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ABSTRACT Tumor cell migration through the extracellular space (ECS) might be
affected by its pore size and extracellular matrix molecule content. ECS volume fraction �
(� � ECS volume/total tissue volume), tortuosity � (�2 � free/apparent diffusion coefficient)
and nonspecific uptake k� were studied by the real-time tetramethylammonium method in
acute slices of human tissue. The diffusion parameters in temporal cortical tissue resected
during surgical treatment of temporal lobe epilepsy (control) were compared with those in
brain tumors. Subsequently, tumor slices were histopathologically classified according to
the grading system of the World Health Organization (WHO), and proliferative activity was
assessed. The average values of �, �, and k� in control cortex were 0.24, 1.55, and 3.66 �
10�3s�1, respectively. Values of �, �, and k� in oligodendrogliomas did not significantly differ
from controls. In pilocytic astrogliomas (WHO grade I) as well as in ependymomas (WHO
grade II), � was significantly higher, while � and k� were unchanged. Higher values of � as
well as � were found in low-grade diffuse astrocytomas (WHO grade II). In cellular regions
of high-grade astrocytomas (WHO grade III and IV), � and � were further increased, and k�
was significantly larger than in controls. Classic medulloblastomas (WHO grade IV) had an
increased �, but not � or k�, while in the desmoplastic type � and k� remained unchanged,
but � was greatly increased. Tumor malignancy grade strongly corresponds to an increase
in ECS volume, which is accompanied by a change in ECS structure manifested by an
increase in diffusion barriers for small molecules. GLIA 42:77–88, 2003.
© 2003 Wiley-Liss, Inc.

INTRODUCTION

Primary brain tumors (PBT) represent up to 2% of all
malignant tumors in humans (Rubin and Farber,
1999). As the second most frequent pediatric tumor,
and one of the common causes of cancer-related death
in young adults, PBTs are of major clinical significance.
Despite intensive study, many aspects of their biologi-
cal behavior remain poorly understood.

It has been suggested that the biological behavior of
PBT depends not only on the migratory properties of
the tumor cells themselves, but also on the composition
of the extracellular matrix (ECM) and the ability of

tumor cells to attach to the ECM, degrade it, and re-
model the tissue structure (Chintala and Rao, 1996;
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Goldbrunner et al., 1999). Enlargement of the extracel-
lular space (ECS) volume in human gliomas and me-
ningiomas was suggested in earlier studies using elec-
tron microscopy (Bakay, 1970a) or the extracellular
marker sucrose (Bakay, 1970b). Nicholson and Syková
(1998) showed that the structure of nervous tissue may
be fairly accurately revealed by the diffusion of sub-
stances in the ECS. Diffusion in the ECS of the nervous
system is constrained by three factors (Nicholson and
Phillips, 1981): the restricted volume of the selected
tissue available for diffusing particles, i.e., the extra-
cellular volume fraction � (� � ECS volume/total tissue
volume); tortuosity � (�2 � free/apparent diffusion co-
efficient), a factor describing hindrances to diffusion
caused by cell processes; and finally, nonspecific uptake
k�, a factor describing the loss of a substance across cell
membranes.

In the present study, we examined all three ECS
diffusion parameters in healthy human cortical tissue
and in the most frequently appearing PBTs, namely,
pilocytic astrocytomas, ependymomas, and medullo-
blastomas in children and diffuse astrocytomas of var-
ious grades and oligodendrogliomas in adults (Russell
and Rubinstein, 1977). To investigate the relationship
between the diffusion properties of tumor tissue and its
proliferative activity, the ECS diffusion parameter val-
ues obtained by the real-time tetramethylammonium
(TMA) iontophoretic method (Nicholson and Phillips,
1981) were subsequently correlated with proliferation
markers such as the mitotic index and MIB-1 and
phosphotopoisomerase II-� labeling indices.

MATERIALS AND METHODS
Slice Preparation

The measurements were performed on freshly re-
sected brain tissue samples obtained from neurosur-
gery departments during surgical resection of brain
tumors in 25 previously untreated male and female
patients, aged 19 months to 68 years. As a control, we
used cortical tissue that did not exhibit pathological
changes, e.g., cell loss or astrogliosis, resected during
surgical treatment of temporal lobe epilepsy from four
patients aged 10–27 years. Informed consent was ob-
tained from all patients, or from their guardians, in the
case of children.

