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Assessing Global Invasion of Newly Diagnosed
Glial Tumors with Whole-Brain Proton

MR Spectroscopy

Benjamin A. Cohen, Edmond A. Knopp, Henry Rusinek, James S. Babb, David Zagzag,
and Oded Gonen

BACKGROUND AND PURPOSE: Because of their invasive nature, high-grade glial tumors
are uniformly fatal. The purpose of this study was to quantify MR imaging-occult, glial tumor
infiltration beyond its radiologic margin through its consequent neuronal cell damage, assessed
by the global concentration decline of the neuronal marker N-acetylaspartate (NAA).

METHODS: Seventeen patients (10 men; median age, 39 years; age range, 23–79 years) with
radiologically suspected (later pathologically confirmed) supratentorial glial neoplasms, and 17
age- and sex-matched controls were studied. Their whole-brain NAA (WBNAA) amounts were
obtained with proton MR spectroscopy: for patients on the day of surgery (n � 17), 1 day
postsurgery (n � 15), and once for each control. To convert into concentrations, suitable for
intersubject comparison, patients’ global NAA amounts were divided by their brain volumes
segmented from MR imaging. Least squares regression was used to analyze the data.

RESULTS: Pre- and postoperative WBNAA (mean � SD) of 9.2 � 2.1 and 9.7 � 1.8 mmol/L,
respectively, in patients were indistinguishable (P � .369) but significantly lower than in
controls (12.5 � 1.4 mmol/L). Mean resected tumor size (n � 15) was �3% of total brain
volume.

CONCLUSION: The average 26% WBNAA deficit in the patients, which persisted following
surgical resection, cannot be explained merely by depletion within the �3% MR imaging-visible
tumor volume or an age-dependent effect. Although there could be several possible causes of
such widespread decline—perineuronal satellitosis, neuronal deafferentation, Wallerian and
retrograde degeneration, vasogenic edema, functional diaschisis, secondary vascular changes—
most are a direct or indirect reflection of extensive, MR imaging-occult, microscopic tumor cell
infiltration, diffusely throughout the otherwise “normal-appearing” brain.

High-grade glial tumors (WHO grades III and IV)
are uniformly fatal malignancies affecting approxi-
mately 10,000 new patients in the United States an-
nually (1, 2). Advances in diagnosis (eg, CT, positron-
emission tomograph, MR imaging) and therapy (eg,
stereotaxis, radiation therapy, and chemotherapy)
during the past 30 years have only marginally im-
proved these patients’ dire prognosis of �2 years’

mean life expectancy from diagnosis. The physical
morbidity and emotional challenge caused by the tu-
mors, as well as the high cost of treatment—
�$500,000 per patient—underscore the importance
of treatment effectiveness and individual outcome
prediction (1).

A likely reason for treatment failure is the invasive
nature of these neoplasms, which leads ultimately to
recurrence despite optimal surgical and adjuvant
therapy (3–6). Unfortunately, assessing the degree of
this infiltration, which could potentially guide man-
agement of the disease, is difficult with current diag-
nostic tools (7), including thallium single-photon
emission tomography (SPECT), perfusion MR imag-
ing, and localized proton MR spectroscopy (1H-MR
spectroscopy; 8–17). The present study tests the hy-
pothesis that tumor invasion can be assessed through
the neuronal cell damage in its path, as demonstrated
in Fig 1, by measuring the global decline of the neu-
ronal marker N-acetylaspartate (NAA; 18, 19), ob-
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tained with whole-brain 1H-MR spectroscopy (20–
22), in newly diagnosed, untreated glial tumor
patients relative to their age- and sex-matched
controls.

Methods

Human Subjects
Seventeen consecutive patients (10 male) of median age 39

years (range, 23–79 years) with radiologically suspected, un-
treated, supratentorial glial tumors and 17 age- and sex-
matched controls (median age, 39 years; range, 25–76 years)
were recruited. Patients underwent preoperative MR imaging
as part of their stereotactic surgical planning and another MR
imaging within 24 hours of surgery. Controls were scanned
once. Tumors were resected in 15 cases and biopsied in the

other 2 for histologic confirmation of the suspected diagnosis.
Age, sex, and tumor grade for each patient are compiled in the
Table. All subjects gave institutional review board–approved
written consent.

