

An in-house semiautomated segmentation method was
used to define the contrast enhancing lesion (CEL) and
necrotic regions (NEC) on the post-Gd T1-weighted im-
age (13). The T2 hyperintense region (T2All) was con-
toured on the T2-weighted FSE image. The nonenhanc-
ing region (NEL) was defined as T2All minus the CEL
and NEC (T2All–CEL–NEC) as shown in Fig. 2. The NEC
and CEL masks were also combined to create the
(NEC%CEL) mask. Normalized choline maps (nCho)
were generated by dividing the choline maps by the
choline level in a chosen spectroscopic voxel in a nor-
mal-appearing region. Normalized ADC maps (nADC)
were generated by dividing the ADC maps by the me-
dian ADC value within the normal appearing white mat-
ter (NAWM) mask, which was segmented using FAST
(FMRIB’s Automated Segmentation Tool) Software on
the T2-weighted FSE image (14). The high-resolution
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abnormal anatomical regions were resampled to the
spectroscopic voxels by applying a threshold for exclu-
sion based on the percentage of the high-resolution
region of interest contained in the resampled voxel of
70% for T2All and 60% for CEL and NEC. MRSI and
DWI normalized maps were plotted on an nCho vs.
nADC graph as shown in Fig. 3.

Statistical Analysis

Two methods of analysis were performed. Between-pa-
tient region level analysis included a Spearman rank
correlation between normalized ADC and choline for

each grade within each distinct abnormal anatomical
region (Grade IV: NEL, CEL, NEC, and T2All; and Grade
II: T2All), as shown in Fig. 4. A total of three Grade II
patients presented with small regions of contrast en-
hancement, which were excluded from the T2All mask.
Within-patient voxel level analysis included a Spear-
man rank correlation of nCho and nADC for voxels in
the PRESS box within each distinct abnormal anatom-
ical region for each individual. These correlations were
separated by grade, as shown in Fig. 5. All values are
reported as median & standard deviation (SD) unless
otherwise noted.

RESULTS
Descriptive Statistics

Patients with Grade IV gliomas had median & SD ADC
values within normal and anatomical regions of 756 &
59 (NAWM), 1361 & 272 (T2All), 1348 & 269 (NEL),
1204 & 219 (CEL), and 1844 & 488 (NEC) " 10–6

mm2/second. Patients with Grade II gliomas had me-
dian ADC values within NAWM of 726 & 41 and T2All
were 1199 & 195 (oligodendrogliomas), 1586 & 306
(astrocytoma), 1598 & 299 (oligoastrocytoma), and
1443 & 317 (All) " 10–3 mm2/second. Patients with
Grade IV glioma had white matter choline SNR me-
dian & SD values of 12.40 & 3.5, and patients with
Grade II glioma had white matter choline SNR of 14.6 &
4.1. Patients with Grade IV gliomas within the abnor-
mal anatomical regions had nCho median & SD values
of 0.95 & 1.14 (T2All), 0.98 & 1.28 (NEL), 1.04 & 0.81
(CEL), and 0.49 & 0.38 (NEC). Patients with Grade II

Figure 1. Anatomical images, (a) SPGR and (b) FSE used to
localize (c) spectra and align (d) ADC images. Choline heights
were used to generate (e) choline maps, while (f) ADC maps
were generated from ADC images resampled to the spectral
resolution.

Figure 2. Example of segmentation of the
T2All from the FSE image, the CEL and NEC
from the SPGR image and a calculated NEL as
(T2All–CEL–NEC) for a patient with a Grade IV
glioma. Patients with Grade II lesions included
only T2All regions of the lesion.

Figure 3. Results from patient in Fig. 2 with a Grade IV glioma
(a) spectral slice with distinct anatomically abnormal regions
labeled per voxel, applied to the nCho and nADC maps to
generate a (b) 2D plot of the regions.
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gliomas had median normalized choline values within
T2All of 1.55 & 0.90 (oligodendrogliomas), 1.07 & 0.65
(astrocytoma), 0.99 & 0.19 (oligoastrocytoma), and
1.36 & 1.2 (All).

Between-Patient Region-Level Analysis

Spearman rank correlation of median values of nCho
and nADC for patients with Grade IV gliomas within
NEC%CEL, NEL, and T2ALL regions were significantly
correlated, P ! 0.0043, 0.00002, 0.0026, respectively,
while voxels within CEL and NEC did not reach signif-
icance (see Fig. 4a and Table 1). When examining the
data more closely, it was seen that 23 of 28 patients had
NEC and/or CEL, which was made up of one patient
with NEC but no CEL, 14 with CEL but no NEC, and
eight patients with both CEL and NEC.