Immediately after tissue removal, samples were
placed into ice-cold, bicarbonate-buffered transport so-
lution bubbled with 95% O2 and 5% CO2 of the follow-
ing composition (in mM): 134 mM NaCl, 1.25 mM
K2HPO4, 26 mM NaHCO3, 3.3 mM MgCl2, and 20 mM
glucose. Within 30 min after surgery, the tissue was
mounted on a Vibratome stage, and 400-�m-thick
slices were cut in ice-cold solution. A slice was then
placed into the experimental chamber and perfused
with a continuously bubbled (95% O2 and 5% CO2)
calcium-containing solution (134 mM NaCl, 1.25 mM
K2HPO4, 26 mM NaHCO3, 1.3 mM MgCl2, 2 mM
CaCl2, 20 mM glucose) at a flow rate of 10 ml/min. In

the experimental chamber, the slice was slowly
warmed up, and measurements were carried out at
room temperature (22–24°C) at various locations in the
slice at a depth of 200 �m.

Diffusion Measurements

The ECS diffusion parameters were studied by the
real-time iontophoretic method described in detail pre-
viously (Nicholson and Phillips, 1981; Lehmenkühler
et al., 1993; Syková et al., 1994). In brief, an extracel-
lular marker that is restricted to the extracellular com-
partment is used, such as tetramethylammonium ions
(TMA�, MW � 74.1), to which cell membranes are
relatively impermeable. TMA� is administered into the
tissue by iontophoresis and mimics the extracellular
diffusion of small ions and molecules. The concentra-
tion of TMA� measured in the ECS by a TMA�-ion-
selective microelectrode (ISM) is inversely proportional
to the ECS volume. Double-barreled TMA�-ISMs were
prepared by a procedure described in detail previously
(Syková, 1992). In brief, the tip of the ion-sensitive
barrel was filled with an ion exchanger (Corning
477317); the rest of the barrel was backfilled with 100
mM TMA�chloride. The reference barrel contained 150
mM NaCl. The TMA�-ISMs were calibrated in 0.01,
0.03, 0.1, 0.3, 1.0, 3.0, and 10.0 mM TMA� in a back-
ground of 3 mM KCl and 150 mM NaCl. Calibration
data were fitted to the Nikolsky equation, to determine
electrode slope and interference. The shank of the ion-
tophoretic pipette was bent so that it could be aligned
parallel to that of the ion-selective microelectrode and
was backfilled with 100 mM TMA�chloride. An elec-
trode array was made by gluing together a TMA�-ISM
and an iontophoretic micropipette with a tip separation
of 100–200 �m (Fig. 1). The iontophoresis parameters
were �20-nA bias current (continuously applied to
maintain a constant electrode transport number), with
an �180-nA current step of 60-s duration to generate
the diffusion curve. The three parameters were ex-
tracted by a nonlinear curve-fitting simplex algorithm
operating on the diffusion curve described in eq. (1),
which represents the behavior of TMA�. It is assumed
that it spreads out with spherical symmetry, when the
iontophoresis current is applied for duration S. In this
expression, C is the concentration of the ion at time t
and distance r (distance from the source electrode). The
equation governing diffusion in nervous tissue is:

C � G	t
 t � S, for the rising phase of the curve

C � G	t
 � G	t � S


t � S, for the falling phase of the curve

The function G(u) is evaluated by substituting t or
t�S for u in the following equation:
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G	u
 � 	Q�2/8�D�r
 �expr�	k�/D
1/2�

� erfcr�/2	Du
1/2 � 	k�u
1/2� � exp � r�	k�/D
1/2�

� erfcr�/2	Du
1/2 � 	k�u
1/2�� (1)

The quantity of TMA� delivered to the tissue per
second is Q � In/zF, where I is the step increase in
current applied to the iontophoresis electrode, n is the
transport number, z is the number of charges associ-
ated with the substance iontophoresed (�1 here), and F
is Faraday’s electrochemical equivalent. The function
erfc is the complementary error function. Knowing n
and D, the parameters �, �, and k� can be obtained
when the experiment is repeated in a tissue sample.