MR Imaging: Brain Volume, VB, Segmentation
Each subject’s brain volume, VB, was obtained from his or

her T1-weighted sagittal magnetization-preparation rapid gra-
dient echo (TE/TR/TI, 7.0/14.7/300 ms; 128 sections, each 1.5
mm thick; 256 � 256 matrix; 210 � 210 mm2 field of view)
images by using the MIDAS package (23). Specifically, a
“seed” region was placed in the periventricular white matter.
Following selection of all pixels at or above the gray matter
signal intensity, a brain mask was constructed in 3 steps: (1)
morphologic erosion; (2) recursive region growth, which re-
tains pixels connected to the “seed” region; and (3) morpho-
logic inflation to reverse the effect of erosion. Next, the brain

FIG 1. Histopathology of the invasive edge of the glioblastoma multiforme from patient 12 in the Table.
Top left, A, Low power, �50, hematoxylin and eosin stain depicting tumor core (TC) and brain adjacent to tumor (BAT). Note the high

cellularity of the core in the white matter, with invading cells spreading as far as the leptomeningeal space (LMS).
Top right, B, High power, �400, of the BAT emphasizing perineuronal satellitosis—glioma cells around neuronal cell bodies (arrows).
Bottom left, C, Medium power, �100, with a monoclonal antibody (NeuN) staining neurons.
Bottom right, D, High power, �400, view of C highlighting immunoreactive neurons (arrows) surrounded by infiltrating tumor cells.

These vacuolated neurons appear unhealthy, and therefore, are likely to contain less NAA. A healthy neuron is indicated for comparison
(arrowhead).
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masks were truncated at the foramen magnum to incorporate
the brain stem and cerebellum but not the cord. Finally, tumor
beds, including pixels below gray matter signal intensity, were
incorporated in the presurgical masks while resection cavities
were excluded from the postsurgical masks. VB was calculated
from the mask by multiplying the number of pixels therein by
their volume. Examples of CSF/parenchyma segmentation per-
formance are shown in Figs 2A and -B.

MR Spectroscopy: Whole-Brain NAA (WBNAA) Quantification
The amount of WBNAA, QNAA, was measured in a 1.5T

clinical imager. Shimming, yielding consistent 15 � 4 Hz whole-
head water line width, was followed by nonlocalizing (ie, whole-
head) TE/TI/TR � 0/940/10,000 ms 1H-MR spectroscopy (20).
Quantification was done against a reference 3-L sphere of
1.5 � 10�2 mol NAA in water. Subject and reference NAA
peaks, SS and SR, were integrated, as shown in Figs 2A� and -B�,
and QNAA obtained as (24),

1) QNAA � 1.5 � 10�2 �
SS

SR
�
VS

180	

VR
180	 moles.

VR
180	 and VS

180° are the transmitter voltages into 50 ohm for
nonselective 1 ms 180° inversion pulses on the reference and
subject, respectively, reflecting relative coil loading. Whereas
the sequence yields a complete, nonlocalized, whole-head 1H
spectrum (cf. Figs 2A� and -B�), whole-brain localization relies
on the fact that NAA is exclusive to neuronal cells and thus the
brain (18, 19). On the other hand, the brain’s specific contri-
bution to signals of other metabolites—eg, choline and creat-
ine—cannot be discerned because they are found in other
tissues (eg, fat, muscle).

Finally, to account for natural variations in human head
sizes, the specific concentration,

2) WBNAA �
QNAA

VB
mM,

which is independent of brain size (ie, suitable for cross-sec-
tional comparison), was used. Intra- and intersubject variability
of WBNAA measurement was shown to be better than �6%
(20).

Statistical Analyses
Least squares regression was performed to compare the

WBNAA of the controls with pre- and postoperative WBNAA
of patients and to compare presurgical WBNAA in patients
with low (I–II) and high (III–IV) grade tumors. Mixed model
least squares regression was used to compare the pre- and
postsurgical WBNAA. For each analysis, the dependent vari-
able comprised the WBNAA measures being compared and
the model included the nature of the measures (eg, from
control subject versus presurgical patient) as a fixed classifica-
tion factor. The model also included subject age and sex as
covariates; the type 1 and type 3 P values associated with the
nature of the WBNAA measures were used to make the WB-
NAA comparisons without and with adjustment for the effects
of the covariates, respectively. For the mixed model analysis,
the covariance structure was modeled by assuming observa-
tions to be correlated or independent when derived for the
same subject or different subjects, respectively. All statistical
computations were carried out by using SAS System for Win-
dows software, version 9.0 (SAS Institute, Cary, NC), and
results were declared statistically significant at the 2-sided 5%
comparison-wise significance level (ie, P � .05).

