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Intercapillary Distance in the Proliferating Area of Human Glioma
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ABSTRACT

Tissues from 22 patients with glioma and 7 patients with normal white
matter were used in this study. First we determined the proliferating area
in the tumor tissue by evaluating the growth fraction (GF). Second we
determined the mean number of cells and measured the intercapillary
distance in a modified tumor cord in the proliferating area by using the
texture analyzing system and Voronoi's method. Average GFs of tumor

cells and tumor endothelial cells were 27.7 Â±53% (SD) and 36.8 Â±8.1%
in many malignant gliomas and 6.5 Â±3.1% and 17.0 Â±11.9% in many
benign gliomas. The mean number of cells within a tumor cord was 15.9
Â±6.4 in the proliferating areas of all gliomas and 22.3 Â±6.8 in the
control group. The mean intercapillary distances were 77.8 Â±15.9 urn in
the proliferating area of all gliomas and 123 Â±4.2 urn in the control
group. There were significant differences in the number of cells and the
intercapillary distances between the proliferating group and the control
group (t value; /' < 0.05-<0.001).

It has been suggested that GF is high in glioma cells and tumor
endothelial cells in malignant gliomas and that GF of endothelial cells is
always greater than that of the tumor cells. It is suggested that it is
possible to use Voronoi's method for the interpretation of biological

action in human gliomas.

INTRODUCTION

It is well known that blood supply to a tumor is essential for
its continued growth (1-5). Since 1955, when Thomlinson and
Gray (6) reported the concept of the TC2 in human lung tumors,

the relation between the cell populations in TCs and the differ
ent methods of therapy have been studied (7-9). However, the
cell populations in TCs have not yet been investigated in human
glioma tissues. In 1982, Gratzner (10) developed a monoclonal
antibody that can identify nuclei containing BrdUrd. BrdUrd,
which is a thymidine analogue, is incorporated into nuclear
DNA during S phase (11-13). Therefore, BrdUrd can be used
for the analysis of tumor growth patterns, which can be deter
mined by the number of S-phase cells during proliferation (14-

16).
Based on mathematical morphology, there is a method for

regional separation of the points dispersed at random in 2-
dimensional Euclidean space, in which the influencing region
(domain) of each point can be determined, respectively. A set
of such domains is called Voronoi's tessellation (17). The mean

diameter of such domains can be used as a parameter for
estimating the intercapillary distance in human brain tumors,
when a blood vessel is perceived as a point in the 2-dimensional

space.
The texture analyzing system (TASplus; Leitz Wetzlar

GmBH, West Germany) demonstrates all the image transfor
mation functions based on the mathematical morphology under
the hexagonal raster on the television monitor.

Received 12/29/86; revised 10/8/87, 1/21/88; accepted 1/29/88.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1To whom requests for reprints should be addressed, at Department of
Neurological Surgery, Institute of Clinical Medicine, University of Tsukuba,
Tsukuba-shi, Ibaraki 305, Japan.

3The abbreviations used are: TC, tumor cord; BrdUrd, bromodeoxyuridine;

TAS, texture analyzing system; GF, growth fraction; CNS, central nervous
system.

By observing pharmacokinetics during chemotherapy, it is
very important to determine how the drugs are transported to
the tumor cells through the capillary. The intercapillary dis
tance has not yet been reported in human glioma tissues.

The purpose of this study is to investigate the intercapillary
distance and the TC by using TASplus and Voronoi's method

in the proliferating area of the human glioma determined by
the anti-BrdUrd monoclonal antibody method.

MATERIALS AND METHODS

Tissues from 22 patients who were operated on for various gliomas
consist of 12 glioblastomas, 2 medulloblastomas, 8 benign gliomas
including 5 benign astrocytomas, 2 oligodendrogliomas, and 1 epen-
clymoma. Seven tissues with normal white matter, resected unavoidably
during surgery on the patients with brain tumors and arteriovenous
malformation, were used as a control group. Five glioblastomas were
recurrent cases and received both radiotherapy and chemotherapy prior
to this study. All patients received a 30-min i.v. infusion of BrdUrd at
a dose of 200 mg/m2 every 8 h for a period of 3 days before craniotomy