Before tissue measurements, diffusion curves were
recorded in 0.3% agar gel (Difco, Detroit, MI) dissolved
in a solution of 150 mM NaCl, 3 mM KCl, and 1 mM
TMA chloride. In dilute agar, � and � are by definition
set to 1, and k� is set to 0; the electrode transport
number (n) and the free TMA� diffusion coefficient (D)
are extracted by curve fitting.

Morphology and Immunohistochemistry

The slices used for diffusion measurements and the
remaining resected tissue were fixed in 10% buffered
formalin and were then embedded in paraffin. To de-
termine the morphological features of the tissue, rou-
tine hematoxylin and eosin (H&E) staining was carried
out. Astrogliosis or the astrocytic nature of a neoplasm
was demonstrated by positive immunostaining with
antibodies directed against glial fibrillar acidic protein
(GFAP).

Tissue sections were deparaffinized in xylene and
rehydrated through decreasing concentrations of etha-

nol to water. After blocking of endogenous peroxidase
activity, sections used for immunohistochemical stain-
ing were incubated overnight at 4°C with monoclonal
anti-GFAP (Sigma-Aldrich; clone G-A-5, dilution 1:80).
The antigen-antibody complexes were visualized using
a Vectastain Elite Kit (Vector Laboratories).

As proliferation markers, we used Ki-67, an antigen
that corresponds to a nuclear nonhistone protein ex-
pressed in all mitotic cell cycles except G0 (Brown and
Gatter, 1990; Gerdes et al., 1991; Cattoretti et al.,
1992), and phosphotopoisomerase II-� (topo II-�), an
enzyme that functions in chromosome segregation and
condensation (Holm et al., 1989), and that has also
been recently demonstrated to identify cells in the S,
G2, and M phases of the cell cycle in human malignan-
cies (Lynch et al., 1997). The immunostaining proce-
dure for both topo II-� and Ki-67 has been described
previously (Brown and Gatter, 1990; Lynch et al.,
1997). Briefly, heat-induced epitope retrieval was done
in a sodium citrate buffer solution (pH 9.0) warmed up
to 97°C in a water bath for 40 min for topo II-� or
heated for 30 min at high power in a microwave oven
for Ki-67 (Gown et al., 1993). After subsequent cooling
for 20 min and blocking of endogenous peroxidase, sec-
tions were incubated overnight at 4°C with either anti-
topo II-� (Immunotech; mouse monoclonal antibody,
clone 3D4, dilution 1:100) or anti-Ki-67 (Immunotech;
mouse monoclonal antibody, clone MIB-1, dilution
1:50). A streptavidin-biotin kit (UltraTech HRP Detec-
tion System, Immunotech), followed by chromogenic
visualization using diaminobenzidine, was used for im-
munolocalization of the antigens. All sections were
lightly counterstained with Harris’s hematoxylin, de-
hydrated, cleared, and mounted.

Only nuclear staining was regarded as positive in
reactions with both the anti-topo II-� and the anti-

Fig. 1. Scheme of the experimental setup for diffusion measure-
ments (left) and representative tetramethylammonium (TMA)�-diffu-
sion curves obtained in agar gel and in healthy neocortical tissue
(right). To stabilize the intertip distance of the electrode array, an
iontophoretic micropipette and TMA�-selective microelectrode were

glued together with dental cement. In the brain, where diffusion is
constrained by various barriers and is restricted to the extracellular
space, the amplitude of the diffusion curve is much higher, and its
shape differs from the diffusion curve measured in agar gel, where, by
definition, � � � � 1, and k� � 0.
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Ki-67 antibodies. For the labeling indices (LI), positive
nuclei were counted in 10 consecutive high-power fields
(HPF) �400 magnification in areas with the greatest
staining; each count was divided by the number of
tumor cells in the same HPFs (Kelleher et al., 1994). In
the same 10 HPFs, all mitotic figures were counted,
and their number was stated as the mitotic index (MI).
Following conventional usage, the term MIB-1 labeling
index is used in reference to the positive immunostain-
ing for Ki-67 and the term anti-topo II-� labeling index
is used in reference to the positive immunostaining for
topo II-�.