Results
Individual controls’ and patients’ pre- and postsur-

gical WBNAA are compiled in the Table. WBNAA in
controls (n � 17) was 12.5 � 1.4 mmol/L (mean �
SD), compared with 9.2 � 2.1 mmol/L presurgery
(n � 17) and 9.7 � 1.8 mmol/L postsurgery (n � 14)
in patients, as shown in Fig 3. Average resected tumor
size (n � 15), calculated from the MR imaging as the
difference between pre- and postsurgical brain vol-
umes, was 40.9 cm3 (�20 cm3), or �3.2% (�1.5%) of
mean presurgical brain volume. Histologically, 9 of
the 17 tumors were low-grade (one grade I, 8 Grade
II) and 8 were high-grade (4 each grades III and IV).
Three patients (one each for grades II, III, and IV)
were not included in the postsurgical analysis because
either imaging was not clinically indicated following

Details of study participants

Patient No./
Age (y)/Sex

WBNAA (mM)

Histology (Grade)

Control

Preoperation Postoperation Age (y)/Sex
WBNAA

(mM)

1/23/F 12.6 13.7 GGNC-DNT (I) 25/F 10.1
2/30/M 9.2 8.7 Mixed GN (II) 30/M 12.6
3/32/F 12.8 N/A Mixed GGNC (II) 31/F 11.4
4/32/F 9.9 9.2 DFA (II) 30/F 14.6
5/32/M 10.0 9.8 GGNC (II) 31/M 11.7
6/33/F 7.0 8.2 Mixed GN (II) 36/F 12.9
7/35/M 10.8 11.2 GBM (IV) 32/M 12.4
8/37/M 8.6 8.5 Mixed GN (II) 39/M 13.2
9/39/F 12.2 10.9 Mixed GN (II) 38/F 12.7

10/44/M 8.2 8.4 Mixed GGNC (II) 45/M 13.7
11/45/M 9.9 8.5 Anaplastic Mixed GN (III) 46/M 14.0
12/49/F 9.5 10.3 GBM (IV) 48/F 12.5
13/55/M 8.5 10.6 Anaplastic mixed GN (III) 55/M 13.1
14/57/M 7.4 6.7 GBM (IV) 60/M 15.1
15/62/M 7.9 11.2 AO (III) 65/M 11.7
16/74/M 7.8 N/A GBM (IV) 75/M 10.7
17/79/F 4.8 N/A Anaplastic GGNC (III) 76/F 10.7

Avg (mean � SD) 9.2 � 2.1 9.7 � 1.8 12.5 � 1.4

Note.—N/A indicates biopsy only or insufficient data due to patient movement; GGNC, ganglioglioneurocytoma; DNT, dysembryoplastic
neuroepithelial tumor; GN, glioneurocytoma; DFA, diffuse fibrillary astrocytoma; GBM, glioblastoma multiforme; AO, anaplastic oligodendroglioma.
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biopsy (n � 2) or the signal intensity quality was too
poor for analysis because of excessive motion (n � 1).

Adjusted for differences attributable to age and
sex, the WBNAA of controls was significantly higher
than that of patients both pre- and postsurgery (P �
.0005). For patients, pre- and postsurgical WBNAA
were statistically indistinguishable (P � .369) with a
95% confidence interval (CI) for mean change rang-
ing from �0.4 to 
1.1 mmol/L, as shown in Fig 3.

Presurgical WBNAA analysis revealed a significant
interaction with age in the patients, as shown in Fig 4.
Specifically, WBNAA in the 9 patients �40 years of
age, 10.3 � 2.0 mmol/L, was significantly lower than
their control group (12.4 � 1.3 mmol/L; P � .017).
This deficit was even greater in the 8 patients �40

years of age, 8.0 � 1.5 mmol/L versus 12.7 � 1.6
mmol/L in their controls (P � .0005).

Preoperative WBNAA was lower in patients with
high-grade (8.3 � 1.8 mmol/L) than in those with
low-grade (10.0 � 2.1 mmol/L) tumors, as demon-
strated in Fig 5. The trend of this difference toward
significance (P � .086; 95% CI of mean difference
ranging from �0.3 to 
3.8 mmol/L) disappeared
when the results were adjusted for the effect of age.

