
Magnetic Resonance Imaging Characteristics of
Glioblastoma Multiforme: Implications for
Understanding Glioma Ontogeny

BACKGROUND: Identifying the origin of gliomas carries important implications for
advancing the treatment of these recalcitrant tumors. Recent research promotes the
hypothesis of a subventricular zone (SVZ) origin for the stemlike gliomagenic cells
identified within human glioma specimens. However, conflicting evidence suggests that
SVZ-like cells are not uniquely gliomagenic but this capacity may be shared by cycling
progenitors distributed throughout the subcortical white matter (SCWM).

OBJECTIVE: To review radiological evidence in glioblastoma multiforme (GBM) patients
to provide insight into the question of glioma ontogeny.

METHODS: We explored whether GBMs at first diagnosis demonstrated a pattern of
anatomic distribution consistent with origin at the SVZ through retrospective analysis of
preoperative contrast-enhanced T1-weighted magnetic resonance images in 63 patients.
We then examined the relationship of tumor volume, point of origin, and proximity to
the ventricles using a computer model of glioma growth.

RESULTS: Fewer than half of the GBMs analyzed had contrast-enhancing portions that
contacted the ventricle on preoperative imaging. A strong correlation was found be-
tween tumor volume and the distance between the contrast-enhancing edge of the
tumor and the ventricle, demonstrating that tumors abutting the ventricle are signifi-
cantly larger than those that do not. The lesions simulated by the computer model
validated our assumption that tumors that are radiographically distant from the ven-
tricles are unlikely to have originated in the SVZ and supported our hypothesis that as
they grow, the edges of all tumors will near the ventricles, regardless of their point of
origin.

CONCLUSION: This work offers further support for the hypothesis that the origins of
GBMs are at sites distributed throughout the white matter and are not limited to the
region of the SVZ.
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G
lioblastoma multiforme (GBM), the
most common malignant intracranial
neoplasm in adults, carries a dismal

prognosis. Gliomas can arise throughout the
central nervous system but are always found in
the subcortical white matter (SCWM). The

notion of a ‘‘cancer stem cell’’ has gained in-
creasing popularity, fueled by the recent dis-
covery of cells with stemlike properties within
human gliomas.1-5 Although the concept of
cancer stem cells and the notion that gliomas
may arise from stem or stemlike cells in the
central nervous system are distinct, many studies
have focused on neural stem cells in the sub-
ventricular zone (SVZ) as the ‘‘cell of origin’’ for
all gliomas.6-8 There is growing evidence that
glial progenitors that are abundant and widely
distributed throughout the brain also have the
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capacity to form gliomas.9-15 However, recent articles still support
the hypothesis that neural stem cells/progenitors in the SVZ are
uniquely capable of forming glioblastomas,16-18 some suggesting
that even tumors distant from the SVZ may arise there19,20 and that
the SVZ should be therapeutically targeted in patients with GBM to
prevent recurrence.21 In view of these conflicting viewpoints, we
reviewed radiological evidence in GBM patients to provide insight
into this question of glioma ontogeny.

To understand the implications on glioma ontogeny in a study of
GBMs on preoperative magnetic resonance imaging (MRI), 3 as-
sumptions were made. The first assumption was that the cells that
give rise to tumors are potentially distributed widely throughout the
brain. The second assumption was that tumors begin as a point of
origin and grow by radial dispersion into the surrounding brain
tissue. The final assumption was that the patterns of dispersion
would depend on the geometry of the tissue boundaries, including
the gray white junctions and the pial and ventricular margins.

From these assumptions, 3 predictions were made regarding the
patterns likely to be observed. First, tumors originating at points in
the white matter distant from the SVZ might approach or abut the
SVZ as they grow. Therefore, the distance from the ventricle to the
nearest edge of the tumor would negatively correlate with tumor
volume. Second, for tumors that arise in the white matter, the
distances between the tumor center and the ventricle should not
show a clear relationship to tumor volume because the center of the
tumor should remain relatively static as the tumor grows radially.
Third, in tumors that originate at the SVZ, the distance between the
center of the tumor and the ventricle should increase as the tumor
increases in size because, as the radial growth of the tumor is
constrained by the ventricle in one direction, the center will be
displaced away from the ventricle as the tumor grows.