(15). A section of each surgical specimen was fixed in chilled 70%
ethanol for no less than 12 h; thereafter they were embedded in paraffin.
The tissues were cut serially into 6-/Â¿msections and were deparaffinized
with xylene. One of the serial sections was processed with immunoper-
oxidase stain for BrdUrd, and another one with hematoxylin-eosin
stain used routinely. In order to estimate the growth fraction (GF) of
each tumor and vessel, we counted manually the BrdUrd-labeled cells
in each of 3 microscopic fields which contain a total population of 500
to 700 tumor cells. Similarly, the BrdUrd-labeled endothelial cells were
counted manually in each of 5-6 blood vessels which contain a total
population of 10-30 endothelial cells. These were counted in the blood
vessel which is lined with endothelial cells surrounding the vascular
lumen. GF was expressed as a ratio of the BrdUrd-labeled cells over
the total cells counted. In this way, we determined the proliferating
area in the glioma tissue by evaluating GF of tumor cells and endothelial
cells. The mean number of cells in a TC and the intercapillary distance
was measured by TASplus in the area of the hematoxylin-eosin-stained
section corresponding to the proliferating area as defined by anti
urti I rd monoclonal antibody. TASplus detects and identifies target
material by selecting an optimum gray value for a stained specimen
from 0 to 99 graded levels on the working monitor. It is possible to
apply this densitometric investigation not only to the entire image area
but also to individual image components such as particles, cells, etc.
When the domain of each of the points scattered randomly on the plane
is determined by using TASplus, provided they are under some uniform
stress such as pressure caused by growth or expansion within the points
or due to some uniformly applied influencing pressure from without, a
series of hexagonal structuring elements centered at each point come
into contact with each other, and a set of contact points indicates a
boundary.

In other words, the method of Voronoi's tessellation determines the

territory of each point by packing various sizes of similar hexagons
centered at each point. Voronoi's tessellation can be performed by a

combination of the functions of TASplus. The algorithm used for our
test can be outlined as follows: (a) A microscope image is transferred
as a video image onto the television monitor by the television camera
(image acquisition); (b) the binary image of blood vessels detected by
the light pen under the hexagonal raster on the television monitor. This
image is stored into several memories for subsequent use (binary image
detection; Fig. 1, 7); (c) inversion of image of Fig. 1, /, shows the
background of blood vessels as a binary image (white image). This
space is a field for competition so that each blood vessel might be able
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to exhibit its own dominant zone (domain), respectively (inverted
image; Fig. /, 2); (d) one of Golay's transformations using the hexag
onal structuring element by Golay's code is used for some steps of

skeletonization of the image (Fig. 1, 3 to 7); (c) inverted image of Fig.
1, 7, after the elimination of mask intersected image (Fig. 1, 8); (/)
image after the execution of "exclusive or" for the image of Fig. 1, 8

(Fig. 1, 9).
These images are the domains of each blood vessel detected respec

tively (Fig. 1, 10). The number of cells existing in each domain can be
automatically counted by using the individual logic of TASplus, and

Fig. 1. Schematic diagram of the determination of TC using Voronoi's tessel

lation. /, the binary image of blood vessels detected by the light pen under the
hexagonal raster on the television monitor; 2, inverted image of I: 3-6, some
steps of skeletonization of the image; 7, image at the final stage of skeletonization;
S, inverted image of 7;9, image after the execution of "exclusive or" for the image
of 8; and 10, domain of each blood vessel determined by the method of Voronoi's

tessellation.

each equivalent diameter also can be measured for use as a parameter
for estimating the intercapillary distance in the human brain.

Programming for the algorithm mentioned above is written by
TASIC. Algorithm, programming language, hexagonal structuring ele
ment, Golay's code, and Golay's transformations are referred to in
"Pocket Guide for Leitz TASIC Programming Language." Therefore,

the dominant area of a blood vessel over its environment may be defined
by means of TASplus and Voronoi's tessellation, and cells can live and

grow taking in nutrients within each domain (TC). Fig. 2 shows an
example partitioning the space occupied by the vessels in the tumor
tissue, considering a blood vessel as a point.

The cell nuclei were automatically counted by TASplus for each TC
in the measuring field and then were averaged. For measurement of the
number of cells in a TC, we avoided counting the endothelial cells by
neglecting the gray section of their nuclei as much as possible. However,
the image analysis program makes it difficult to distinguish strictly
between tumor cells and endothelial cells, and the endothelial cells were
sometimes counted. In general, approximately 3 to S endothelial cells
were present in a TC; therefore, even though those cells were counted
automatically, they are within experimental error. The intercapillary
distances as well as the diameter of each TC were also separately
measured by TASplus and then averaged. To determine the diameter
of a TC, the long axis of the TC was automatically measured in steps
of 30Â°Cand 12 steps in each TC were averaged. Although patients with

normal white matter were used as the control group, they did not have
any proliferating or tumor tissues. We designated the areas which were
determined by the packing of various hexagonal structuring elements

Marking the Vessels

TAS Image x550

Determination of Tumor Cord

TAS Image x550
Fig. 2. Determination of the modified tumor cord in the proliferating area of

human malignant glioma. Top, binary image of the vessels (encircled line) drawn
with a light pen in the measured area of the tumor tissue. The inversion of this
binary image indicates the field of competition of each blood vessel for procuring
a certain size of influencing domain. Bottom, tumor cords (boxing appearance)
centered at each vessel and the cells (black grain) chosen automatically by the
nucleus density.
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centered at each vessel in those tissues in the tumor group using the
same method as in the control TCs.