Discussion
High-grade glial tumors appear as contrast en-

hanced regions on conventional MR imaging, reflect-
ing a compromised blood-brain barrier (BBB), sur-

FIG 2. Top, A and B, Segmented preoperative T1-weighted sagittal section for 2 patients, 15 and 5 in the Table, respectively. The red
sulci and ventricle outline is the output of the tissue/CSF segmentation process. Patient A had a 41-cm3 grade III tumor, 3.0% of his
brain volume, and 37% WBNAA deficit. Patient B had a 93-cm3 grade II tumor, 6.2% of his brain volume, but only half the WBNAA
decline (�20%).

Bottom, A� and B�, Corresponding whole-head 1H-MR spectroscopy. The hatched regions indicate the peak-areas used to obtain
QNAA of Equation (1). Note the overall similarity, indicating cross-sectional reproducibility, and good lipid suppression. Also note that,
because localization relies on knowledge that NAA is found only in neuronal cells, it cannot quantify the brain’s contribution to
metabolites also present in other tissue types (eg, choline, creatine, and so forth).
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rounded by T1 and T2 abnormalities representing
edema and infiltrated viable brain. Because the solid
tumor itself is devoid of viable brain, its surgical
resection typically causes no major neurologic deficits
(25–28). This consideration usually precludes re-
moval of the enveloping regions of signal intensity
abnormality (25, 29). Consequently, despite adjuvant
chemotherapy with or without conformal radiation,
the disease always recurs either (1) at the surgical
margin, because of incomplete resection (4–6), or (2)
remotely, presumably from cells that have migrated to
distal regions of intact BBB (ie, appear normal on
conventional imaging) and are immune to chemo-
therapy as a result (3–6, 30). Indeed, one postmortem
study has found cells from a pontine glioma as far
away as the conus medullaris (31).

The central cause of poor prognosis in these pa-
tients, therefore, is diffuse infiltration. Current state
of the art techniques, such as thallium SPECT (8–10),
perfusion MR imaging (11–15), and localized 1H-MR
spectroscopy (16, 17), are limited in their ability to
detect infiltration into “normal-appearing” brain dis-
tal to the primary tumor due to intact BBBs, limited

neovascularization, and insufficient metabolically ac-
tive tumor volumes (20). This obstacle, however, can
potentially be overcome through a metabolic assess-
ment of the collective damage infiltrating tumor cells
impart on the neurons in their path. This injury oc-
curs through perineuronal satellitosis, shown in Fig 1,
release of neurotoxic cytokines and excitotoxic neu-
rotransmitters, ischemia resulting from invaded vas-
culature, and infiltration along white matter tracts
(32–35). Because these processes are diffuse and
widespread beyond the tumor mass, extensive (ide-
ally, complete) CNS coverage, provided by the
WBNAA technique, is needed to quantify their true
extent. Such an assessment could potentially facilitate
the formulation of clinical decisions by further eluci-
dating the benefits and risks/costs of aggressive
management.

Before surgery, our patients already exhibited an
average of 26% lower WBNAA than their controls.
Although the degree of NAA loss may seem relatively
large in light of the mild to moderate neurologic
deficits that typically precede diagnosis, similar de-
clines have been reported in multiple sclerosis with-
out major changes in clinical status (36). Because (1)
these patients suffered no other known neurologic
insult and (2) the average tumor was small, on aver-
age only �3% of brain volume, the mechanism that
led to such profound NAA decline must have pre-
dominantly occurred outside the MR imaging-visible
lesion. Because NAA is found only in neurons and
their processes, this extent of the WBNAA deficit,
therefore, indicates widespread damage. This damage
may arise from various processes—eg, perineuronal
satellitosis (compare Fig 1), neuronal deafferenta-
tion, Wallerian and retrograde degeneration, vaso-
genic edema, functional diaschisis, secondary vascular
changes, and so forth. Most of these processes, how-
ever, reflect either direct or indirect consequences of
the widespread, diffuse infiltration of malignant cells
into normal-appearing tissue (3–6, 30, 31, 37).