Use of Computerized Simulations of Glioma Growth

We sought to further explore our assumptions and to test our
hypotheses using computerized simulations of glioma growth and
invasion. Based on serial imaging and algorithms that factor in tumor
cell net proliferation rates and migration rates in gray and white
matter, computerized models have been validated to accurately map
glioma growth in MRI over time.22 The model accurately predicts
growth patterns of gliomas of all grades, both untreated23–27 and
treated.28-31 Because it is impossible radiographically to know pre-
cisely where a human GBM arises, we used this validated model of
glioma growth (where the point of origin is user determined) to test
whether tumors displaying clinically observed patterns of growth
could originate at the SVZ yet appear radiographically distant from
the ventricles. Simulated tumor growth allowed us to investigate
growth patterns and the spatial evolution and location of the con-
trast-enhancing center of mass relative to a known point of origin.

PATIENTS AND METHODS

Patient Selection

Columbia University Medical Center Department of Neuropathology
records were searched to identify patients with histologically diagnosed

World Health Organization grade IV astrocytomas (GBM) from 2004 to
2006. Among patients with newly diagnosed GBM, 84 consecutive
preoperative patients with fine-cut contrast-enhanced preoperative MRIs
performed at Columbia were reviewed. Patients were excluded for prior
craniotomy (n = 10), absence of contrast-enhancing lesion (n = 2),
multiple contrast-enhancing lesions (n = 5), and bilateral lesions (n = 4).
A total of 21 patients were excluded, leaving a total of 63 patients
included in the study. For 1 patient, we were able to obtain 2 pre-
operative scans separated by approximately 1 month (34 days). For the
primary analysis, only the most recent fine-cut MRI study was used. The
additional (1 month preoperatively) scan was not included in the primary
analysis, but the patient’s 2 scans were compared to help validate study
assumptions about tumor growth patterns over time.

Data Collection and Analysis

All MRIs were collected as DICOM-format data and analyzed with
OsiriX version 2.5.1 on an Apple Powerbook G4. Sagittal and coronal
series were generated with the OsiriX ‘‘orthogonal reslice’’ tool to
generate 256 slice reconstructions. All analyses were done by a single
researcher (L.E.B.) to eliminate interobserver variability in technique. In
each plane, the largest contrast-enhancing portion of the tumor was
identified and measured along 2 axes. Tumor volume was estimated by
using half of the average diameters of the tumor in each plane along each
axis and treating the tumor as a sphere where V = (4/3)pr3. A second
method, measuring the area of a tracing around the enhancing portion of
the tumor in each plane, was used for validation with minimal variability
(data not shown).
The distance between the edge of the tumor and the ventricles (referred

to as the edge-to-ventricle distance [EVD]) was measured as the shortest
distance between the enhancing rim of the tumor and the edge of the
ventricle in any slice in each plane. For each tumor, the minimum EVD
observed (in any slice, in any plane) was used for analysis. The center of
each tumor in each plane was estimated as the intersection between the
greatest tumor dimension along 2 axes. The distance between the center
point of the tumor and the ventricles (referred to as the center point–to-
ventricle distance [CPVD]) was measured using 2 methods for each tumor.
The first method was to measure the shortest distance between the esti-
mated center point of the tumor and the edge of the ventricle in each
plane. Because the estimated center point of the tumor and the shortest
distance between the center point and the ventricle may not lie in the same
slice in any given plane, the second method for determining the CPVD
calculated, using the Pythagorean theorem, the hypotenuse of a triangle in
which the 2 short sides of the triangle were the radius of the tumor and the
EVD in that plane. The shortest observed or calculated CPVD from any
plane was used for analysis.