Morphometrical examinations of the specimen were performed on
10 to 20 TCs per field, 5 fields per sample, and all specimens were
measured with an image of x550 on the television monitor. Before
making the measurements, we confirmed that the TCs of 4 points,
marked with equal distance in the sectioned paper, were tessellated
reasonably by our method with an image of xl.S on the television
monitor. Although we could not calibrate the TCs measured in the
specimen by Voronoi's tessellation, the number of cells in all TCs and

the intercapillary distances were routinely calibrated by manual count
ing in one field. The number of cells and the intercapillary distances
were automatically estimated by TASplus in each TC on 5 fields after
their calibration.

RESULTS

Estimation of the Proliferating Potentiality in Glioma Tissues.
Table 1 summarizes the data for 22 patients including the GFs
derived from each tumor and vessel studied. The materials are
classified into 3 groups according to GF of the tumor cells.
Average GFs of the tumor cells were 27.7 Â±5.3% (SD) in group
1, 18.1 Â±2.1% in group 2, and 6.5 Â±3.1% in group 3. Group
1 contained malignant gliomas, and group 3 contained benign
gliomas, and some malignant gliomas received both radiother
apy at 6500 racls and chemotherapy by intracarotid infusion of
l-(4-amino-2-methylpyrimidine-5-yl)methyl-l,3-(2-chloroeth-
yl)-3-nitrosourea (nimustine hydrochloride; Sankyo Pharma-
col., Ltd., Japan) at a dose of 3 mg/kg before surgery.

The GF values in the glioma cells are significantly different
between groups 1 and 3 and between groups 2 and 3 (/ value; P
< 0.001).

On the other hand, average GFs of the endothelial cells in
the glioma tissues were 36.8 Â±8.1% in group 1, 30.0 Â±6.7%
in group 2, and 17.0 Â±11.9% in group 3. Those GFs are also
significantly different between groups 1 and 3 (t value; P <
0.01). Interestingly, the GF in the vascular endothelial cells was
always greater than that of the tumor cells in the proliferating
area of human glioma.

Table 2 summarizes the data of the number of cells in a TC
and the intercapillary distances in the proliferating area of
human glioma. The mean numbers of cells occupied in each
TC were 17.5 Â±6.8 in group 1, 11.5 Â±7.8 in group 2, 15.6 Â±
6.1 in group 3, and 22.3 Â±6.8 in the control group. They are
not significantly different from each other. However, the mean

Table 1 Pathological diagnosis and growth fractions of brain tumor

Table 2 Number of cells in one tumor cord and intercapillary distances of each
group classified by the value of growth fraction

GroupGroup

1(8patients)Group

2(2patients)Group

3(12patients)DiagnosisGlioblastoma(Glioblastoma

afterradiotherapy)MedulloblaslomaGlioblastoma

afterradiotherapyBenign

astrocy-tomaGlioblastoma(Glioblastoma

afterchemoradiother-apy)MedulloblastomaBenign

gliomaNo.

of
cases721114217Growth

fractions(%)Tumor

cells27.7
Â±5.3Â°'*(21.8-38.9)'19.1

Â±2.1C(16.6-19.6)6.5

Â±3.1*''(0.5-9.9)Endothelial

cells36.8
Â±8.1"(28.6-50.0)'30.0

Â±6.7(25.0-34.5)17.0

Â±11.9"(0-37.9)

Â°Mean Â±SD.
*â€¢' Significantly different paired statistics; P < 0.001.
" Significantly different paired statistics; P < 0.01.
' Numbers in parentheses, minimum and maximum growth fractions in each

group.

Group1Group

2Group

3ControlNo.

of
cases12345678121234567891011121234567Mean

no. of
cells in 1

tumorcord29172213112411131

7.5Â±6.8"61711.5

Â±7.81910IS11111932131319111415.6

Â±6.11832321417272323.3

Â±6.8Mean

intercapillary
distances(pm)82.871.993.271.290.4104.366.464.880.6

Â±14.353.6119.886.7

Â±46.867.266.671.058.269.370.988.676.071.186.097.670.074.4

Â±11.0129.1125.4121.7125.8127.9118.2118.0123.0

Â±4.2
" Mean Â±SD.