FIG 5. First, 2nd (median), and 3rd quartiles (box) and �95%
(whiskers) of preoperative WBNAA in the 9 patients with low-
grade tumors compared with their matched controls (left) and 8
patients with high-grade tumors compared with their matched
controls (right). Note preoperative WBNAA was lower in patients
with high-grade (8.3 � 1.8 mmol/L) than in those with low-grade
(10.0 � 2.1 mmol/L) tumors.

FIG 3. First, 2nd (median), and 3rd quartiles (box) and �95%
(whiskers) of WBNAA in the 17 controls, patients day of surgery
(n � 17) and 1 day postsurgery (n � 14). Note that pre- and
postsurgical WBNAA are significantly different from the controls,
but not each other.

FIG 4. Scatter plot of WBNAA versus age for the patients
before surgery and their age- and sex-matched controls. Note
that the patients’ WBNAA deficit is significant (P � .0005), even
after taking into account age (P � .007) and sex effects (P � .05).
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Additional indications that the occult diffuse infil-
tration caused the WBNAA decline and not only, for
example, tissue destruction in the lesion, are provided
by the postsurgical analysis. First, the significant 22%
mean WBNAA loss that persisted following resection
indicates that the loss originated mostly outside the
resected lesions (which averaged only �3% of total
brain volume). Second, because the NAA in the tu-
mor is nearly depleted (16, 17), excision should in-
crease the WBNAA because QNAA remains the same
while VB decreases (Equation [2]). Accordingly, the
cohort’s mean WBNAA was greater post- than pre-
surgery by �4%, commensurate with the average
excised volume, as shown in Fig 3.

If invasion was the primary mechanism leading to
neuronal, and therefore WBNAA, loss, it stands to
reason that less-invasive tumors would lead to the
smallest WBNAA loss. Indeed, this assertion is sup-
ported by the histology of patient 1 in the Table. This
23-year-old woman had a pathologic diagnosis of dys-
embryoplastic neuroepithelial tumor, a known nonin-
vasive neoplasm that is theoretically curable by sur-
gery alone (38). Therefore, the fact that her WBNAA
was indistinguishable from the controls (compare Fig
4) is consistent with this noninvasive behavior. Be-
cause her tumor size was only 32 cm3, �3% of brain
volume, any NAA loss restricted to its visible bound-
aries would have been below the �6% detection
threshold of the technique (20).

The relationships of WBNAA with age, as shown in
Fig 4, and tumor grade suggest that older patients
with higher-grade tumors experience a larger loss of
WBNAA than younger patients with lower-grade le-
sions. This is not surprising, because it is well known
that advanced age is a predictor of poorer outcome
and higher tumor grade (39, 40), consistent with our
cohort, where all but one patient �45 years of age
had (lower) grades I–II tumors, whereas those older
had higher grades—III and IV. Thus, age and tumor
grade are potentially confounding variables in any
examination of our patients. Nevertheless, statistical
analysis showed that, even with age as a covariate,
WBNAA deficits were significant for the entire pa-
tient group. Additional evidence that the observed
WBNAA losses in older patients are, at least in part,
due to invasion and not just to an age effect is the
decline suffered by the younger (�40 years) half of
the cohort. They also exhibited significant deficits
compared with their controls (compare Fig 4), even
though their tumors were of lower (less-invasive)
grades and their residual brain plasticity was presum-
ably higher. Sex, on the other hand, appeared to play
no role in WBNAA deficits.

The invasion argument above is corroborated fur-
ther by comparing patient 5 with patient 15 in the
Table. Patient 15’s grade III anaplastic oligodendro-
glioma (Fig 2A, -A�) was 41 cm3 (3.0% of brain vol-
ume) and led to a �37% WBNAA decline. In con-
trast, patient 5 (Fig 2B, -B�) suffered only half
(�20%) the WBNAA loss of patient 15 despite a
grade II ganglioglioneurocytoma more than twice as
large, 93 cm3 (6.2% of brain volume). If the loss was

not due to diffuse infiltration, it would have been
reasonable to expect the changes in WBNAA to be
proportional to the tumor volume rather than its
grade.

As demonstrated in Fig 5, the results of these 2
patients can be generalized with a group comparison
of patients with low- and high-grade tumors. Patients
with high-grade, and presumably more invasive, tu-
mors exhibited a preoperative WBNAA deficit nearly
twice that of patients with low-grade tumors. This
difference, which trended toward significance, can
also be attributed to an age effect described above as
our cohort was evenly divided between young patients
with grade I and II tumors and older patients with
grades III and IV tumors.

