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Characterization of Heterogeneous Distribution of Tumor Blood Flow in the Rat
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Angioarchitectures of ascites hepatoma AH109A and Sato lung carcinoma (SLC) were quantitatively
compared by measuring the following morphometric parameters: vascular density, vascular length,
distance between tissues and their nearest blood vessel, and total length of microvascular network per
unit area. When the vascular networks in these two types of tumors were compared in the initial stage,
the morphological parameters were almost identical. Correlations between tumor size and the number
of starting vessels and between enlargement of the tumor and the ensuing increase in pressure of the
starting vessel were alse evaluated with a microcomputer and an apparatus for measuring micro-
vascular pressure. The total length of tumor vascular network to which one starting vessel supplied
blood increased exponentially as the tumor inereased in size exponentially, There was a positive
correlation between tumor size and the number of starting vessels, The range of the bleod supply from
one starting vessel was evidently limited. The pressure of the starting vessel increased with enlarge-
ment of the tumor size. As soon as the pressure of the starting vessel reached a plateau, however, there
was a rapid increase in low-flow or no-flow areas in regions within the tumor. From the results
obtained, we consider that low-flow or no-flow areas, resistant to delivery of anticancer drugs,

inevitably appear with the progression of tumor growth.
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Tumor blood flow is one of the important factors
affecting the effectiveness of cancer chemotherapy."?
However, tumor blood flow is relatively small and there
are considerable differences among the individual areas
even within one tumor, The larger a tumor grows, the
greater the inhomogeneity of tumor blood flow becomes
and the more frequently low-flow areas or no-flow areas
(areas where blood flow temporarily stops) appear within
the tumor vascular network.”® However, little is known
about how and why low-flow and no-flow areas appear in
tumors as they grow. To clarify the mechanism and the
reason, we must determine the characteristics of tumor
angioarchitecture and the function of the feeding vessel
(“starting vessel””) which supplies blood to the tumor
vascular network.

The first purpose of the present research was to com-
pare the architectures of the vascular networks of
Yoshida rat ascites hepatoma AH109A and Sato lung
carcinoma at the same vascularization stage. These two
tumors are different from each other in character. The
relevent morphometric parameters are vascular density,
vascular length, distance between tissues and their
nearest blood vessel, and total length of microvascular
network per unit area. The second purpose was to clarify
the functions of the starting vessel. For that purpose,
we measured the total length of the vascular network
from one starting vessel, analyzed the correlation be-
tween tumor size and the number of starting vessels, and
measured the growth of the tumor vascular network and
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ensuing change of starting vessel pressure. On the basis of
these results, we discuss in this paper the reason why
low-flow or no-flow areas, an important characteristic
of tumor microcirculation, appear sporadically during
tumor growth.

MATERIALS AND METHODS

Animal and tumors Male Donryu rats (Nippon Rat Co.,
Urawa) were used at 8-10 weeks of age and with an
average weight of about 160180 g. The tumors used were
Yoshida rat ascites hepatoma AH109A, which has been
maintained in our laboratory by successive intraperito-
neal transplantation, and Sato lung carcinoma (SLC),
maintained by subcutaneous transplantation.

Rat transparent chamber The chamber used in this
experiment consists of a pair of quartz glass plates that
cover the thin subcutaneous tissue of rat dorsum. Details
of the chamber construction and surgical technique have
been published clsewhere.® Briefly, aseptic surgical dis-
section of a 10 mm diameter hole was made in opposing
surfaces of the dorsal flap. The skin was dissected away,
leaving a thin subcutaneous tissue membrane. Then the
chamber was inserted into the skin fold. When the entire
operation was performed with practically no hemor-
rhage, recovery of the chamber area took place more
rapidly than usual and a normal vascular network with-
out inflammation could be observed. The mean thickness
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of subcutaneous tissue within the transparent chamber
was about 110 #m. The implanted piece of tumor (about
0.1 mm®) grew in a sheet-like fashion within the chamber.
Observation and photography A rat with the transparent
chamber was anesthetized with an intramuscular injec-
tion of pentobarbital sodium (30 mg/kg) and placed on a
heated stage at 34°C for microscopic observation. In the
case of observations for many hours, anesthesia was
maintained with enflurane (Ethrane; Abbott Labora-
tories, North Chicago, IL) using an anesthetic machine
developed for small laboratory animals.” Inhalation
anesthesia was a more satisfactory means of controlling
the depth of narcosis for several hours. Observation
and photography of the angioarchitecture in normal and
tumor tissue within the chamber were carried out as
described previously.”