Statistical Analysis

The results of the experiments are expressed as
mean �SEM. Statistical analysis of the differences
between groups was performed using one-way analysis
of variance (ANOVA). The correlation between the ECS
diffusion parameter values and the MIB-1 labeling in-
dex was evaluated using the Pearson correlation coef-
ficient r. Values of P � 0.05 were considered signifi-
cant.

RESULTS

Tissue samples from 29 patients, 25 with diagnosed
PBTs of various malignancy grades (20 gliomas and 5
medulloblastomas) and 4 surgically treated epileptic
patients with mesiotemporal sclerosis were used. Mea-
surements were performed in two to six slices from
each tissue sample. In each slice, two to four diffusion
measurements were done at different locations, and
the obtained results were averaged (Table 1). The his-
tological structure of the slices in the locations where
the ECS diffusion parameters were measured was
evaluated and correlated with the diffusion measure-
ments. The results of diffusion measurements made in
areas with hemorrhage, from near the edge of the tu-
mor, from unaffected peritumorous tissue or from the
vicinity of large vessels were excluded. The tumors
were classified and graded according to the criteria
outlined by the WHO (Kleihues and Cavenee, 2000) on
the basis of an examination of the entire specimen. Cell
proliferation was evaluated by the mitotic index (MI)

and the MIB-1 and anti-topo II-� labeling indices. A
good correlation between the mitotic index, MIB-1 LI
and anti-topo II-� LI was observed in all investigated
cases (Table 1).

Diffusion Parameters in Human
Temporal Cortex

Measurements of the ECS diffusion parameters were
performed in cortical layers III and IV of the temporal
lobe neocortex. Only those values from samples with
histologically verified normal tissue morphology, and
without apparent astrogliosis, were used for statistical
analysis (Fig. 1, Table 1, cases 1–4). The average val-
ues of �, �, and k� in control tissue were 0.24 �
0.01,1.55 � 0.03, and 3.66 � 0.98 (�10�3s�1), respec-
tively (mean �SEM; n � 9, n represents the number of
slices).

Pilocytic Astrocytomas

The prototypical pilocytic astrocytoma (WHO grade
I, cases 5–9) was typically an architecturally and cyto-
logically biphasic neoplasm with a varying proportion
of compacted bipolar cells having Rosenthal fibers as
well as loose-textured multipolar cells with microcysts
and granular bodies (Fig. 2A). In pilocytic astrocyto-
mas, the average values of �, �, and k� were 0.37 �
0.02, 1.50 � 0.03, and 4.88 � 0.75 � 10�3s�1 (n � 12),
respectively. In comparison with control temporal cor-
tex, � in pilocytic astrocytomas was significantly
higher, while � and k� did not differ from control values
(Table 1, asterisks). Mitotic activity as determined by
mitoses counting and the MIB-1 and anti-topo II-�
labeling indices (0–1, 0.4–2.6, and 0.4–3.2, respec-
tively) was low (Table 1, Fig. 2A, inset).

Diffuse Fibrillary Astrocytomas

WHO grade II diffuse astrocytomas exhibited a mod-
est increase in cellularity and were characterized by
the presence of an increased number of irregularly
distributed astrocytes having discernible fibrillar pro-
cesses. The tumor cells were only moderately atypical,
and mitotic activity was either very low or absent (Fig.
2B). The ECS diffusion parameters were determined in
three diffuse fibrillary astrocytomas (Table 1, cases
10–12). The average value of � (0.29 � 0.01; n � 14)
was significantly higher than that in control tissue but
lower than that in pilocytic astrocytomas. Tortuosity
was unusually high, with an average value of 1.81 �
0.08. Extremely high tortuosity (�2.00) was observed
in case 10, in which a histological feature was a fas-
cicularly arranged dense fibrillary background. In pa-
tients 11 and 12, such a dense fibrillary background
was not found; indeed, the tortuosity values were not
significantly different from those of controls. Nonspe-