Though infiltration is diffuse, one would expect
that most tumor cells would be found in the peritu-
moral region and the resultant neuronal injury should
progressively decrease as an inverse function of dis-
tance from the tumor. Indeed, this behavior has been
observed and reported in several previous studies in
gliomas when using 3D localized multivoxel 1H-MR
spectroscopy (41–43). Their observations corroborate
the conclusions drawn from the current WBNAA
analysis. Although the WBNAA deficit found here
may represent, at least in part, a reversible metabolic
dysfunction, it is highly unlikely to be true for most of
it, in light of the chronic, unrelenting nature of glio-
mas. Furthermore, note that the WBNAA deficit per-
sisted following surgical resection of the bulk lesion
with even a slight 4% recovery, consistent with re-
moval of tissue relatively deplete of NAA, as de-
scribed above. To attribute the loss to a reversible
dysfunction, one would expect a more substantial
WBNAA rebound following elimination of the prime
insult.

The main limitation of the WBNAA assessment is
its lack of spatial specificity—ie, where the losses
occurred and what mechanism caused them (20, 21).
Unfortunately, there is no definitive in vivo “gold
standard” method to establish either. The preponder-
ance of evidence, however, including the relationship
of WBNAA with age and tumor grade, suggests that
tumor infiltration is a likely culprit. This conclusion is
supported by histopathologic examination of the in-
filtrated brain adjacent to tumor, the glioblastoma
multiforme from patient 12 in the Table, which dem-
onstrates significant quantifiable neuronal damage, as
shown in Fig 1. Furthermore, though some NAA
signal intensity dropout could also occur at the tumor
margin, due, for example, to susceptibility effects
from hemosiderin deposition, this effect on WBNAA,
however, would be minimal because these tumors
were small (�3% of brain volume) and NAA loss was
not proportional to tumor volume (compare Fig 2).

In summary, WBNAA could potentially provide
valuable noninvasive information on the global
amount of neuronal damage currently unavailable to
the neurooncology team and would complement his-
topathologic findings, which sometimes does not ac-
curately reflect true invasiveness, partially because of
tumor heterogeneity and sampling error (44, 45). For
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instance, WBNAA could help guide management
when planning surgery (ie, conservative vs aggressive)
for a patient with a suspected low-grade lesion by
suggesting its true infiltrative and malignant poten-
tial. Perhaps, aggressive surgical resection of highly
infiltrative low-grade tumors would preclude early
recurrence and, more important, malignant transfor-
mation. Because of the poor prognosis of high-grade
gliomas and the morbidity of their treatments, such
assessments could also aid in identifying patients who
would most benefit from aggressive management ver-
sus those for whom palliation would be more appro-
priate. Consequently, the main utility of WBNAA
could be in customizing treatment. WBNAA could
also serve as an efficacy monitor of systemically de-
livered therapeutics—eg, angiogenesis inhibitors, im-
munotherapy and gene therapy (46)—for which lo-
calization of tumor infiltration is inconsequential.

Conclusion
In this study, a significant WBNAA deficit was

found in patients with glial tumors that persisted
following surgery and whose magnitude cannot be
accounted for by depletion within the lesion alone.
This deficit was greater in patients with higher-grade
tumors, who, as per the epidemiology of this disease,
were also the older individuals, both independent
predictors of a poor prognosis. This opens the possi-
bility of a noninvasive assessment of diffuse tumor
infiltration. Further investigation is required to delin-
eate potential roles of WBNAA in customizing treat-
ment for individuals with glial tumors.

References
1. DeAngelis LM. Brain tumors. N Engl J Med 2001;344:114–123
2. Surawicz TS, McCarthy BJ, Kupelian V, et al. Descriptive epide-

miology of primary brain and CNS tumors: results from the Cen-
tral Brain Tumor Registry of the United States, 1990–1994. Neu-
rooncol 1999;1:14–25

3. Giese A, Bjerkvig R, Berens ME, Westphal M. Cost of migration:
invasion of malignant gliomas and implications for treatment.
J Clin Oncol 2003;21:1624–1636

4. Loeffler JS, Alexander E 3rd, Hochberg FH, et al. Clinical patterns
of failure following stereotactic interstitial irradiation for malig-
nant gliomas. Int J Radiat Oncol Biol Phys 1990;19:1455–1462