Analyses of capillary networks in normal tissue and
tumor Capillary networks in the normal tissue and the
tumor were photographed at 400 X optical magnification
(40 < objective, 10X eyepiece). Individual photographs
were assembled into a montage. A transparent vinyl sheet
was placed over the photomontage. The blood vessels
were traced by hand onto an overlay, and detailed micro-
scopic observation was performed to distinguish between
overlap of two vessels and ramification of a vessel. We
could determine the complete architecture of the tumor
microvascular network by using this technique.”'® An
example of a tracing of the vascular network in SLC is
shown in Fig, 14,

Parameters of 1) vascular density, 2) vessel length, 3)

distance between tissues and their nearest blood vessel,
and 4) total length of network per unit area were mea-
sured from the overlays of photomontages in order to
compare quantitatively the microvascular network ar-
rangement and the vessel geometry in normal tissue and
the two different tumors. Although some of the parame-
ters of angioarchitecture are not independent of each
other, they are required to analyze the micro-
hemodynamics of tumor vessels, Cumulative measuring
area was 53 mm’® in normal tissue (n=12), 49 mm?® in
AHI109A (n=14) and 42 mm® in SLC (n=14). The
stages of tumor vascularization which we analyzed were
the first and the second stages according to Yamaura and
Sato’s classification,'? in both AH109A and SLC.
1) Vascular density: Vascular density was measured
according to Chalkley's method.'® In practice, a trans-
parent vinyl sheet on which 5 points were set was super-
imposed on the photomontage overlay and a point coin-
cident with a blood vessel was counted as “one hit.”
Selection of areas was made by random movement of the
vinyl sheet, and counts were followed until at least 500
hits were accumulated. The value of percent of the
number of cumulative hits to the number of total points
was calculated as vascular density.
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Fig. 1. (A) Overlay tracing of the photomontage of SLC
tumor vascular network. The tumor vascular network was
photographed at a 400 power magnification and individual
photographs were assembled into a2 montage. A transparent
vinyl sheet was placed over the photomontage and blood vessels
were traced by hand onto an overlay. Blackened vessel: starting
vessel. Shaded vessels: tumor capillaries. Arrows: flow direction.
Bar scale: 100 #m. (B) Linearization of vascular network. The
vascular network was linearized by drawing the center line of
each vessel in the overlay tracing, Vascular length was mea-
sured by iracing the lines with a cursor interfaced with a
digitizing tablet to a personal computer. Bar scale: 100 gm.

2) Vascular length: To measure vascular length, the line
drawing of the photomontage (Fig. 1A) was linearized as
shown in Fig. 1B. Vascular length, according to Skalak
and Schmid-Schénbein,'” was defined as the length of a
vessel segment between two branching points. Vascular
length was measured using a cursor interfaced with a
digitizing tablet (WT-44008E, WACOM Corporation,
Saitama) to a personal computer (PC9801 VM4, NEC
Corporation, Tokyo). Software used was Area-Distance
Calculation Program (WACOM Corporation).



3} Distance between tissues and their nearest blood
vessel: A transparent vinyl sheet on which one point was
set was placed over the line drawing of photomontage
and the shortest distance between the point defined and
the nearest blood vessel was measured with a digitizer.
Sites for measurement were selected by random move-
ment of the vinyl sheet.

4) Total length of microvascular network per unit area:
Total length of the microvascular network in an area of
0.045 mm* was measured in both normal subcutaneous
tissues and tumors with a digitizer. Five or six different

Fig. 2. An example of pressure measurement in a starting
vessel. (A) The pressure of microvessels was designated as 0 cm
H,0 when the top of the needle was in contact with the vessel
over the film membrane. (B) The pressure required for a
temporary interruption of circulation was defined as the micro-
vessel pressure. The pressure of the starting vessel designated
with an arrow was 56.2 cm H,0 (41.3 mmHg). Blood flow
through the tumor vascular network to which blood was
supplied by the starting vessel completely stopped.

Heterogeneous Distribution of Tumor Blood Flow

regions per chamber were selected. Measurements were
taken in 133 regions in normal subcutis, 80 regions in
AHI0SA and 38 regions in SLC.

Analyses of functions of “starting vessels” 1) Daily
change in total length of a tumor vascular network
supplied with blood by one starting vessel: We photo-
graphed the tumor vascular network of SLC to which
one starting vessel supplied blood every 24 h, measuring
the total length of the tumor vascular network.