Fig. 2. Left: Hematoxylin and eosin staining of the studied brain
tumor tissues and the corresponding immunolabeling for Ki-67 to
determine the MIB-1 labeling index (MIB-1 LI) shown in insets.
Right: Representative tetramethylammonium (TMA)�-diffusion
curves recorded in each distinct type of tumor with the corresponding
values of the ECS diffusion parameters �, �, and k�. Red curves, actual
diffusion curves recorded in the tumor samples; green curves, theo-
retical diffusion curves generated by the nonlinear curve-fitting sim-
plex algorithm (see Materials and Methods). A: Pilocytic astrocytoma
(WHO grade I), MIB-1 LI 0.6 (case 9 in Table 1). B: Diffuse fibrillary
astrocytoma (WHO grade II), MIB-1 LI 3.8 (case 11). C: Anaplastic
astrocytoma (WHO grade III), MIB-1 LI 19.4 (case 13). D: Glioblas-
toma (WHO grade IV); cellular part, MIB-1 LI 23.0 (case 16). Scale
bar � 50 �m.
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cific uptake k� in diffuse fibrillary astrocytomas did not
differ from controls (4.77 � 0.89 � 10�3s�1). The mi-
totic index (0–3) and the MIB-1 (3.8–7.2) and anti-topo
II-� (4.4–7.6) labeling indices showed slightly higher
proliferative activity in diffuse fibrillary astrocytomas
than in the pilocytic type, but the activity was still less
than that seen in high-grade astrocytomas.

Anaplastic Astrocytomas and Glioblastomas

The characteristic morphological features of ana-
plastic astrocytomas (WHO grade III) were increased
cellularity, distinct nuclear and cellular pleomorphism,
and marked mitotic activity (Fig. 2C). The histopathol-
ogy of glioblastomas (WHO grade IV) was extremely
variable (Fig. 2D). Glioblastomas were distinguished
from anaplastic astrocytomas by the additional pres-
ence of extensive vascular proliferation and necrosis
surrounded by dense pallisading clusters of tumor cells
(Fig. 3A). In glioblastomas, only values from the cellu-
lar parts of the tumors were used for statistical analy-
sis; necrotic areas were evaluated separately.

In comparison with control and lower-grade astrocy-
tomas, � was substantially higher in high-grade astro-
cytomas (Table 1, cases 13–18), with an average value
of 0.44 � 0.01 (n � 21). The average values of � and k�
were significantly higher than those in controls (1.78 �
0.03 and 6.42 � 0.62 � 10�3s�1, respectively). A
marked increase in the number of mitoses (11–32) and
the MIB-1 (19.4–52.2) and anti-topo II-� (16.2–45.4)
labeling indices reflected the high proliferative activity
and increased malignancy of the tumors (cases 13–20).

Measurements in the necrotic parts of two different
glioblastomas (cases 19–20) demonstrated an enor-
mously increased ECS volume (0.58 � 0.01; n � 5),
while the tortuosity values varied widely (from 1.35 to
1.83). Nonspecific uptake k� in the necrotic parts of
glioblastomas (4.15 � 0.62 � 10�3s�1) was lower than
that in the cellular regions and did not differ signifi-
cantly from average control values (Fig. 3A). In several
necrotic regions, tortuosity did not decrease substan-
tially as was expected, probably due to cell detritus,
which prevents free diffusion.

To determine the relationship between the ECS dif-
fusion parameters and the proliferative activity of the
different diffuse astrocytomas (WHO II–IV), we plotted
the �, �, and k� values of the tested control and tumor
tissue samples against the MIB-1 labeling index of the
corresponding tumors (Fig. 4). Data from necrotic mea-
surements (Table 1, cases 19 and 20) as well as data
from patient 10 with a thalamic tumor were not incor-
porated into the plot. The histology of the tumor in case
10 was characterized by a fascicularly arranged dense
fibrillary background, and therefore we assumed that
diffusion in this sample was anisotropic; thus, the cor-
rect values of � and � could not be determined from
measurements in one axis only (Rice et al., 1993; Mazel
et al., 1998). Figure 4 shows a strong positive correla-
tion of both increased ECS volume fraction � and tor-

tuosity � with increased proliferative activity (as ex-
pressed by the MIB-1 LI) in diffuse astrocytomas. The
correlation coefficient (r) of the regression curve for �
was r � 0.92 (P � 0.0001) and for � r � 0.68 (P �
0.0001). A similar correlation was also found between
�, �, and the mitotic and anti-topo II-� indices (not
shown). Values of k� also correlated with increasing
MIB-1 LI; the correlation coefficient of the regression
curve for k� was r � 0.49 (P � 0.002).