In looking at the combined regions, the (nCho, nADC)
locations of the 15 patients with either only CEL or only
NEC stayed the same but the locations of the eight
patients with both CEL and NEC showed a decrease in
nCho and increase in nADC. This suggests that the
correlation between nADC and nCho observed in the
combined CEL%NEC region is driven by a cluster of
patients with mainly necrosis who have high nADC with
low nCho and a cluster of patients with mainly contrast
enhancement who have low ADC with high nCho (see
Fig. 6).

For the nonenhancing NEL region of either Grade IV
or Grade II lesions, we expect a mixture of edema and

Figure 4. Region level analy-
sis: median (nCho, nADC) per
patient for Grade IV regions:
NEC, CEL, NEL, and Grade II
subtypes: Oligo, Astro, Oli-
goastro.

Figure 5. Voxel level analysis: Spearman rank correlation co-
efficients using all voxels for (a) patients with Grade IV lesions
grouped by regions and (b) patients with Grade II lesions
grouped by subtypes.
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tumor. The box-plot values for two patients with Grade
IV glioma are shown in Fig. 7. One patient has high
nCho and low nADC, which suggests the region is
mainly tumor, while the second patient has nCho close
to normal and high nADC, which suggests mainly
edema (nCho ' 1, nADC ' 2). For patients with Grade
II gliomas there was very little enhancement and no
necrosis, so the NEL is coincident with the T2All region.
In this case there was no significant correlation for
median nCho and nADC within these regions for any of
the subpopulations of Grade II lesions or when all types
were combined. These data are seen in Fig. 4b. The
Spearman rank correlation coefficients, P values, and
number of these patients are shown in Table 1.

Within-Patient Voxel-Level Analysis

Spearman rank correlation coefficients of the voxels
from Grade IV gliomas within voxels from the various
distinct abnormal regions are shown in Fig. 5a and the
Spearman rank correlation coefficients for the patients
with different Grade II lesions are shown in Fig. 5b. For
the patients with Grade IV gliomas the correlation co-

efficients were predominantly negative and eight of 36
of them were significant within CEL, NEL, and NEC
regions. For the patients with Grade II gliomas the co-
efficients were both positive and negative and only six of
37 of them were significant within the T2All regions. A
Wilcoxon rank-sum test of the Spearman rank correla-
tion coefficients demonstrates that the two groups have
significantly different medians (P ( 0.0008) and the
correlations tend to be higher in the Grade IV regions.

The nCho and nADC values in representative patients
with Grade IV lesions from these two groups are seen in
Fig. 7. One of the patients has highly variable nCho
values, while the other has much less variable nCho
(nCho values ranged from 0.2 to 6.1). Figure 8 shows a
plot of the Spearman rank coefficient for the CEL plot-
ted vs. range of nADC values, which indicates that there
is a trend toward large correlation coefficient values for
large ranges and small correlation coefficient values
with smaller ranges.

DISCUSSION

Levels of choline, as determined by MRSI, and values of
apparent diffusion contrast (ADC) obtained from DWI
can both provide quantitative, noninvasive measure-
ments that are of interest for characterizing gliomas
and assessing whether they are responding to therapy.
Before these measurements are utilized as surrogate
markers in a clinical setting, it is important to under-
stand whether they represent similar or distinct phe-
nomena. Because the acquisition of DWI provides
higher spatial resolution in a shorter time than MRSI
and is more widely available on commercially available

Table 1
Region Level Spearman Rank Correlation Analysis

Region
Grade IV

r P N

T2AII )0.55 0.0026* 28
NEL )0.71 0.00002* 28
NC )0.57 0.0043* 23
CEL )0.17 0.45 22
NEC )0.45 0.22 9

Type
Grade II

r P N

All )0.09 0.60 37
Oligo 0.27 0.30 17
Astro )0.28 0.34 14
Oligoastro 0.14 0.79 6

*Significant P value.

Figure 6. Plot of patients with Grade IV gliomas. (a) Median
values in NEC and CEL and (b) median values in NEC and CEL
regions, effect when combining the regions, effectively showing
two clusters of patients, one group who have voxels with
mostly active tumor and one group who have voxels of mixed
origin with nCho and nADC values more similar to the values
in NECs.