2) Relationship between tumor size and number of start-
ing vessels: SLC was used for this analysis, because it is
casy to draw a definite line of demarcation between the
tumor edge and normal tissue, Photographs were taken
at a low magnification (objective 4, ocular 10X) and
individual prints were assembled intc a montage. The
number of starting vessels and the tumor size were cor-
refated. The number of starting vessels entering a tumor
was directly counted under the microscope at a magnifi-
cation of 400 times. The size of the tumor was measured
with a digitizer.

3) Pressure measurement of the starting vessel: Pressure
in the starting vessel was measured by our micro-
occlusion technique.'” The structure of the transparent
chamber for microvascular pressure measurement and
the micropressure converter has been described previ-
ously." Briefly, one side of the chamber has a window
made of a quartz glass plate, and the other side has a ring
covered with an 11 gm thick polyvinylidene chioride film
membrane. A micromanipulator (ML-9; Narishige Sci-
entific Instrument Lab. Co., Tokyo) was used to bring
the top of the steel needle (SPRON 100; Sendai Seimitsu
Material Res. Lab. Co. Ltd,, Sendai) into contact with
the under surface of the skin beneath the transparent
chamber. The pressure required for a temporary inter-
ruption of circulation was defined as the microvessel
pressure. One example of measuring pressure in the start-
ing vessel by using this technique is shown in Fig. 2. The

_pressure in the starting vessel was measured periodically

during tumor growth,

Statistical analysis Data were analyzed for significance
by using Student’s ¢ test. The criterion of statistical
significance was taken as P<0.05.

RESULTS

Analysis of angioarchitecture in normal and tumor tissue
1) Vascular density; The average vascular density was 18
3% (range: 14-239%) in normal subcutis, 45=6%
(range: 35-55%) in AH109A and 49X 8% (range: 39—
58%) in SLC. In terms of vascular density there was no
significant difference between AH109A and SL.C tumors.
2) Vascular length: The distributions of capillary length
in normal subcutis and the two tumors are shown in Fig.
3. The median of capillary length in normal subcutis was
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Fig. 3. Frequency distributions of the lengths of capiliaries in

normal subcutis and tumors (AH109A, SLC).
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Fig. 4. Frequency distributions of the distance of tissues from
blood vessel in normal subcutis and tumors (AHI109A, SLC).
n: number of samples.
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Fig. 5. Total length of microvascular network per unit area
(0.045 mm?).

112.1 gm (n=>527). There were several vessels longer
than 800 gm. Medians of capillary length in AHI09A
and SLC were 58.2 pym (n=1614) and 54.0 gm (n=
1449), respectively. Both the shape of the histograms and
the median values indicate that the distributions of vas-
cular length in the two tumors have almost the same
pattern.

3) The distance between tissues and their nearest blood
vessel: The distributions of the distance in normal sub-
cutis and two tumors are shown in Fig. 4. Medians in the
histograms for distance distribution in normal subcutis,
AHI109A, and SLC were 13.4 pm (n=2711), 7.8 ym
(n=2475), and 7.6 ym (n=2350), respectively. The
distance in normal subcutis was approximately twice as
long as that in the tumors. The distribution of distance
from tissues to blood vessels in the two tumors showed
the same pattern.



“4) Total length of microvascular network per unit area:

The total length of microvascular network per unit area
(0.045 mm?) in normal subcutis and the two tumors is
indicated in Fig. 5. The average values of normal sub-
cutis, AH109A, and SLC were 1093.2:£380.5 yum (n=
131), 1958.0546.1 um (n=280), and 2090.9445.1 um
(n=38), respectively. The total length of vascular net-
work per unit area in tumors was approximately twice as
long as that of normal subcutis (P<0.001). However,
there was no significant difference between AHI109A and
SLC (P>0.5).
Analyses of functions of the “starting vessel” 1) Daily
change in total length of tumor vascular network with
tumor growih: The total length of tumor vascular net-
work increased exponentially as the tumor increased in
size exponentially. The change in the vascular network of
SLC at 24-h intervals is shown in Fig. 6. The total length
of vascular network to which one starting vessel supplied
blood was 7043.2 um at the start of measurement, but
reached 11365.6 um, 16638.2 um, and 25740.8 im, re-
spectively, after 24 h, 48 h and 72 h. Thus, the length
increased by 3.7 times in 72 h.
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Fig. 6. Enlargement of vascular network of SLC at 24-h
intervals. The total length of vascular network increased ex-
penentially and increased by 3.7 times in the period of 72 h.
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2) Relationship between tumor size and number of start-
ing vessels: The mean value of the tumor area at the time
when new tumor vessels were first established was 2.4
mm’ (range: 0.1-6.6 mm?, n=28). The vascular network
in the tumor microfoci within a transparent charmber
usually consists of one starting vessel as an inflow and
one or two outflow vessels. Tumor vascular networks
whose blood flow was supplied by a starting vessel en-
larged during tumor growth. When the tumor exceeded 2
mm in diameter, blood flow in some fields of the vascular
network was supplied by a plural number of starting
vessels (Fig. 7). As shown in Fig. 8, there was a positive

