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BACKGROUND AND PURPOSE: MR spectroscopic imaging (MRSI) and dynamic susceptibility-contrast
MR imaging (DSC-MR imaging) are functional in vivo techniques for assessing tumor metabolism and
vasculature characteristics. Because tumor hypoxia is influenced by tortuous, degraded, swollen, and
angiogenic tumor vasculature, regions of abnormal perfusion parameters should coexist with changes
in lactate and creatine metabolite levels.

MATERIALS AND METHODS: DSC-MR imaging and lactate-edited MRSI were performed on 38 treat-
ment-naive patients with high-grade gliomas (17 grade lll, 21 grade IV) before surgical diagnosis.
Regions of abnormal perfusion were determined from peak height and percent recovery maps for each
voxel within the spectroscopic imaging volume. Choline, creatine, and lactate levels within voxels
experiencing only abnormal peak height (aPH), only abnormal recovery (aRec), and both abnormal peak
height and recovery (aPH+aRec) were determined and compared to the surrounding T2 hyperintensity
(T2h) and normal-appearing white matter.

RESULTS: There were decreasing trends in volume from aPH to aRec to aPH+aRec regions for both
grade Il and grade IV gliomas. Grade IV gliomas exhibited significantly elevated choline in all abnormal
perfusion regions, with reduced creatine and increased lactate in the aRec region relative to the
surrounding T2h. Grade Il gliomas showed trends toward increased creatine within the aPH region and
reduced levels within the aRec region.

CONCLUSION: Depressed creatine and elevated lactate levels confirmed the lack of oxygenation within
regions of compromised vascular integrity. ldentification of regions with leaky or dense vasculature
and metabolic markers of hypoxia and cellular proliferation could be useful in determining the more

With the increase in tumor burden during neoplastic
transformation, the respiratory capacity decreases as the
vascular supply is no longer adequate to support the increasing
metabolic demands of the rapidly proliferating tumor cells.
Regional hypoxia then ensues, resulting in 2 effects: 1) the
increased reliance on glycolysis for energy production, and 2)
the upregulation of vasoactive endothelial growth factor and
promotion of new blood vessel formation from the existing
vasculature, a phenomenon known as angiogenesis."™* The
new vessels that are formed often lack the complex structure of
the normal brain vasculature, increasing endothelial perme-
ability. Tumor growth can also damage the existing vascula-
ture by elevating interstitial pressure, causing large transport
distances in the interstitium, and promoting blood-brain bar-
rier (BBB) breakdown, which results in microvascular leak-
age.>® As the end product of nonoxidative glycolysis, elevated
lactate levels may also be markers of reduced cellular oxygen-
ation and hypoxia in these lesions."””* However, the concen-
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aggressive part of the tumor for targeting, monitoring, and assessing effects of treatment.

tration of lactate may involve complicated interplay between
hemodynamics and cellular proliferation and energetics. In
addition, creatine levels have also been associated with energy
metabolism and bioenergetics in tumors.'%*?

MR spectroscopic imaging (MRSI) and dynamic suscepti-
bility-contrast perfusion MR imaging (DSC-MR imaging) are
functional in vivo techniques capable of quantitatively assess-
ing metabolic and vascular activity in tumors. Numerous
studies have implemented MRSI to extract information about
brain tumor cellularity and cell membrane breakdown, cellu-
lar energetics, neuronal activity, and macroscopic necrosis
through its ability to distinguish signals from choline, creatine,
N-acetylaspartate, lactate, and lipid molecules.'''® DSC-MR
imaging facilitates analysis of hemodynamic parameters by
tracking an intravenous contrast agent bolus through the vas-
culature, resulting in a T2* relativity curve proportional to
concentration and, therefore, vascular density. Various
groups have compared relative cerebral blood volume (rCBV)
and/or permeability values derived from DSC-MR imaging
with metabolic indices in low- and high-grade brain tu-
mors.'”*? However, these studies usually analyze only the cen-
tral contrast-enhancing portion of the tumor or region with
maximal rCBV and do not use spectroscopic imaging se-
quences sensitive to lactate detection.'®***