Figure 7. Box plots showing range of values. Example of a
patient with a Grade IV glioma (a) showing higher nCho within
NEL than CEL regions with large ranges, while another patient
with a Grade IV lesion (b) showing smaller ranges of nCho.
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MR scanners, clinicians would be more likely to use
ADC to evaluate their patients if they were shown to
provide directly equivalent information. In this study
we sought to make direct comparisons of choline and
ADC measurements in two populations of patients with
newly diagnosed, untreated gliomas that are expected
to have quite different biological characteristics. Our
hypothesis was that if they were representative of sim-
ilar phenomena there would be a statistically signifi-
cant correlation between the two variables in each case
and for each grade. The analysis was performed by
comparing values from similar spatial locations, both
on a voxel by voxel basis and by taking median values
within anatomically distinct portions of the lesion
across different patients.

In low grades, ADC values of patients with astrocy-
toma are consistent with previous findings (15,16),
while the ADC values for patients with oligodendrogli-
oma are lower in this study. This may be attributed to
the variation in classification of low grades, especially of
oligodendrogliomas, which has been changing over the
past few years. As previously reported, the normalized
choline values are higher for Grade II oligodendroglio-
mas than astrocytoma (17).

For the patients with Grade II gliomas, neither ap-
proach was able to provide a clear relationship between
levels of choline and ADC values. Because the median
choline values were higher and the median ADC values
lower within the regions of hyperintensity on T2-
weighted images for oligodendrogliomas compared to
values in astrocytomas or oligoastrocytomas, we con-
sidered each subpopulation separately, as well as to-
gether. Once again there was no statistically significant
relationship found. It should also be noted that the
median ADC levels in all of the lesions were higher than
in NAWM, whereas the median choline levels were sim-
ilar to NAWM for the astrocytomas and oligoastrocyto-
mas. This provides further evidence for there being dif-
ferent factors driving the measurements of each
parameter. When we performed a voxel by voxel analy-
sis of the choline and ADC values within individual

patients there were six patients for whom a significant
relationship was established, but in some cases there
were positive correlations and in others negative corre-
lations. These results argue against there being a single
underlying explanation for the variations in choline and
ADC and suggest that, at least in these Grade II glio-
mas, they provide different types of information. This
conclusion is consistent with the findings of Catalaa et
al (8) who had previously reported no significant corre-
lation between mean ADC and mean choline for 20
patients with Grade II gliomas of mixed subtypes.

For patients with Grade IV gliomas, the ADC values of
the NEC, NEL and CEL subregions were consistent with
previous findings (8,18–20). The normalized choline
values for patients with Grade IV gliomas in this study
are similar to those previously reported for the NEC,
NEL, and T2All regions, (8,21) and not significantly
different from those previously reported CEL (21).

For patients with Grade IV gliomas that are known to
be much more spatially heterogeneous than low-grade
lesions, our study provided mixed findings. In un-
treated Grade IV gliomas, the gadolinium-enhancing
region (CEL) is usually interpreted as representing tu-
mor, the central hyperintense region on the postcon-
trast T1-weighted images (NEC) as corresponding to
necrosis and the remaining region of hyperintensity on
the T2-weighted images that does not enhance (NEL) to
a mixture of invasive tumor and edema. It should be
noted that while the median levels of ADC in all subre-
gions were significantly higher than in NAWM and the
ADC within the NEC regions were significantly higher
than the median ADC in the other regions, the differ-
ence between values in the CEL and NEL were not
significant. This suggests that while ADC may be a good
marker of necrosis and is elevated in all portions of the
T2 hyperintensity, there is considerable heterogeneity
in the values within mixed regions of tumor and edema.
Although the median levels of choline were similar to
NAWM in both the CEL and NEL, there was consider-
able heterogeneity, both within each anatomic region
and between patients. This is consistent with our pre-
vious studies that have shown substantial differences
in the spatial extent of metabolic and anatomic lesions,
and that these are more accurately defined by changes
in levels of choline relative to N-acetylaspartate than by
changes in choline alone.

The results obtained by comparing levels of choline
and ADC in different anatomic regions suggested that
the correlations between the two variables that had
previously been observed were caused substantially by
lesion and population heterogeneity rather than by a
direct reflection of specific biological phenomena. When
the median values in the relatively more homogeneous
regions corresponding to the CEL or NEC were consid-
ered there was no correlation between choline and ADC,
but when the values in the CEL and NEC were com-
bined there was a clear negative correlation. This may
be due to the smaller range of values for nADC and
nCho, the relatively small number of voxels in each
subregion or that there was truly no relationship be-
tween nADC and nCho within homogeneous regions of
tumor or edema. For the combined CEL and NEC re-
gions (CEL%NEC), the correlation between nADC and

Figure 8. Linear relationship between the Spearman rank
correlation coefficients of the CEL region for the patients with
Grade IV lesions and the range of nADC values within the CEL
region. This indicates that the large correlation coefficients are
likely to be driven by region heterogeneity.
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nCho seems to have been driven by the heterogeneity in
relative amounts of necrosis and enhancing tumor
within the lesion.