Oligodendrogliomas

Oligodendrogliomas were moderately cellular tu-
mors with a dense capillary network composed of a
sheet-like proliferation of uniform, round nuclei sur-
rounded by optically clear halos (Fig. 3B). We tested
two different oligodendrogliomas (WHO grade II) (Ta-
ble 1, cases 20 and 21). The average values of �, �, and
k� (0.23 � 0.01, 1.50 � 0.032, and 5.27 � 1.02 �
10�3s�1, respectively; n � 7) did not differ significantly
from controls. The proliferative activity in the tested
oligodendrogliomas was rather low and similar to that
in low-grade astrocytomas (Table 1).

Ependymomas

Ependymomas (WHO grade II) are moderately cellu-
lar gliomas. Their key histological feature was a collar-
like condensing meshwork of fibrillary cytoplasmic pro-
cesses about their stromal blood vessels in a formation
known as perivascular pseudorosettes (Fig. 3C). In our
study, we tested two ependymomas (Table 1, cases 22
and 23) and found a significantly increased � (0.39 �
0.01; n � 7), but the values of � (1.55 � 0.05) and k�
(5.3 � 1.06 � 10�3s�1) did not differ significantly from
controls. The proliferative activity in the tested tumors
was moderately increased (Table 1). The ependymoma
with the higher proliferative activity (case 23) had a
larger ECS volume than its counterpart (Table 1, Fig. 4).

Medulloblastomas

Classic medulloblastomas were embryonal tumors
forming densely packed masses composed of diminu-
tive, undifferentiated-appearing cells with round-to-
oval nuclei (Fig. 3D). In three tested classic medullo-
blastomas (Table 1, cases 24–26), �, �, and k� varied
substantially. In comparison with control tissue, we
found a significant increase in the average � value
(0.38 � 0.03; n � 11), but not in the average � or k�
values: 1.57 � 0.04, 5.82 � 0.62 � 10�3s�1, respec-
tively.

Tissue samples from patients 27 and 28 belonged to
a rare desmoplastic subtype of medulloblastoma. These
tumors displayed lower proliferative activity than was
exhibited by the other medulloblastomas (Table 1), and
their � values (0.22 � 0.01; n � 7) were as low as those
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Fig. 3. Tumor tissue samples stained with hematoxylin and eosin
with the corresponding MIB-1 immunostaining (insets) and represen-
tative tetramethylammonium (TMA)�-diffusion curves. Red curves,
actual diffusion curves recorded in the tumor samples; green curves,
theoretical diffusion curves generated by the nonlinear curve-fitting

simplex algorithm (see Materials and Methods). A: Glioblastoma
(WHO grade IV); necrotic region (case19). B: Oligodendroglioma
(WHO grade II), MIB-1 LI 2.2 (case 20). C: Ependymoma (WHO grade
II), MIB-1 LI 7.8 (case 22). D: Medulloblastoma (WHO grade IV),
MIB-1 LI 20.8 (case 26). Scale bar � 50 �m.



in healthy tissue. However, their tortuosity was enor-
mously high (1.85 � 0.03). Nonspecific uptake (4.00 �
0.41 � 10�3s�1) did not differ from that of control tissue.

DISCUSSION

The three ECS diffusion parameters, �, �, and k�,
govern the diffusion of substances in the ECS and
affect synaptic as well as extrasynaptic transmission.
They change during various physiological and patho-
logical states (Syková et al., 2000; Syková, 2001). To
the best of our knowledge, we have measured for the
first time �, �, and k� in human brain tissue and in
primary brain tumors. The TMA� iontophoretic
method is the only method that allows the absolute
values of the three ECS diffusion parameters to be
determined, since other methods provide information
only about a single parameter or measure only their
relative changes (for review, see Nicholson and Syková,
1998).