Fig. 7. Tumor vascular network to which 3 different starting
vessels supplied blood. (A) Photograph of an SLC tumor
vascular network ( X 40). Each starting vessel is numbered. (B)
Overlay tracing of the photomontage (X400} of the SLC
tumor vascular network in the square shown in (A). Each
vascular network, in which blood flow is controlled by its own
starting vessel, is indicated by the use of shaded, blackened and
white vessels.
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Fig. 8, Correlation between tumor size and the number of
starting vessels, A highly significant correlation between the
two parameters was observed in SLC [y=4.1x—1.5, r=0.78
(P<0.001), n=64]. ’

correlation between tumor size and the number of start-
ing vessels (P<0.001, n=64). The mean value of the
tumor area under the control of one starting vessel was
calculated as 4.1 mm’ (n=64) from the slope of a
regression line, as indicated in Fig. 8. The vascular net-
work in large tumors was composed of many territories
which were supplied with blood from different starting
vessels. Tissue blood flow in each territory largely de-
pended on the blood pressure of its own starting vessel.
In one case, tumor blood flow within one territory was not
observed for several hours (Fig. 9).

3) Change in pressure of the starting vessel with tumor
growth: Pressure change in a given portion of a starting
vessel is illustrated in Fig. 10. The pressure of the starting
vessel was 41.3 cm H,O (30.4 mmHg) at the initial stage
of the neovascularization process. It became higher with
increasing size of the tumor, and finally reached 126.0 cm
H;O (92.6 mmHg). The size of the tumor vascular
network became larger as the pressure of its starting
vessel increased. Even when the pressure of the starting
vessel had reached a plateau, tumor vessels continued to
grow for a period of time. Since the pressure of the
starting vessel remained unchanged, the number of
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Fig. 9. Inhomogeneity of tumor blood flow. Tumor blood

flow within one block (designated by arrows) remained stopped

for several hours. Bar scale: 100 xm.

low-flow or no-flow areas, which looked as if they were
avascular, increased rapidly.

DISCUSSION

Angioarchitecture in the initial stage of tumor growth In
normal tissue, terminal arterioles are defined as the final
arterial ramifications, and the branchings of these con-
tinue as nonmuscular capillary vessels.”” We reported
in a previous paper that the position from which tumor
vessels originated was usually the terminal portion of a
terminal arteriole, regardless of the kind of tumor.” In
the first half of this paper we investigated whether or not
there were angioarchitectures characteristic for each type
of tumor.

Since Lewis'® reported in 1927 that the vascular pat-
terns of fibrosarcomas in rats were characteristic for each
tumor type, there has been some debate as to whether or



Fig. 10. Pressure elevation of a starting vessel in an identical
location (designated by arrows). (A) vessel pressure: 41.3 cm
H,0 (30.4 mmHg), tumor size: 1.23 mm’, bar scale: 100 ¢m.
(B) vessel pressure: 126.0 cm H,O (92.6 mmHg), tumor size:
3.06 mm?, bar scale: 100 pm.

not a tumor has its own vascular pattern.”’”* By using a
transparent chamber technique, Goodall et al.'” showed
that there were three main vascular patterns in tumors.
Rubin and Casarett,’”” using the microangiographic
method, and Falk,'” using the resin injection method,
reported two distinct tumor vascular patterns, that is,
peripheral type and central type. On the other hand,
Egawa et al™ reported that the vascular patterns of
tumers were very similar, although four different tumor
cell lines were examined. This controversy has arisen
from comparing the vascular networks of different
tumors without staging tumor vascularization. It is
difficult to distinguish whether a difference of vascular
pattern depends on the kind of tumor or on the stage of

Heterogeneous Distribution of Tumor Blood Flow

the vascularization process, because tumor angioarchi-
tecture changes markedly at different stages.