Previous studies have shown that voxel-by-voxel compar-
ison of percent recovery and peak-height values obtained from
a nonparametric model can be easily used to characterize in-
dependently regions of BBB breakdown and increased vessel
volume due to angiogenesis.’® In addition, regions of abnor-
mal perfusion were found outside the contrast-enhancing vol-
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ume in both grade I1l and grade IV gliomas.’>*' By combining
lactate-edited 3D MRSI and perfusion-weighted imaging, this
study aims to investigate metabolic levels within distinct re-
gions of 1) abnormal vessel volume with intact vessels and 2)
structurally compromised vessels of normal density in both
grade IIT and grade IV gliomas. Because heightened cell den-
sity and proliferation require the recruitment of additional
vessels for oxygenation, areas of elevated vessel volume are
hypothesized to experience increased choline levels. For re-
gions that exhibit insufficient perfusion of oxygen due to BBB
breakdown, reductions in creatine and heightened lactate lev-
els that mark anaerobic respiration are expected, with larger
changes projected for grade IV gliomas.

Methods

Patients

MR imaging was performed on 38 patients with newly diagnosed
brain tumor (15 women, 23 men) immediately before undergoing
surgical resection at our institution. All patients provided informed
written consent using a protocol approved by our institutional review
board. Patients had no clinical history of prior treatment. His-
topathologic analysis of the resected tissue confirmed the diagnosis of
17 grade III gliomas (mean age, 41 years; median age, 36 years; age
range, 19—69 years; 11 anaplastic astrocytomas, 2 oligodendroglio-
mas, 4 oligoastrocytomas) and 21 grade IV gliomas (mean age, 55
years; median age, 58 years; age range, 27—75 years; all glioblastoma
multiforme) as classified by the World Health Organization II
criteria.

MR Imaging and Spectroscopic Acquisition

MR imaging examinations were performed on a 1.5T Signa Echo-
Speed scanner (GE Healthcare Technologies, Waukesha, Wis) using a
standard quadrature head coil. The MR imaging protocol consisted of
an axial fluid-attenuated inversion recovery (FLAIR, 10,000/148/2200
ms [TR/TE/TI]) or axial 3D fast spin-echo T2-weighted imaging
(FSE; 3000/102 ms [TR/TE]), dynamic susceptibility-weighted gradi-
ent-echo echo-planar imaging (EPI; 1000—1250/54 ms [TR/TE]; flip
angle, 35°), and postcontrast 3D spoiled gradient-recalled (SPGR,
34/8 ms) T1-weighted imaging. The T2-FLAIR, FSE, and postcontrast
T1-SPGR images were acquired and used to define regions of T2
hyperintensity and T1 enhancement.

For the dynamic EPI series, the location and size of the tumor and
the position of the superior and inferior margins were determined
from the T2-weighted FLAIR or FSE images. Seven or 8 slices were
selected to cover most of the tumor volume. Slice thickness ranged
from 3 to 5 mm and slice gap of 0 to 2 mm. A standard dose of 0.1
mmol/kg body weight of gadopentetate dimeglumine (Gd-DTPA)
was injected intravenously with an MR imaging-compatible power
injector at a rate of 5 mL/s, followed immediately by a 20-mL contin-
uous saline flush. A series of 60 T2*-weighted multislice image sets
(witha 26 X 26 cm? in-plane FOV and 128 X 128 acquisition matrix)
were acquired every 1-1.25 seconds during the first pass and recircu-
lation phase of the contrast agent bolus.

3D J-difference lactate-edited MRSI data were acquired using a
Point-Resolved Spectroscopy (PRESS) volume localization (TE/TR,
144/1000 ms) with dual band selective inversion with gradient-
dephasing (BASING) pulses developed previously in our laborato-
ry.>? Because the lactate resonance is confounded by the presence of
lipid at 0.9-1.3 ppm in a conventional MR spectroscopy acquisition,
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J-difference spectral editing methods were implemented to achieve
full sensitivity of the lactate doublet using 2 acquisition cycles per
phase-encode step to discriminate between coupled and uncoupled
spins.”’*? Chemical shift selective saturation and very selective satu-
ration (VSS) pulses were applied for water and outer volume suppres-
sion, respectively. The VSS pulses were able to provide a sharper
PRESS-selection volume and reduce chemical shift misregistration
artifacts.>* The excited PRESS volume (usually 200-300 cm?®) was
positioned to cover as much of the lesion as possible while avoiding
materials such as bone and subcutaneous fat that would complicate
shimming and water suppression. Contralateral normal tissue was
also included as a reference for postprocessing of metabolites and
region definition.”® K-space sampling was restricted to the central
ellipsoidal region within a 12 X 12 X 8 phase-encode matrix to
shorten the acquisition time to approximately half that of the full
k-space sampling.”* This technique allowed separation of lactate from
lipid within the same total acquisition time (~17 minutes).