In control human temporal cortex from patients aged
10–27 years, we found a similar ECS volume fraction
as has been observed in the central nervous system
(CNS) of adult mice (Anděrová et al., 2001), rats (Leh-
menkühler et al., 1993; Prokopová et al., 1997), or frogs
(Prokopová-Kubinová and Syková, 2000). It has been
shown repeatedly that the ECS diffusion parameters in
CNS tissue slices obtained from experimental animals
do not differ from those determined in animals in vivo
(Lehmenkühler et al., 1993; Prokopová et al., 1997). We
can assume that data from human tissue slices reflect
the situation in human brain in vivo. From experi-
ments on rodents, it is known that the ECS diffusion
parameters vary dramatically during CNS develop-
ment, due to tissue maturation during the first 3 post-
natal weeks (Lehmenkühler et al., 1993; Prokopová et
al., 1997), as well as during aging (Syková et al., 1998;
Syková, 2001). Developmental magnetic resonance im-
aging (MRI) studies in humans showed a gradual
change in T1- and T2-weighted images from an infan-
tile to an adult-like pattern during the first 12 months
of postnatal life, which is generally assumed to corre-
spond with a decrease in water content in both gray
and white matter and the period of myelination of the
brain (for review, see Paus et al., 2001). One can there-
fore assume that the values of the ECS diffusion pa-
rameters in healthy tissue would also stabilize towards
the end of the first year of life and that in children older
than 1 year, they would not differ significantly from
those in adults. Our youngest subjects were 1.5–4
years old (Table 1, cases 5, 6, 22, and 26), and the ECS
diffusion parameter values in the cortical tissue of
these children were not substantially different from
those in adult patients.

Our measurements show that the ECS volume frac-
tion �, is increased in all the studied glial tumors and
medulloblastomas except for oligodendrogliomas. We
found a positive correlation between the size of the
extracellular volume fraction and the malignancy
grade of the tumors along with increasing cellularity
and proliferative activity of the tumor as defined by the
malignancy grading system (Kleihues and Cavenee,
2000). It is highly probable that structural changes in
tumor tissue due to the degradation of the ECM by

Fig. 4. Relationship between the extracellular space volume frac-
tion �, tortuosity �, nonspecific cellular uptake k� and the MIB-1
labeling index in the studied diffuse astrocytomas (WHO II–IV; F).
Control data (E) are plotted against MIB-1 LI � 0. Each point repre-
sents an average value of �, �, or k� �SEM calculated from 2–3
measurements in different slices. Slices from the same tumor have the
same MIB-1 LI values. Regression curves for �, �, and k� have corre-
lation coefficients of 0.84, 0.46, and 0.24, respectively.
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metalloproteinases produced by tumor cells (Chintala
et al., 1999) are responsible for the observed changes in
this ECS diffusion parameter. All pilocytic astrocyto-
mas, in spite of their low growth activity, had a large
ECS volume fraction that might be due to the enlarge-
ment of the ECS by the numerous microcysts observed
by microscopic examination. A loss of gap junctions,
associated with a decrease in cell-cell communication
(Trosko and Ruch, 1998; Soroceanu et al., 2001) and
the ability of cells to regulate their volume (Quist et al.,
2000), could also contribute to changes in ECS volume.
An enlarged ECS volume, especially at the border be-
tween a tumor and the surrounding tissue, could result
from neuronal death evoked by the excitotoxic effect of
glutamate, which reaches unusually high concentra-
tions in gliomas due to failed glutamate uptake (Ye et
al., 1999; Ye and Sontheimer, 1999). The ECS volume
fraction is not increased in oligodendrogliomas, tumors
that do not actively kill peritumoral tissue. Indeed,
glutamine synthetase, the enzyme that produces glu-
tamate, is not expressed in oligodendrocytes; hence,
these cells may be unable to release excitotoxic gluta-
mate, as was shown in astrocytomas (Ye et al., 1999).