Biomathematical Modeling and Simulation

Using the BrainWeb brain atlas32 at 1-mm3 resolution, we performed
simulations of glioma growth with methods established by Swanson
et al.22,26,33 The rate of change in glioma cell concentration, c(x,t), over
time can be expressed as the summation of net rates of migration and
proliferation as follows:
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where = represents the spatial gradient. D (mm2/y) represents the net
dispersal or migration rate of glioma cells in undifferentiated brain tissue;
D(x) = Dg is the dispersal rate associated with glioma cells at a location
x in gray matter and D(x) = Dw is another dispersal rate associated with
glioma cells at a location x in white matter. The migration rate in
white matter is generally thought to be larger than that in gray matter,
Dw . Dg,

34 and may be affected by the fiber orientation in this tissue,
making it possible for D to be a tensor D.35 The parameter r (1/y)
represents the net rate of increase in number of tumor cells, including
proliferation and cell loss, and K represents the slowing of the net
proliferation rate to accommodate the carrying capacity of the tissue,
providing an upper limit on the number of cells capable of occupying any
cubic millimeter of volume.
Virtual tumors were initiated with a concentration of 103 glioma cells

within the 1-mm3 voxel defined as the in silico origin. With the tech-
nique of Harpold et al,22 in silico MRI abnormalities were defined as
voxels with tumor cell concentration greater than previously estimated
limits. The tumor center was computed as the center of mass of the
simulated volume.
We chose tumor ‘‘start points’’ for the simulations on the basis of

the existing literature regarding the SVZ and our own experience with
glial progenitors in the SCWM. Coordinates for each start point in the
BrainWeb online brain atlas are listed in Table 1. Of primary interest
were areas within the SVZ that appeared, on the basis of the literature,
to have high densities of cycling stemlike cells. The simulation start
points were identified on McGill University’s BrainWeb Atlas.11

Using the descriptions and graphical representations of cycling cell
density in the astrocytes ribbon of the SVZ by Sanai et al36 and
Quinones-Hinojosa et al,8 we chose 3 points within the anterior SVZ:
one in the ventral portion, one in the dorsolateral portion, and one
intermediate between them. We also chose a point on the dorsolateral
portion of the body of the SVZ, an intermediate point on the atrium
of the SVZ, one on the lateral temporal portion of the ventricle, and
one on the mesial portion of the ventricle, for a total of 5 SVZ start

points overall.8,36 We then selected 5 points in the white matter: one
in the deep frontal white matter, one in the superficial frontal white
matter, one in the white matter radial from the body of the SVZ, one
in the superficial parietal white matter, and one in the deep temporal
tip white matter.
Although there is a wide variation in the model parameters (D and r)

across the glioblastoma population, we chose representative median
values from our experience with glioblastoma patients.22 This choice of
a single set of parameter values allows direct comparison between the
simulations because the relative time course of the in silico simulations
should be similar and any differences seen can be interpreted as high-
lighting the effects of spatial variability associated with different start
points. Locoregional differences in the gray/white distribution and the
relative distance to boundaries (eg, ventricles or pia) will affect the time
between the start of the simulation at 103 cells and the visible appearance
of the ‘‘tip of the iceberg’’ of that lesion seen on clinical imaging.

RESULTS

Analysis of Preoperative MRIs

The general results are summarized in Table 2. Overall, fewer
than half of the tumors abutted the ventricle. Of those that did
not abut the ventricle, three-quarters were at least 5 mm away,
and a fifth were . 10 mm from the nearest ventricle. Generally,
the tumors were well distributed throughout the brain, with no
clear predilection for any one lobe or hemisphere.
Tumor volume appeared closely related with the proximity of

the tumors to the ventricles. Tumors that abutted the ventricle
were significantly larger, with an average volume of 36.4 cm3

compared with 23.7 cm3 for tumors not abutting the ventricles
(P = .008). When the tumors were analyzed in 2 groups divided
by ventricular contact (see Figure 1), those tumors not abutting

TABLE 1. Brainweb Coordinates for Simulated Lesion Start

Pointsa

Start Point Name X Y Z

SVZ

Anterior dorsolateral SVZ 18 16 18

Anterior intermediate SVZ 10 16 10

Anterior ventral SVZ 48 16 18

Body dorsolateral SVZ 18 212 30

Atrium intermediate SVZ 32 242 10

Temporal lateral SVZ 42 28 218

Mesial SVZ 34 -8 220

SCWM

Anterior superficial WM 48 16 18

Anterior deep WM 26 34 18

Body superficial WM 52 226 30

Atrium superficial WM 52 240 28

Deep WM 48 218 218

aSCWM, subcortical white matter; SVZ, subventricular zone. The BrainWeb atlas was

used to designate start points for the simulated brain tumors starting in the SVZ or

SCWM based on anatomic descriptions found in the literature (see text). These are

the coordinates used.