Tumor vessels, which are different from inflammation
vessels, irreversibly become necrotic and never attain
maturity.” Yamaura and Sato'" observed the vascular-
ization process of AHI09A from initiation of angio-
genesis to necrosis and divided the process into 4 stages
based on changes in vascular morphology and vascular
volume. Changes in vascular volume in each stage may
be summarized as follows. In normal subcutaneous
tissue, vascular volume remains at 20% of the tissue.
When the tumor is implanted onto this subcutaneous
tissue, the volume of tumor capillaries increases signifi-
cantly. From the first to the second stages, the frequency
of branching point formation increases and most tumor
capillaries are elongated and dilated. Late in the second
stage, the vascular volume finally reaches 50%. Late in
the third stage and in the fourth stage, this value de-
creases rapidly to zero.

The time elapsed from the initiation of tumor vessel
formation to necrosis depends on the kind of tumor.
However, the process of vascularization in AHI09A
tumor reported by Yamaura and Sato'" is similar to that
observed in SLC and AH272 (Hori et al, unpublished
data). To determine whether angioarchitectures are char-
acteristic for each type of tumor, the tumors must be
compared at the same stage. We compared the angio-
architecture in AH109A with that in SLC at the same
stages of vascularization. Stages selected for analysis
were the first stage and the second stage, in which vas-
cular length in the tumor was about half that of normal
subcutaneous tissue. The distance between a vessel and
tissues became markedly shorter in these stages. When
the vascularization stages in AH109A and in SLC were
identical, the morphological parameters of the vascular
network, that is, vascular density, vascular length, and
the distance between tissues and a vessel were too similar
to allow distinction between the two tumors.

From the facts that the positions where tumor vessels
originated were identical and that the morphological
parameters in the initial stage were also identical, we
believe that the mode of tumor vascularization in the
initial stage is similar, regardless of the kind of tumor.
The functions of the “starting vessel” Terminal arteri-
oles also changed in shape during tumor vascularization,
and the structure and function of the modified terminal
arterioles were different from those of normal ones, We
refer to the terminal arteriole involved in the tumor as
the “starting vessel” for initiation of tumor angio-
genesis.”

In the present study, we found that a capillary network
from one starting vessel turned into a tumor micro-
vascular network unit. Many starting vessels ran into one
large tumor. Each starting vessel controlled the blood
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flow of its own territory. In general, the stage of tumor
vascularization differed slightly from that of others in
each territory. This is the reason why vessel morphology
and tissue blood flow vary according to the location
within a tumor,

The total length of the tumor vascular network in the
territory increased exponentially when the tumor was
growing exponentially. Finally, the total length of the
vascular network became several times as long as that in
the initial state. Increase of the vascular length creates
resistance to blood flow. If the pressure of the starting
vessel did not change in spite of the increase in the total
vascular length, blood flow in each tumor vessel would
drop precipitously. In reality, however, the larger the
vascular network became, the higher the pressure of the
starting vessel became in the initial state.

Suzuki et al® and Yaegashi and Takahashi®” reported

that the medial smooth muscle of host arteries involved
in tumors degenerated completely. There is no doubt that
the regression of smooth muscle changes a terminal
arteriole into a passive vessel (starting vessel). As a
matter of course, blood which should naturally flow into
a normal arteriole passes into the starting vessel. The
pressure elevation of the starting vessel with tumor
growth is perhaps caused by the increased flow of blood
through the vessel. In fact, as soon as the pressure of the
terminal arteriole began to increase, the contractile reac-
tion of the terminal arteriole to angiotensinll was lost
(Hori et al, unpublished data).
Why do low-flow and no-flow vessels appear within a
tumor? In the first and the second stages, vascular
density in the tumor became much higher than that in
normal tissue. It has been reported that vascular perme-
ability in tumors is higher than that in normal
tissues.”® > Therefore, while a tumor remains in the state
of microfeci, drug delivery to the tumor tissues is not at
all inferior to that to normal tissue. However, areas
growing under such conditions exist only in very limited
regions and times within the tumor.

By analyzing the correlation between the number of
starting vessels and tumor areas fed by the vessel, we
found that the range of the blood supply from one
starting vessel was limited. When pressure elevation of a
starting vessel reached a plateau, not all tumor vessels
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