Image and Spectra Postprocessing

All images were transferred off-line to a UNIX workstation (Sun Mi-
crosystems, Mountain View, Calif) and processed by using in-house
programs created in C and IDL (Research Systems, Boulder, Colo)
programming languages or with Matlab 6.5 software (MathWorks,
Natick, Mass). The metabolite and perfusion images were rigidly
aligned to a postcontrast injection 3D SPGR image and resampled to
a32 X 32 grid in-plane with a 16 X 16 cm” FOV. When necessary, the
perfusion dataset was aligned to the anatomic images using affine and
perspective transformations or nonrigid B-spline warping® by max-
imization of normalized mutual information.*® The pixel size of the
perfusion data was increased to 5 X 5 mm? resolution so that the
observed perfusion signal-intensity changes had sufficient signal-to-
noise ratio to be analyzed reliably on a voxel-by-voxel basis, and the
degree of interpolation of the metabolite maps was minimized.

The resampled T2* signal-intensity time curves acquired during
the first pass of the gadolinium bolus were converted to the change in
relaxation rate (AR2*). The precontrast baseline signal intensity was
established from 6 image volumes acquired before contrast injection.
Because the relative Gd-DTPA concentration is proportional to the
AR2* curve, a plot of the relative concentration of Gd-DTPA in tissue
over time was obtained for each voxel. Peak height and percent recov-
ery of the postbolus signal intensity from the peak were calculated
from the AR2* curve of the perfusion data for each voxel within the
PRESS localized volume. Peak height values were normalized to the
peak of a model curve function derived from normal-appearing brain
based on histogram analysis of the precontrast echo-planar images.*
Voxels with peak-height values greater than twice the model curve
were classified as having abnormal peak height, whereas those whose
postbolus concentration recovered less than 75% from the peak con-
centration were considered to have abnormal recovery.

The 3 abnormal perfusion regions comprised voxels experiencing
1) abnormal peak height but not abnormal recovery (aPH), 2) abnor-
mal recovery but not abnormal peak height (aRec), or 3) both abnor-
mal peak height and recovery (aPH+aRec). Regions within the T2
lesion that were within the PRESS localization volume were identified
by manual delineation on the FLAIR or FSE images. The subregion
that we defined as T2h and that we used for comparison of metabolite
levels excluded regions of contrast enhancement (defined from re-
gions of interest on the SPGR), abnormal perfusion, and macroscopic
necrosis. Normal-appearing white matter (NAWM) regions were de-
termined from visual inspection of spectral voxels and selection of



those only located entirely in white matter contralateral to the tumor,

without partial voluming with other tissue or contaminated by arti-
facts. Areas of signal dropout due to susceptibility on the echo-planar
images were excluded from all regions. Abnormal perfusion, T2h, and
NAWM regions overlaid on postcontrast T1-weighted images are
shown in Fig 1 for an example of a patient with grade IV glioma.
Volumes of aPH, aRec, aPH +aRec, and T2 hours were calculated and
normalized according to the entire T2 lesion volume within the per-
fusion images.

3D MRSI data were quantified off-line using software developed
in our laboratory to estimate the levels of choline, creatine, and lactate
using the summed and difference spectra from the 2 acquisition cy-
cles."* Baseline, phase, and frequency correction parameters from the
summed spectra were applied to the difference spectra. Spectral val-
ues were determined from the height of each metabolite peak and
normalized relative to the noise levels of the right-hand end of the
spectra.

Statistical Analysis

Metabolite levels were calculated within each region for each patient
individually and then averaged across patients in each cohort. Voxels
from all patients of the same grade were also combined for each re-
gion, and mean values of parameters were computed. Statistical sig-
nificance for differences in metabolite levels between the various re-
gions of the same patient group were quantified by using a signed-
rank test, whereas metabolite levels for a given region compared
between patient groups were considered significant using a Wilcoxon
ranked sum test. P values less than .05 were considered significant.
Data are expressed as mean = SD.