TABLE 2. General Results

Patients, n 63

Mean (median) tumor volume, cm3 29.6 (22.0)

Right side, % (n) 46 (29)

Tumor locations (mutually exclusive), % (n)

Frontal 33.3 (21)

Parietal 27.0 (17)

Temporal 34.9 (22)

Occipital 3.2 (2)

Basal ganglia 1.6 (1)

Mean (median) center point-ventricle distance, cm 2.9 (2.8)

Mean (median) edge-ventricle distance, mm 5.6 (2.9)

Distribution of tumors relative to ventricles, % (n)

Abutting ventricles 46.0 (29)

Edge 0-2.5 mm from ventricle 1.6 (1)

Edge 2.5-5 mm from ventricle 11.1 (7)

Edge 5-7.5 mm from ventricle 9.5 (6)

Edge 7.5-10 mm from ventricle 11.1 (7)

Edge . 10 mm from ventricle 20.6 (13)

MRI CHARACTERISTICS OF GBM
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the ventricle showed a significant negative correlation between
the EVD and tumor volume (Spearman r = 20.5294, P = .001)
but no significant correlation between the tumor CPVD and
tumor volume (Spearman r = 0.1798, P = .31). On the other
hand, tumors abutting the ventricles showed a very strong re-
lationship between the tumor CPVD and tumor volume
(Spearman r = 0.93, P , .001).

The only significant differences found in analyzing data by
lobe were that tumors in the temporal lobe tended to be smaller
and were more likely to abut the ventricle than tumors in other
lobes (Table 3). This difference is unsurprising given the ana-
tomic differences among the lobes.

Illustrative Example: Serial Preoperative Images for
1 Patient

Although serial preoperative imaging was rarely performed, 1
patient who presented with a small mass was followed up ra-
diographically over a 1-month period. During that interval, the
tumor grew considerably, from a small mass distant from the
ventricles to a moderately sized mass closer to the ventricles.
Example images from those studies are included in Figure 2,
along with the estimated tumor volume, EVD, and CPVD for
each time point. Over the 1-month period, the tumor volume
expanded 19-fold. With increasing volume, the EVD decreased
markedly while the CPVD remained virtually unchanged. This is
consistent with our predicted growth pattern for tumors growing
distant from the SVZ.

Glioma Growth Model Simulations

Example screenshots for three of the simulated lesions are
provided in Figure 3. Table 4 summarizes the simulation results,
including the time from initiation of the simulation to the model-
predicted appearance on T1-weighted, gadolinium-enhanced

MRI. The table includes details of the relative distance of the
origins from the nearest point on the ventricle and skull. These
distances are compared with the time and volume at simulated
contact between the contrast-enhancing volume and the ventricle
and skull.
Tumors originating at points distant to the SVZ (n = 5

simulations) appeared on imaging to be distant from the SVZ as
well, although as the tumors grew, they invariably neared and
eventually contacted the SVZ, often at relatively modest tumor
volumes (mean, 20.0 cm3; range, 3.1-40.3 cm3). Tumors of SVZ
origin (n = 7 simulations) grew near or in contact with the SVZ at
all time points, with at most brief intervals (, 30 days) of ap-
pearance on T1 at short distances from the ventricles. Simulated
tumors starting at the SVZ showed increasing distance between
the tumor center and ventricle over time (with increasing tumor
size). Simulated tumors starting in the white matter, on the other
hand, showed decreases in the distance between the ventricle and
both the tumor edge and center over time (see Figure 4). These

FIGURE 1. A, edge-to-ventricle distance (EVD) plotted against tumor volume for tumors not abutting the ventricle; the best-fit line
is shown. Tumor volume and EVD showed significant negative correlation (Spearman r = -0.53, P = .001). B, center point–to-
ventricle distance (CPVD) plotted against tumor volume for tumors abutting the ventricle; the best-fit line is shown. Tumor volume
and CPVD showed significant positive correlation (Spearman r = 0.93, P , .001). The same analysis performed on tumors not
abutting the ventricle showed no significant correlation between CPVD and tumor volume (Spearman r = 0.18, P = .31).