Heterogeneity in the composition of the anatomic re-
gions for Grade IV gliomas also appears to contribute to
the negative correlation between median choline and
ADC in the nonenhancing lesions (NEL) and the overall
T2 hyperintensity (T2all). The NEL is known to contain
active tumor and varying levels of edema (7). Voxels
that are predominantly tumor have high nCho and
lower nADC, while voxels that are edematous have high
ADC and lower choline. The median value of MR param-
eters in the NEL will therefore depend upon the number
of voxels of each type that make up the region. The voxel
level analysis is a more direct way of evaluating the
correlation between nADC and nCho because it consid-
ers smaller, and hence potentially more homogeneous
regions of morphology. Although the voxels for different
regions within patients with Grade IV lesions did have
more than 90% negative correlations, the Spearman
rank correlation coefficient values were quite variable
for individual patients and did not cluster around a
specific value. This can be interpreted as indicating
that, although there may be a relationship between
high nCho and low ADC, there are multiple factors that
have an influence on the observed values and there is
no simple means of predicting one value from the other
in any specific patient or anatomic region.

When considering explanations for relationships be-
tween levels of choline and ADC in gliomas, it is impor-
tant to consider how different biological phenomena
such as cellularity, proliferation, and cell density can
influence their values. Previous studies that have re-
lated choline to histological parameters have typically
considered relatively small patient populations of pa-
tients with gliomas of different grades, having received
variable treatments. Several studies have reported that
choline correlated with the proliferative index, Ki-67
(3,22,23) in mixed patient populations. Nafe et al (24)
also observed a similar relationship in a homogeneous
population of patients with Grade IV gliomas. Shimizu
et al (3) found that Ki-67 was correlated with choline
only within homogeneous nonenhancing regions and
that there was no correlation within heterogeneous re-
gions of gliomas. Croteau et al (25) and Miller et al (26)
reported a significant correlation between choline and
cellularity, while Gupta et al (2) suggested that there
was a positive correlation between choline and cell den-
sity (27).

The situation is even more complex with respect to
the relationships between ADC and other parameters.
While Guo et al (28) were unable to detect a correlation
between ADC and cellularity in a homogeneous popu-
lation of patients with high-grade astrocytomas, other
studies (5,18,29–31) that included a mixture of differ-
ent types of gliomas have reported a significant inverse
correlation. Calvar et al (32) reported a correlation be-
tween ADC and the proliferative Ki-67 index in a mixed
patient population. Other factors that are known to
affect ADC are the viscosity of the medium, barriers to
diffusion between compartments, molecular crowding,
presence of active transport, bulk flow in capillaries,
and the length of diffusion observation (33–35). While

Gupta et al (7) reported an inverse correlation of ADC
and choline within the T2All for a heterogeneous pop-
ulation of patients at various stages of treatment, Cata-
laa et al (8) reported a strong negative correlation be-
tween mean ADC and mean choline within the NEL and
CEL regions for patients with newly diagnosed Grade IV
gliomas but not for Grade II or Grade III gliomas.

Overall, the results of our study and those that have
been reported in the literature support the potential of
using maps of choline or ADC in newly diagnosed,
Grade IV gliomas to define regions containing prolifer-
ative and cellular tumor as opposed to necrosis or
edema. It is not clear, however, whether either param-
eter provides direct, quantitative assessments of mi-
totic activity or cellularity that are consistent between
individuals. Choline is a measure of cellular turnover,
while ADC is a measure of the mobility of water. These
parameters are related to cell density, but are not direct
measures of the same phenomenon. If there is a re-
quirement to make these connections, there should be
a more detailed study using choline and ADC-guided
biopsies within populations of patients that are homo-
geneous with respect to tumor grade and to the treat-
ment that they have received. Other critical studies for
understanding the clinical significance of these and
other surrogate markers should consider the prognos-
tic value of each specific parameter. Our preliminary
analyses of ADC levels in patients with newly diagnosed
Grade IV gliomas suggested that the presence of regions
in the lesion that have low ADC was predictive of
shorter survival, but whether this provides additional
information over other MR parameters is unclear (36).
While the level of choline did not appear to be prognos-
tic of poor outcome in this population, high levels of
lactate and lipid measured from the same MRSI data
were associated with shorter survival.

In conclusion, based upon our findings in Grade IV
and Grade II gliomas, it is recommended that future
studies continue to acquire both DWI and MRSI data so
that their prognostic significance can be fully estab-
lished and so that more informed decisions can be
made as to which is relevant for each specific patient at
any particular time point in the course of their disease.
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