Results
All patients had large regions of T2 hyperintensity that were
assumed to correspond to the area at risk for increased meta-

Fig 1. Heterogeneity in the distribution of abnor-
mal perfusion regions within a representative
grade IV glioma. A, The region describing only
abnormal peak height (aPH) and normal recovery
patterns. B, The region consisting of only abnor-
mal recovery (aRec) with normal peak height
values. C, The intersection of both abnormal peak
height and abnormal recovery (aPH+aRec) is dis-
played. D and E The T2 hyperintensity lesion
(T2h), which excludes all regions of abnormal
perfusion, contrast enhancement, and macro-
scopic necrosis, and contralateral normal appear-
ing white matter (NAWM).

Table 1: Volumes of abnormal perfusion and T2h regions expressed
as a percentage of the total T2 lesion volume within the PRESS
box

Grade Ill Grade IV
No. No.
Region Volume (%) Patients Volume (%) Patients
aPH 11.0 =105 15 16.3 = 11.6 20
aRec 109 =175 12 123 £12.7 20
aPH+aRec 16+23 10 51+6.1 19
T2h 744 +190 16 504 +17.3 21

Note:—aPH indicates the region of abnormal peak height with normal recovery; aRec, the
region of abnormal recovery with normal peak height.

bolic and vascular abnormality. Seven of the 17 patients with
grade III lesions and all 23 patients with grade IV lesions ex-
hibited enhancement on the T1-weighted postcontrast SPGR
images. Although the intention was to cover the entire region
of T2 hyperintensity for each lesion, the functional MR and
spectroscopic imaging data did not always cover the entire
lesion; therefore, obtaining values for the entire region was not
always possible. The spatial extent of regions with abnormal
MR imaging parameters was, therefore, expressed as a per-
centage of the portion of the entire T2 lesion that was covered
by the PRESS excitation volume.

There was considerable heterogeneity in the distribution of
the various abnormal perfusion regions within both grade III
and grade IV gliomas as displayed in Fig 1. Volumes of abnor-
mal perfusion regions compared to the T2h region were 16%,
12%, and 5% for the grade IV lesions and 11%, 11%, and 2%
for the grade III lesions (Table 1). In both patient populations,
a decreasing trend was observed in normalized mean volume
from aPH to aRec to aPH+aRec regions. When compared to
the aPH+aRec region, the volumes of aPH and aRec were
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significantly larger for both grade III and grade IV gliomas.
However, no statistically significant difference was found be-
tween aPH and aRec. The normalized mean volumes of

aPH+aRec were significantly larger in patients with grade IV
gliomas than in patients with grade III gliomas, with respective
values of 5% and 2%. An increasing trend was observed for
aPH volume and aRec volume with grade, but the differences
(11% versus 16% for aPH and 10% versus 12% for aRec) were
not significant (aPH, P = .2 and aRec, P = .1).

Figure 2 shows the spectral patterns and regions of abnor-
mal perfusion for a representative patient with nonenhancing
grade III glioma. From the summed spectra, we notice a clear
elevation of choline, especially in the aPH region, and a reduc-
tion in creatine levels, most notably in the aRec region, com-
pared to the contralateral NAWM spectra. A uniform presence
of increased lactate levels throughout the T1-hypointense le-
sion is observed from the difference spectra. Figure 3 illus-
trates metabolite maps created from the sum and difference
spectra for choline, creatine, and lactate.
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Fig 2. Spectral patterns and regions of abnormal perfusion
for a representative patient with nonenhancing grade Il
glioma. From the summed spectra, a clear elevation of
choline (Cho), especially in the aPH region (yellow), and a
reduction in creatine (Cre) levels, most notably in the aRec
region (red), are observed compared with the contralateral
NAWM spectra. Increased lactate (Lac) levels that persist
throughout the T1-hypointense lesion are shown by the
difference spectra.

Fig 3. Perfusion-derived nonparametric maps of
peak height (A) and percent recovery (B) overlaid
on postcontrast T1-weighted images with corre-
sponding AR2* curves (C) for a representative
grade IV glioma. D-F, Corresponding metabolite
maps of choline (D), creatine (£), and lactate (F).