TABLE 3. Differences in Volume, Edge-Ventricle Distance, and

Center Point–Ventricle Distance by Brain Regiona

Frontal Parietal Temporal P (by ANOVA)

Tumors, n 21 17 22 . . .

Mean tumor

volume, cm3
33.18 20.54 34.51 .13

Mean EVD, mm 0.7179 0.8202 0.296 .05

Mean CPVD, cm 2.422 2.253 2.124 .46

Abutting ventricle, % 33.3 23.5 68.2 .01

aANOVA, analysis of variance; cPVD, center point–ventricle distance; EVD, edge-

ventricle distance.
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FIGURE 2. Results of serial imaging for study patient 23.

FIGURE 3. Example screenshots from glioma growth model simulations with varied points of origin. Images at 4 time points each for 3 simulated lesions provided in the
sagittal, coronal, and axial planes for lesion start points at the anterior dorsolateral subventricular zone, anterior deep white matter, and anterior superficial white matter.
Green area reflects estimated T2-weighted image abnormality on magnetic resonance; red area reflects estimated T1-weighted image postgadolinium abnormality.

MRI CHARACTERISTICS OF GBM
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patterns over time in the simulated tumors paralleled those
observed in patient MRIs correlating CPVD and EVD to tumor
volume.

To assess whether the center of the imaging abnormality
reasonably estimates the point of origin, Figure 5 shows the
distance from the origin to the center of mass of the simulated
glioma over time for both SVZ (a) and SCWM (b) origins. The
origin was generally within 1.25 cm of the center of mass but with
significant variation with tumor size and location.

Because of the assertions by Lim et al37 regarding tumors that
invade both the cortex and SVZ, we were interested in whether
there was a difference in the speed at which tumors starting in the
SCWM or SVZ contacted both the skull (as a proxy for cortex)
and the ventricle. Despite our small number of simulations, we
found that simulated lesions starting in the SCWM achieved
simultaneous ventricular and skull contact significantly more
rapidly than those starting at the SVZ (mean time, 100 days
for SCWM start points versus 420 days for SVZ start points;

TABLE 4. Simulated Lesion Resultsa

Start Point

Name

Time Until

Detectable

on T1Gd, d

Distance

From Origin

to Ventricle,

mm

Time from

Detectable

Until

Edge-

Ventricle

Contact, d

T1Gd Volume

at Edge-

Ventricle

Contact, cm3

Distance

From

Origin to

Skull, mm

Time From

Detectable

Until Edge-

Skull

Contact, d

T1Gd Volume

at Edge-

Skull

Contact, cm3

Time to

Edge-Ventricle

and Edge-

Skull

Contact, d

Volume to

Edge-Ventricle

and Edge-

Skull

Contact, cm3

SVZ

Anterior dorsolateral 1311 2 0 0.0 40 341 196.4 341 196.4

Body dorsolateral 1362 1 19 0.6 44 250 164.5 250 164.5

Anterior ventral 1009 1 0 0.0 27 626 46.9 626 46.9

Atrium interior 1357 1 3 0.0 37 224 127.1 224 127.1

Temporal lateral 1289 4 29 0.1 22 111 14.8 111 14.8

Anterior intermediate 977 1 0 0.0 35 846 151.2 846 151.2

Mesial 970 1 0 0.0 19 567 26.8 567 26.8

SCWM

Anterior deep 1361 14 50 10.3 25 91 33.7 91 33.7

Body superficial 1255 30 241 34.6 18 42 1.2 241 34.6

Anterior superficial 1284 30 246 40.3 18 31 2.6 246 40.3

Atrium superficial 1308 15 77 11.5 20 38 2.9 77 11.5

Deep 1286 9 65 3.1 14 20 0.1 65 3.1

aSCWM, subcortical white matter; SVZ, subventricular zone; T1Gd, T1-weighted gadolinium.