Surprisingly, the observed ECS volume increase was
not associated with a decrease in tortuosity but, par-
ticularly in high-grade gliomas, with a significant tor-
tuosity increase. It has been proposed that the migra-
tion of glioma cells may be facilitated by the molecules
of the ECM (Harris, 1986). The production of certain
ECM molecules, e.g., hyaluronic acid, chondroitin sul-
fate, or tenascin-C, by endothelial cells is increased and
positively correlates with the migration of glioma cells
and tumor invasiveness (Erickson and Bourdon, 1989;
Knudson et al., 1989; Higuchi et al., 1993; Deryugina
and Bourdon, 1996). Cell culture studies have shown
that glioma cells are capable of producing their own
ECM molecules, such as laminin, collagens, tenascin,
vitronectin, and some glycosaminoglycans (Rutka et
al., 1987, 1988; Delpech et al., 1993; Goldbrunner et al.,
1999). The observed increase in tortuosity in our study
may thus be the result of an increase in diffusion bar-
riers formed by fine nets of overexpressed ECM mole-
cules. TMA� diffusion parameters have been shown to
be strongly dependent on the morphological structure
of the tissue and the composition of the extracellular
matrix (Syková et al., 1998, 1999; Roitbak and Syková,
1999; Vořı́šek et al., 2002). However, ion (TMA�) move-
ment and cellular migration may have different re-
quirements. While the movement of both is apparently
enhanced by the increase in ECS volume, extracellular
matrix molecules may specifically enhance cellular mi-
gration but hinder the diffusion of ions.

Unusually high values of tortuosity were observed in
diffuse fibrillary astrocytomas (WHO grade II) with a
dense fibrillary background (particularly case 10) and
in desmoplastic medulloblastomas, which are charac-
terized by distinctive reticulin-free islands of cells
among reticulin-rich areas (cases 27 and 28). The high
tortuosity values in these tumors may thus reflect the
increased diffusion barriers formed by collagen or ret-

iculin fibers in the extracellular space. Moreover, fas-
cicularly arranged fibers (case 10) may lead to uneven
diffusion in different directions, i.e., to diffusion anisot-
ropy (Rice et al., 1993; Mazel et al., 1998), with unusu-
ally high � values in the direction in which the diffu-
sion is limited.

MRI studies correlating the apparent diffusion coef-
ficient of water (ADCw) with tumor grading and the
degree of tumor cellularity showed that the value of
ADCw is inversely related to the malignancy of the
tumor (Tien et al., 1994; Sugahara et al., 1999; Castillo
et al., 2001; Kono et al., 2001). The authors assumed
that a low ADCw reflects a decreased ECS volume in
hypercellular tumor tissue. In contrast, in early studies
using extracellular markers such as sucrose, inulin, or
radiotracers to determine ECS volume, investigators
reported a larger ECS in animal or human brain tu-
mors than in nonaffected tissue (Matthews and Molin-
aro, 1963; Bakay, 1970b; Ausman et al., 1977). In our
study, together with an increase in ECS volume, we
also observed an increase in tortuosity. In an animal
model of nervous tissue injury, we have found that
increased tortuosity due to an increased content of
ECM molecules slows down ADCw without any change
in ECS volume (Vořı́šek et al., 2002). Tortuosity is, by
definition, inversely related to ADC; thus, an increase
in tortuosity reflects a lower ADC and the slower dif-
fusion of ions and molecules due to diffusion barriers in
the tumor environment. The relationship between
ADCw and tumor malignancy needs to be shown in
MRI studies of patients with these tumors in order that
MRI could prove a useful tool for diagnostic and ther-
apeutic purposes.

The current study shows a positive correlation be-
tween increasing values of ECS volume fraction and
proliferative activity in each distinct histological group
of investigated tumors. We can therefore speculate that
the malignancy of PBTs and their proliferative and
migratory activity may also be dependent on the ability
of the tumors to create space for migrating cells by the
destruction of the surrounding tissue. Overexpression
of certain ECM molecules has been shown to correlate
with increased tumor malignancy and migratory activ-
ity (Zhang et al., 1998; Hayen et al., 1999; Camby et al.,
2001), as these molecules may serve as “tracks” and
thus facilitate tumor cell migration. However, they
may form diffusion barriers for neuroactive molecules,
including chemotherapeutics, which will constrain dif-
fusion.

REFERENCES
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