Table 2: Mean metabolite levels within abnormal perfusion and T2h
regions compared with contralateral NAWM for grade IV gliomas

Region Choline Creatine Lactate No. Voxels
aPH 176 £10.2 9.1+56 43+23 54 + 43
aRec 159 +77 82+47 43+27 50 =70
aPH+aRec 16.1 = 8.6 81+49 48 +33 24 + 38
T2h 144 +64 90+47 34+25 172 = 17
NAWM 16.4 £ 45 145+ 36 12+19 N/A

Note:—aPH indicates the region of abnormal peak height with normal recovery; aRec, the
region of abnormal recovery with normal peak height; NAWM, normal-appearing white
matter; N/A, not applicable.

When comparing metabolite levels within the various ab-
normal perfusion regions with the T2h region, we observed
different trends for each glioma grade. For grade IV gliomas
(Table 2), significantly elevated choline (P < .02) was ob-
served in the aPH region compared to the surrounding pure
T2 region, whereas levels of creatine and lactate were similar
between these regions (P > .6 and P > .1, respectively). When



Table 3: Mean metabolite levels within abnormal perfusion and T2h
regions compared with contralateral NAWM for grade Il gliomas

Region Choline Creatine Lactate No. voxels
aPH 189 +7.1 126 45 29+12 31+24
aRec 179 + 80 106 =42 26+15 21+ 26
aPH+aRec 204 +95 127 6.0 25+19 5+3
T2h 189 +6.9 115=*36 29+11 190 =122
NAWM 152 + 438 148 + 4.4 14+18 N/A

Note:—aPH indicates the region of abnormal peak height with normal recovery; aRec, the
region of abnormal recovery with normal peak height; NAWM, normal-appearing white
matter; N/A, not applicable.

Table 4: Comparison of mean metabolite levels within abnormal
perfusion and T2h regions from voxels across all patients of each
grade

Choline Creatine
Region Grade IlI Grade IV Grade Ill Grade IV
aPH 169 =96 16.5 = 12.1* 10.7 =58 7.6 £59**
aRec 179+11.2 16.0 9.4 88 +50 82+48
aPH+aRec 206 =128 19.0 = 11.7 11.2+69 84=*54%
T2h 189 = 10.7 136 =87 11.0+56 85=*55

Note:—aPh indicates the region of abnormal peak height with normal recovery; aRec, the
region of abnormal recovery with normal peak height.

P < .02

**p < 001

comparing the aRec to the T2h region in these same patients, a
significant reduction in creatine and increase of lactate levels
were also observed (P < .05), in addition to elevated choline
levels (P < .02). Metabolite peak heights for choline, creatine,
and lactate within the aPH +aRec region were similar to levels
observed in the aRec region. All metabolite values within ab-
normal perfusion and T2h regions were significantly different
from those in NAWM, with higher creatine and reduced lac-
tate in NAWM. Choline levels in the different abnormal per-
fusion regions varied compared to those in the NAWM region,
however, with elevated choline levels greater than NAWM
only present in the aPH region.

For patients with grade III gliomas, no significant differ-
ences in metabolite levels were found among regions (Table
3), but there was a decreasing trend for creatine in the aRec
region compared to all other abnormal perfusion and T2h
regions. Creatine was elevated in both the aPH and aPH+aRec
regions relative to the T2h region. Choline and lactate levels
were similar in all abnormal perfusion and T2h regions, with
the exception of a tendency toward increased choline levels in
the aPH+aRec region. The lack of significance for these trends
was most likely due to the smaller number of patients exhib-
iting abnormal regions in the grade III cohort. All abnormal
perfusion and T2h regions exhibited significantly increased
choline and lactate levels and decreased creatine levels com-
pared to those in the NAWM region.

Lactate levels were significantly elevated in abnormal per-
fusion regions of grade IV gliomas compared to those in the
corresponding grade IIT region (P < .02, Tables 2 and 3). Sig-
nificant differences in choline and creatine between grades
were only observed when combining voxels across all patients
(Table 4). With this analysis, creatine levels were significantly
reduced for patients with grade IV gliomas in all abnormal
perfusion and surrounding T2 hyperintense regions except for
the aRec region. Choline levels within the aPH region were

significantly elevated in grade III gliomas compared to their
grade IV counterparts.