FIGURE 4. A, center point–to-ventricle distance (CPVD) plotted against T1-weighted, gadolinium-enhanced (T1Gd) volume
for tumor simulations starting in the subventricular zone. B, CPVD and EVD plotted against T1Gd volume for tumor
simulations starting in the white matter.
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P = .007). The difference in size was also striking, although
nonsignificant, with a mean volume at simultaneous ventricle and
skull contact of 25 cm3 for SCWM start points compared with
100 cm3 for SVZ start points (P = .07).

DISCUSSION

This study provides a combination of clinical observations and
mathematical modeling to validate the hypothesis that GBMs
may arise from cells located in the SCWM and not necessarily
from the SVZ. More than half of the GBMs studied were

radiographically distinct from the ventricles, whereas in 20% of
the tumors, the nearest contrast-enhancing edge was . 1 cm
away from the ventricles. Additionally, increasing tumor volume
correlated with decreasing tumor EVD but correlated with in-
creasing tumor CPVD, consistent with predictions that tumors
originate distant from the SVZ. Tumors with ventricular contact
may reflect a growing mass in a limited intracranial space rather
than an indication of periventricular origin. This is validated by
the growth pattern observed in the patient whose 2 preoperative
MRIs separated by 1 month confirmed dramatic tumor growth.
Comparison of these 2 studies demonstrated the same pattern; as

FIGURE 5. Distance from origin to center of T1-weighted, gadolinium-enhanced (T1Gd) volume of simulated lesion for
(A) subventricular zone and (B) subcortical white matter (SCWM) start points.
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the tumor grew, its edge approached the ventricle while the center
point-to-ventricle distance did not significantly change.

In tumors that abut the ventricles, increasing tumor volume
correlates with increasing CPVD, consistent with our predicted
growth pattern. This is consistent with these tumors originating
in either the SVZ or potentially in the SCWM and growing to
achieve ventricular contact before detection. Thus, our results
support that tumors found distant from the ventricles arise in
SCWM away from the SVZ; it is not possible to assert the
converse that tumors abutting the ventricles necessarily arise from
the SVZ. It is also possible that periventricular and deep white
matter GBMs represent biologically distinct entities, and there are
some emerging data to support this hypothesis, which this article
cannot fully address.

The clinical patterns of tumor growth observed in the analysis
of single-point-in-time preoperative images for . 60 GBM pa-
tients are consistent with the patterns observed in the computer
simulations of glioma growth using a previously validated model
based on serial imaging. These patterns appeared consistent for
tumors in the temporal, parietal, and frontal lobes. Although
significant biological and genetic differences almost certainly exist
among this population of tumors, the pattern of growth observed
on preoperative imaging and the relationship of these tumors to
the ventricles are consistent with the modeled results using fixed
values for tumor growth and migration rates. The spatial com-
plexity of the brain anatomy can explain much of the diversity in
appearances seen in vivo. Although this does not disprove the
hypothesis that differences in ontology and cellular phenotype
have significant influence on tumor behavior, it does explain
much of the observed variability within a very simple paradigm.

Two recent studies looked at similar data with a different
perspective and drew different conclusions. One, by Barami
et al38 looking at T1 and T2 sequences, found that 82% of the
contrast-enhancing portion of GBMs in their series (49 patients
with World Health Organization grade IV tumors) contacted the
ventricles on T1-weighted imaging. They did not find a statisti-
cally significant relationship between ventricular contact and
tumor size. This analysis was conducted for gliomas of all grades,
not only GBMs, and the difference between their observations
and ours may be in part because, by including lesional contact
with ventricles on T2-weighted imaging, they result with the vast
majority of tumors in both their large and small size categories
having ventricular contact.