5. Gaspar LE, Fisher BJ, Macdonald DR, et al. Supratentorial ma-
lignant glioma: patterns of recurrence and implications for exter-
nal beam local treatment. Int J Radiat Oncol Biol Phys
1992;24:55–57

6. Heros DO, Renkens K, Kasdon DL, Adelman LS. Patterns of
recurrence in glioma patients after interstitial irradiation and
chemotherapy: report of three cases. Neurosurgery 1988;22:474–478

7. Lunsford LD, Martinez AJ, Latchaw RE. Magnetic resonance im-
aging does not define tumor boundaries. Acta Radiol Suppl
1986;369:154–156

8. Kaplan WD, Takvorian T, Morris JH, et al. Thallium-201 brain
tumor imaging: a comparative study with pathologic correlation.
J Nucl Med 1987;28:47–52

9. Black KL, Hawkins RA, et al. Use of thallium-201 SPECT to
quantitate malignancy grade of gliomas. J Neurosurg
1989;71:342–346

10. Kim KT, Black KL, Marciano D, et al. Thallium-201 SPECT im-
aging of brain tumors: methods and results. J Nucl Med
1990;31:965–969

11. Aronen HJ, Gazit IE, Louis DN, et al. Cerebral blood volume maps
of gliomas: comparison with tumor grade and histologic findings.
Radiology 1994;191:41–51

12. Aronen HJ, Glass J, Pardo FS, et al. Echo-planar MR cerebral
blood volume mapping of gliomas: clinical utility. Acta Radiol
1995;36:520–528

13. Knopp EA, Cha S, Johnson G, et al. Glial neoplasms: dynamic
contrast-enhanced T2*-weighted MR imaging. Radiology
1999;211:791–798

14. Cha S, Knopp EA, Johnson G, et al. Dynamic contrast-enhanced
T2-weighted MR imaging of recurrent malignant gliomas treated
with thalidomide and carboplatin. AJNR Am J Neuroradiol
2000;21:881–890

15. Cha S, Knopp EA, Johnson G, et al. Intracranial mass lesions:
dynamic contrast-enhanced susceptibility-weighted echo-planar
perfusion MR imaging. Radiology 2002;223:11–29

16. Kurhanewicz J, Vigneron DB, Nelson SJ. Three-dimensional mag-
netic resonance spectroscopic imaging of brain and prostate can-
cer. Neoplasia 2000;2:166–189

17. Graves EE, Nelson SJ, Vigneron DB, et al. A preliminary study of
the prognostic value of proton magnetic resonance spectroscopic
imaging in gamma knife radiosurgery of recurrent malignant gli-
omas. Neurosurgery 2000;46:319–326; discussion 326–318

18. Simmons ML, Frondoza CG, Coyle JT. Immunocytochemical lo-
calization of N-acetyl-aspartate with monoclonal antibodies. Neu-
roscience 1991;45:37–45

19. Tsai G, Coyle JT. N-acetylaspartate in neuropsychiatric disorders.
Prog Neurobiol 1995;46:531–540

20. Gonen O, Viswanathan AK, Catalaa I, et al. Total brain N-acety-
laspartate concentration in normal, age-grouped females: quanti-
tation with non-echo proton NMR spectroscopy. Magn Reson Med
2998;40:684–689

21. Gonen O, Catalaa I, Babb JS, et al. Total brain N-acetylaspartate:
a new measure of disease load in MS. Neurology 2000;54:15–19

22. Movsas B, Li BS, Babb JS, et al. Quantifying radiation therapy-
induced brain injury with whole-brain proton MR spectroscopy:
initial observations. Radiology 2001;221:327–331

23. De Santi S, de Leon MJ, Rusinek H, et al. Hippocampal formation
glucose metabolism and volume losses in MCI and AD. Neurobiol
Aging 2001;22:529–539

24. Soher BJ, van Zijl PC, Duyn JH, Barker PB. Quantitative proton
MR spectroscopic imaging of the human brain. Magn Reson Med
1996;35:356–363

25. Kelly PJ, Daumas-Duport C, Kispert DB, et al. Imaging-based
stereotaxic serial biopsies in untreated intracranial glial neo-
plasms. J Neurosurg 1987;66:865–874

26. Berger MS, Rostomily RC. Low grade gliomas: functional mapping
resection strategies, extent of resection, and outcome. J Neurooncol
1997;34:85–101