Discussion

Combining the functional in vivo techniques of MRSI and
DSC-MR imaging has allowed us to relate metabolic activity
with vascular properties and provide insight into the malig-
nant potential of high-grade gliomas. Through quantitative
assessment of perfusion parameters that do not rely on any
prior assumptions as to the biology of the model that they
describe, we were able to separate first-pass bolus characteris-
tics from the recirculation phase and derive independent re-
gions of increased vessel volume and BBB breakdown. In ad-
dition, the 2 spectra-acquisition cycles facilitated the detection
of metabolites that have been associated with active tumor
proliferation and abnormal cellular energetics that, together
with vascular structure, are expected to directly or indirectly
influence the level of oxygenation in these tumors. Previous
data have shown spatial heterogeneity when comparing
percent recovery and peak-height values obtained from a non-
parametric model for both the region of contrast enhance-
ment and the surrounding region of hyperintensity on T2-
weighted images.”® Our goal was to gain further insight into
the metabolic changes occurring within both areas of well-
perfused tumor and regions where the BBB was compromised,
in addition to identifying regions that could potentially differ-
entiate between the grade Il and grade IV lesions. Whereas the
presence of such heterogeneity is not surprising based on the
histologic characteristics of these tumors, identifying coinci-
dent regions of leaky or dense vasculature and markers of poor
oxygenation and cellular proliferation could be useful in de-
termining the more aggressive part of the tumor for planning
and monitoring therapy.

When the vascular supply is no longer adequate to support
the increasing metabolic demands of the rapidly proliferating
tumor cells, there is an increased reliance on glycolysis for
energy production, and this promotes the formation of new
blood vessels. Insufficient perfusion of oxygen from the capil-
lary bed to the surrounding tissue is also caused by tortuous,
degraded, and abnormal tumor vasculature. We limited our
regions to only abnormal peak height with normal recovery
(aPH), only abnormal recovery with normal peak height
(aRec), and both abnormal peak height and recovery (aPH +
aRec) to relate the respective spatial distribution of elevated
vessel volume and abnormal recirculation/leakage with meta-
bolic activity, without the confounding effect of tortuosity,
which is likely to be manifested as an increase in both param-
eters and to be in the aPH+aRec region. A 5 X 5 mm in-plane
resolution was selected as an intermediate value to ensure ad-
equate signal to noise of the perfusion data, avoid overinter-
polation of metabolite maps, facilitate image registration, and
not compromise spatial resolution in the definition of our
region boundaries, which will eventually be incorporated into
treatment planning. The abnormal range of percent recovery
and peak-height values was determined on the basis of previ-
ous analysis of the relativity curves from normal tissue.*

Grade IV gliomas exhibited the highest choline levels, sig-
nificantly greater than values found in NAWM in the aPH
region and suggested increased cell density and/or prolifera-
tion. Because increased oxygenation from excess vessels would
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be available to support the additional and/or rapidly dividing
cells, an increase in choline with stable creatine and lactate
levels is expected for this region. Within the aRec region, the
elevation in choline was accompanied by reductions in creat-
ine and increases in lactate. These changes may reflect the de-
pendence of oxygenation on vascular integrity, whereas leaky
vessels prevent adequate perfusion of oxygen to the surround-
ing tissue, resulting in anaerobic respiration, the formation of
lactate, and lower energy reserves. All metabolite levels within
the aPH+aRec region were similar to those observed in the
aRec region, suggesting the presence of leaky vasculature
rather than vessel tortuosity.

In grade III gliomas, creatine was the only metabolite that
showed differences between abnormal perfusion regions. De-
creasing trends were observed in the aRec region, whereas
both the aPH and aPH+aRec regions exhibited increasing
trends. This may mean that more energy is needed in the initial
recruitment and formation of new vessels. None of these
trends were significant, however, due to the smaller region
sizes and smaller population that was available in the study.
The reduction in creatine levels in the aRec region compared
to the surrounding pure T2 hyperintensity experienced by pa-
tients with grade III gliomas is consistent with previous find-
ings of lower creatine values for patients with grade III gliomas
in regions of contrast enhancement® and supports creatine as
a marker for hypoxia, though this reduction may be due to an
overall metabolite depression from evolving necrotic tissue.