A second study, by Lim et al,37 examined preoperative MRI
scans for patients with newly diagnosed GBM, hoping to learn
something about glioma ontogeny and phenotype based on the
location of the tumors. In contrast to the results of Barami et al
but consistent with our results, that study similarly observed that
more than half (52%) of the tumors did not have contrast-
enhancing regions abutting the SVZ radiographically on T1-
weighted imaging. However, combining radiographic data on
SVZ and cortical invasion with clinical data on multifocal re-
currence of these tumors after initial therapy, the authors con-
cluded that tumors that contacted the SVZ and invaded the

cortex exhibited a more malignant and invasive phenotype and
that this likely indicated a stem cell origin, at least for these
tumors. Although such an explanation is plausible for their re-
sults, we did not analyze similar clinical data in our study.
The study by Lim et al37 infers phenotypic differences between

tumors in different location and uses these inferred differences to
explain the variance in their rates and patterns of recurrence. We
analyze similar radiographic data, assuming that the tumor cells
could have the same intrinsic properties regardless of the site of
tumor origin but that local environment would affect cell pro-
liferation and dispersion. Specifically, we proposed that glioma
cells migrate faster in white matter than gray matter and that cells
would tend to pile up at tissue boundaries such as the ventricular
margin or the pial surface. The computer model of glioma
growth, which assumes a uniform cellular phenotype, generated
results consistent with those observed in our patient population,
varying only the anatomic start point of the simulated tumors.
Tumors that abut both the cortex and the SVZ are likely to be
larger, on average, than those that abut only one or neither of
these structures. Our simulations suggest that a tumor that abuts
both the cortex and the SVZ more likely originated in
the SCWM and not, as Lim et al inferred, in the SVZ. Given the
wide radiographically silent dissemination of glioma cells, the
recurrence patterns of these tumors may represent their advanced
dissemination and size rather than a biologically more malignant
phenotype, as Lim et al conclude.
The implications of the radiographic appearance of GBMs on

their origins must be interpreted with care. Although the mod-
eling suggests that the center of the contrast-enhancing portion of
a clinically evident tumor may not be assumed to be equivalent to
the point of origin, it supports the idea that the point of origin is
contained within the contrast-enhancing portion of the tumor.
There are many unknown and perhaps unknowable factors such
as the specific cellular events leading to the malignant phenotype
of the glioma cell or cells of origin. Our study is limited both by
sample size and by the exclusion of a moderate number of patients
over the examined period.
Our results show that many tumors do not appear to arise from

the SVZ. If one accepts that these tumors may arise from any point
in the white matter, then simple assumptions about glioma growth
patterns are able to explain much of the variability observed in the
radiographic appearance of these tumors. This is not to deny the
possibility of significant differences in cellular phenotypes between
tumors of different appearances, but we would assert that such
differences are not necessary to explain the varied appearance of
these tumors at diagnosis. We hope further work incorporating
survival data and cellular analysis will further elucidate regional
variability and commonality in glioma behavior.
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COMMENTS

C an a careful analysis of magnetic resonance images (MRIs) provide
clues to the very origin of gliomas? Neural stem cells and glial

progenitor cells are observed throughout the neuraxis but are especially
concentrated in the subventricular zone (SVZ) and periventricular white
matter, creating a substrate for neoplastic transformation.1 Neoplastic
involvement of the ventricular lining represents a challenge to obtain
‘‘total’’ resections and a site of glioma recurrence and cellular resistance to
therapy.
In this well-written article, Bohman et al evaluate the relationship be-

tween the MRI characteristics and the presumed origin of glioblastoma.
Their conclusion, based on T1-weighted gadolinium contrast-enhancing
visualization of the MRI, is that glioblastomas originate throughout the
white matter and are not limited to the SVZ. As tumors enlarge, ultimately
the edges of all tumors will near the ventricles, simply because of physical
proximity to the ventricular surface. The strength of the study is the
groundbreaking integration of diagnostic imaging with sophisticated
mathematical modeling, which has great potential for personalized medi-
cine and clinical trials by predicting tumor growth and response to therapy.
The work, however, is inconclusive because the investigators confined

their analysis to the contrast-enhancing portions of tumor and did not
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review the equally important T2/fluid-attenuated inversion recovery
(FLAIR) views that shed light on the infiltrative component of the
disease. Gliomas consist of angiogenic (visualized by contrast MR) and
nonangiogenic cell populations that are not detected by conventional
imaging.2 The authors found that approximately one-half (46%) of the
gliomas were contiguous and 59% were within 5 mm of the ventricular
lining. We reported similar findings in a series of 100 patients treated at
the Moffitt Cancer Center: 52% of the tumors, based on T1-weighted
contrast enhancement, showed contact between the tumor surface and
the ventricular wall.3 With the inclusion of T2/FLAIR views, an addi-
tional 40% of the tumors showed contact with the ventricular wall.3