Table 3 Relationship between the cell density in one tumor cord and the
intercapillary distances in the control and glioma group

Control (7 patients)
Proliferating area of

glioma (22 patients)Mean

no. of cells
in 1 tumorcord23.3

Â±6.8"' *
15.9 Â±6.4*Mean

intercapillary
distances(urn)123.0Â±4.2C

77.8 Â±15.9C

" Mean Â±SD.
* Significantly different paired statistics; P < 0.05.
' Significantly different paired statistics; P < 0.001.

number of cells occupied in all TCs in the proliferating area of
all tumor groups was 15.9 Â±6.4. There was a significant
difference between the tumor group and the control group (t
value; P < 0.05) (Table 3). The mean intercapillary distances
were 80.6 Â±14.3 firn in group 1, 86.7 Â±46.8 Â¿Â¿min group 2,
74.4 Â±11.0 firn in group 3, and 123 Â±4.2 Â¿onin the normal
group (Table 2). They are not significantly different from each
other. The mean intercapillary distance in the proliferating area
of all tumor groups was 77.8 Â±15.9 pm. There was also a
significant difference between the tumor group and the control
group (r value; P < 0.001) (Table 3).

DISCUSSION

GF is an important parameter which was defined mathemat
ically by Mendelsohn and was introduced for the analysis of
cell kinetics (18). GFs indicate the proliferative potential of the
tumor accurately and correlate well with its clinical malignancy
(15). Our results, which indicate that the GF of the tumor
endothelium is greater than that of the tumor cells in the
proliferating part of the tumor tissue, are quite similar to those
of Denekamp et al. (19, 20). Since the neovascularization of
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blood supply is absolutely essential for life as well as continuous
growth of the tumor cells in the proliferating area rather than
in the nonproliferating area, it may be reasonable to assume
that the growth activity of the endothelial cells would increase
in that area rapidly forming a new vessel. Therefore, it suggests
that the large difference in the proliferation rates will make the
blood vessels an attractive target for tumor therapy in the future.
It is well known that no central necrosis less than 90-160 urn

in radius was noticed in TC and that the intercapillary distances
are 180-320 urn in human and experimental extra-CNS tumors
(6, 9). In our study, the intercapillary distances determined by
Voronoi's tessellation in the proliferating area of human

gliomas and in normal white matter were approximately 78 and
123 urn, respectively. In a solid tumor, the 9L glioma cells were
transplanted into the s.c. tissue; the intercapillary distances
were approximately 85-210 firn (21, 22). The intercapillary
distances determined by Voronoi's tessellation in human spec

imens were smaller than those of the experimental 9L glioma
tumors, and the mean number of cells in the TC in the prolif
erating areas of human gliomas was also markedly lower than
that of the experimental extra-CNS tumors (9, 23). However,
the differences in these values may be due to differences in the
tumor type, or to errors associated with Voronoi's method and

TASplus. On the other hand, they may be due to differences
between the average and the individual values because these
values are averaged over the entire (proliferating and nonpro
liferating) tumor in most of the studies in the literature. In the
future, these differences shall be further investigated by evalu
ating them in many glioma tissues and many extra-CNS tumors

in humans or by obtaining the best independent calibration
with our method. Chemotherapy must be proposed in order to
take advantage of the information on cell kinetics, the TC, the
intercapillary distance, and the cell density in the TC. From the
point of view of the chemotherapeutic implications for human
glioma, our results suggest that the agents, which can spread to
the distant area from a vessel and can delay the decomposition
of the drug in the extravascular space, are most effective.

Since Voronoi's method is particularly suited to multicom-

ponent assemblies (24), it will be possible to use the interpre
tation of biological action in human gliomas.

The information obtained by in vivo pharmacokinetics (25)
and our methods should bring further advances for the treat
ment of human glioma in the future.

On the other hand, there may be sufficient heterogeneity in
capillary permeability and blood flow within a single brain
tumor type (7). The chemotherapy by which the drug delivery
is influenced by blood flow and permeability may not be feasible
for the portion of human brain tumor where there is compres
sion of vessels and almost complete lack of flow. Certainly, it
is difficult to treat brain tumors by pharmacokinetic consider
ations alone because of various factors of tumor heterogeneity.
Specificity and selectivity of treatment for brain tumors still
remain the problem.
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