Grade IV gliomas exhibited significantly elevated lactate
levels compared to grade III gliomas in all abnormal perfusion
regions. In patients with grade III gliomas, the presence of
lactate did not appear to be localized to any particular region,
and the amount of lactate in all abnormal perfusion regions
was consistent with levels found in the surrounding T2 hyper-
intensity. This finding agreed with previously published data
showing no significant correlation between volumes of ele-
vated lactate and any morphologic abnormality.*

Our results suggest that a reduction in creatine levels
and the presence of regions with abnormal vasculature may
be considered as noninvasive markers of tumor progression
from grade III to grade IV gliomas. Increased cellular pro-
liferation, as indicated by elevated choline in the aPH re-
gion of grade III gliomas, may initially cause dilation of
existing blood vessels and/or the formation of new ones.
This mitosis-induced angiogenic phenomenon is sup-
ported by previous studies that demonstrated a positive
correlation between vessel volume and choline levels.® The
new vessels that are formed often lack the complex struc-
ture of the normal brain vasculature, resulting in increased
endothelial permeability. Although diminished creatine
levels were observed in regions of microvascular leakage for
both glioma grades, lactate levels were only elevated in
grade IV tumors. This finding implicates creatine as an
early biomarker of reduced energy reserves from anaerobic
respiration before lactate accumulation. We hypothesize
that once transformation to a more malignant phenotype
occurs, the decline of creatine becomes widespread and lac-
tate levels begin to rise, especially in regions with leaky
vessels.

An alternative explanation is that the existence of lactate is
a marker of hypoxia, which induces angiogenesis in tu-

1460  Lupo | AINR 28 | Sep 2007 | www.ajnr.org

mors."”?!' The presence of lactate is the result of heightened
glycolytic metabolism within hypoxic regions that are driven
by increased proliferation. Li et al found higher rCBV values
within regions of elevated lactate and a positive correlation
between maximal peak height and volume of lactate of high-
grade tumors.”"" In that case, vessel wall permeability was not
assessed, and there was no distinction between the 2 tumor
grades. The fact that we only observed elevated lactate and
reduced creatine within the regions of abnormal recovery sug-
gests that BBB breakdown, originating from damage to the
existing vasculature, plays a role in oxygen depletion. It seems
likely that once the angiogenic switch is activated, the oxygen-
ation process is restored as reflected by our results of similar
creatine and lactate levels in the aPH region and the surround-
ing nonenhancing T2 lesion. The fact that all metabolite levels
within the aPH+aRec region were similar to those observed in
the aRec region further substantiates the importance of vessel
integrity in oxygenation. It is possible that the correlation be-
tween lactate and rCBV observed previously may be due to
elevated rCBV measurements and microvascular leakage.

Although the clinical role of 3D '"H-MRSI and DSC-MR
imaging requires further evaluation, the current study has
shown that these 2 techniques are useful in adding specific-
ity to characterizing spatial heterogeneity in high-grade gli-
omas. However, limitations of this study include the small
sample size (especially for the grade III population), the
heterogeneous nature of these tumors, and the lack of spa-
tial correlation between imaging parameters and histopa-
thology from the surgically resected material. Other possi-
ble confounding factors include the administration of
steroids to relieve intracranial pressure and mass effect,
though these effects should only manifest as decreased vol-
umes of region abnormality.

Assessment of the level of oxygenation in tumors is becom-
ing increasingly important because hypoxia has been shown to
be a predictor of aggressive disease, metastatic spread of tumor
cells, and poor response to radiation therapy and chemother-
apy.®* Parametric maps of elevated peak height, choline, and
lactate levels, and abnormal recovery and creatine levels, may
be beneficial in treatment planning, including target defini-
tion for conformal beam radiation therapy and biopsy guid-
ance to help avoid underestimation of the histologic grading of
nonenhancing tumors.***' Predicting hypoxic regions would
be especially advantageous in determining the most radiosen-
sitive region of the tumor that would respond best to treat-
ment. Future assessment of the role of the combination of
these vascular and metabolic parameters as possible indicators
of the effectiveness of novel antiangiogenic therapies, as well as
their ability to predict survival and regions of recurrence,
would be of great interest.

Conclusions

The spatial distributions of tumor microvasculature and met-
abolic characteristics have shown considerable heterogeneity
in patients with grade IIT and grade IV gliomas. Key changes in
regions of abnormal perfusion are increased choline, de-
creased creatine, and increased lactate. Depressed creatine and
elevated lactate levels confirmed the lack of oxygenation
within regions of compromised vascular integrity. Future
studies will assess the prognostic value of these perfusion and



metabolic parameters in both predicting and evaluating tu-
mor response to antiangiogenic therapy for patients with
high-grade glioma.
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