Taken together, . 90% of the gliomas showed involvement of the
ventricular wall.
In an era of anti–vascular endothelial growth factor (VEGF), anti-

angiogenic therapy, it is important to evaluate glioma biology and re-
sponse to therapy using both contrast enhancement and the FLAIR
views. The infiltrative, nonangiogenic disease, visualized on FLAIR,
could represent angiogenesis-independent clones that are receiving nu-
trients by passive diffusion from the cerebrospinal fluid across the
ependymal lining. Once these cells migrate to and from the subcortical
white matter, they can form hypoxic clusters of cells that stimulate the
‘‘angiogenesis switch,’’2 becoming visible on contrast-enhanced MR. In
support of this hypothesis, Barami et al3 observed a dozen examples of
where the point of contact to the ventricular wall was seen as a ‘‘stalk,’’
representing tracts of cells emanating from the SVZ and migrating into
nearby parenchyma. These stalks resemble the intravitreal stalks of
malignant cells growing in a nonangiogenic environment that migrated
to vascularized tissue and grow rapidly once angiogenesis is triggered.4

The microenvironment of the choroid plexus and surrounding epen-
dyma contains the angiogenic molecule, VEGF, and its receptors.5 In our
view, there are radiographic and biochemical data to suggest an affinity
between the ventricular lining and the ultimate formation of angiogenic
tumors in the white matter, and this link should be further explored.
The authors report that extension of the glioma boundary to the

ventricular wall is a function of the tumor volume. We found a link
between tumor volume and contact with the ventricular wall for met-
astatic tumors but not for gliomas. Metastases larger than 2.3 cm were
located near the ventricular lining.3 Gliomas of all sizes appeared to
contact the ventricular walls; the contact of smaller gliomas with the
ventricular lining supports a role of the SVZ early in the origin of
gliomas.3 The complex interaction of the cells derived from the ven-
tricular lining provides an opportunity for novel therapies targeted at the
SVZ stem cell populations; cerebrospinal fluid–directed therapy could
limit the recurrence of glioblastomas.6

Overall, the work, despite its preliminary nature, is important and
represents the type of studies required to advance the field. The authors

should be encouraged to use integrated mathematical modeling for other
types of neuroimaging modalities to discern patterns of glioma genesis,
growth, vascularization, invasion, therapeutic response, resistance, and
recurrence.

Steven Brem
Surbhi Jain

Tampa, Florida
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S ince Virchow coined the term ‘‘glioma’’ for tumors arising from the
brain substance, the glioblastoma has been recognized as a very

important yet poorly understood brain tumor. Tumor classification has
been an ongoing debate. In the 1979 World Health Organization
Classification of Tumors of the Central Nervous System, glioblastoma
was a separate category. Later, it was added to the spectrum of astrocytic
tumors. This article focuses on the controversy of glioblastoma ontogeny.
The authors use a modeling approach to make a rational argument
against SVZ pluripotent or stem cell origin for all glioblastomas.
The authors found that tumors adjacent to the ventricle had a re-

lationship with the ventricle similar to modeled tumor growth from the
SVZ region. Likewise, tumor not contacting the ventricle had a re-
lationship with the ventricle similar to modeled tumor growth from lobar
white matter locations.
The conclusion drawn from observations of real tumor growth and

mathematical modeling of tumor growth from different origin sites is
that glioblastomas commonly arise from cells located in the lobar white
matter and not from the SVZ, although the possibility that some
glioblastomas arise from the SVZ and may have a stem cell origin cannot
be excluded.

Warren Boling, MD
Morgantown, West Virginia
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