27. Kelly PJ, Earnest FT, Kall BA, et al. Surgical options for patients
with deep-seated brain tumors: computer-assisted stereotactic bi-
opsy. Mayo Clin Proc 1985;60:223–229

28. Kelly PJ, Kall BA, Goerss S, Earnest FT. Computer-assisted ste-
reotaxic laser resection of intra-axial brain neoplasms. J Neurosurg
1986;64:427–439

29. Kelly PJ, Daumas-Duport C, Scheithauer BW, et al. Stereotactic
histologic correlations of computed tomography- and magnetic
resonance imaging-defined abnormalities in patients with glial
neoplasms. Mayo Clin Proc 1987;62:450–459

30. Chan JL, Lee SW, Fraass BA, et al. Survival and failure patterns
of high-grade gliomas after three-dimensional conformal radio-
therapy. J Clin Oncol 2002;20:1635–1642

31. Cummings TJ, Hulette CM, Longee DC, et al. Gliomatosis cerebri:
cytologic and autopsy findings in a case involving the entire
neuraxis. Clin Neuropathol 1999;18:190–197

32. Lantos PL, Pilkington GJ. Neuronal changes in experimental glio-
mas. Neuropathol Appl Neurobiol 1980;6:255–266

33. Takano T, Lin JH, Arcuino G, et al. Glutamate release promotes
growth of malignant gliomas. Nat Med 2001;7:1010–1015

34. Ye ZC, Sontheimer H. Glioma cells release excitotoxic concentra-
tions of glutamate. Cancer Res 1999;59:4383–4391

35. Van Meir E, Sawamura Y, Diserens AC, et al. Human glioblastoma
cells release interleukin 6 in vivo and in vitro. Cancer Res
1990;50:6683–6688

36. Filippi M, Bozzali M, Rovaris M, et al. Evidence for widespread
axonal damage at the earliest clinical stage of multiple sclerosis.
Brain 2003;126:433–437

37. Earnest FT, Kelly PJ, Scheithauer BW, et al. Cerebral astrocyto-
mas: histopathologic correlation of MR and CT contrast enhance-
ment with stereotactic biopsy. Radiology 1988;166:823–827

38. Daumas-Duport C, Scheithauer BW, Chodkiewicz JP, et al. Dys-
embryoplastic neuroepithelial tumor: a surgically curable tumor of

2176 COHEN AJNR: 26, October 2005



young patients with intractable partial seizures: report of thirty-
nine cases. Neurosurgery 1988;23:545–556

39. Curran WJ Jr, Scott CB, Horton J, et al. Recursive partitioning
analysis of prognostic factors in three Radiation Therapy Oncology
Group malignant glioma trials. J Natl Cancer Inst 1993;85:704–710

40. Legler JM, Ries LA, Smith MA, et al. Cancer surveillance series
[corrected]: brain and other central nervous system cancers: re-
cent trends in incidence and mortality. J Natl Cancer Inst
1999;91:1382–1390

41. Gonen O, Wang ZJ, Viswanathan AK, et al. Three-dimensional
multivoxel proton MR spectroscopy of the brain in children with
neurofibromatosis type 1. AJNR Am J Neuroradiol 1999;20:
1333–1341

42. Dowling C, Bollen AW, Noworolski SM, et al. Preoperative proton
MR spectroscopic imaging of brain tumors: correlation with his-

topathologic analysis of resection specimens. AJNR Am J Neurora-
diol 2001;22:604–612

43. Stadlbauer A, Moser E, Gruber S, et al. Improved delineation of
brain tumors: an automated method for segmentation based on
pathologic changes of 1H-MRSI metabolites in gliomas. Neuroim-
age 2004;23:454–461

44. Brainard JA, Prayson RA, Barnett GH. Frozen section evaluation
of stereotactic brain biopsies: diagnostic yield at the stereotactic
target position in 188 cases. Arch Pathol Lab Med 1997;121:
481–484

45. Hall WA. The safety and efficacy of stereotactic biopsy for intra-
cranial lesions. Cancer 1998;82:1749–1755

46. Fine HA. Novel biologic therapies for malignant gliomas: antian-
giogenesis, immunotherapy, and gene therapy. Neurol Clin 1995;
13:827–846

AJNR: 26, October 2005 GLIAL TUMOR INVASION ASSESSMENT 2177


