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ABSTRACT

The objective of this work was to introduce a tumor vessel classification
scheme and to provide the first quantitative measurements of vessel
branching patterns and the related vascular dimensions in a mammary
carcinoma. Mammary adenocarcinoma R3230AC tumors, grown in the
rat ovarian tissue-isolated tumor preparation, were infused with Batson's

No. 17 polymer and maintained at an intravascular pressure of 50 mm
Hg during polymerization. Maceration of the tumor in KOH allowed
visualization of the vasculature. The vessel branching patterns, lengths,
and diameters were measured in four tumors (4-5 g). A centrifugal

ordering scheme was devised specifically to account for the unique
features of tumor microvascular network topology.

The arterial networks revealed two types of branching patterns. One
type of arteriolar network exhibited decreasing vessel diameters and
lengths with increasing branch order. In a second type of network, the
diameter and length of the vessels displayed fluctuations in both variables
at higher generations. Avascular and poorly vascularized regions with
sparse capillary supply were present in the tumors, but analysis of several
capillary networks in vascularized regions revealed a nonplanar mesh-

work of interconnected vessels. The meshworks were composed of vessels
with a mean segment length of 67 Mm, a mean diameter of 10 um. and a
mean intercapillary distance of 49 tan. Capillary path lengths ranged
from 0.5 to 1.5 mm. Thus, tumor capillary diameter was greater than
that in most normal tissues and, in the regions where capillary networks
existed, intercapillary spacing was in the normal range. In the venous
network, diameters decreased from 650 to 20 urn for the first to ninth
order venules. Venule length decreased from 5 to 0.5 mm for first to
fourth order but was fairly uniform (<500 ^m) for higher orders.

In conclusion, solid tumor vascular architecture, while exhibiting sev
eral features that are similar to those observed in normal tissues, has
others that are not commonly seen in normal tissues. These features of
the tumor microcirculation may lead to heterogeneous local hematocrits,
oxygen tensions, and drug concentrations, thus reducing the efficacy of
present day cancer therapies.

INTRODUCTION

Although there is universal agreement that the vascular net
work in tumors is of central importance in tumor growth and
in cancer detection and treatment procedures, there are no
quantitative data on the branching patterns of the vasculature
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for any tumor type (for a review see Ref. l). Cullino and
Grantham (2), Vogel (3), Rubin and Casarett (4), Tannock and
Steel (5), Hilmas and Gillette (6), Eddy (7), Falk (8), Grunt et
al. (9), and Skinner et al. (10) performed examinations of the
vascular network of various rodent tumors. Solesvik et al. (Il)
and Lauk et al. (12) studied vascular densities and spatial
distributions of proliferating tumor cells in human tumor xen-
otransplants. These reports were, however, limited to observa
tions of gross tumor structure, blood vessel density measure
ments, vessel diameter and lengths, and qualitative comparisons
of host and tumor vasculature.

The distribution of blood flow in a given tumor regulates the
exchange and uptake of relevant molecules in chemotherapy,
immunotherapy, or radiation treatment and plays a significant
role in heat transfer in the tumor, which is important in both
thermographie detection and hyperthermia treatment (13-16).
Heterogeneity in vascularization of tumors would result in
diverse local microenvironments for the tumor cells and could
drastically affect the efficacy of presently used cancer therapies
(15-17). The difficulty, however, in obtaining local blood pres
sure and flow measurements in a solid tumor and the lack of
data on tumor microvascular network architecture have so far
prevented the elucidation of the role of hemodynamic factors
in any of these processes. Only with a realistic hemodynamic
network model is it possible to determine the blood pressure
and flow distribution throughout a solid organ (18).

The distribution of blood pressure and flow in a vascular
network is determined by the vascular network topology, the
dimensions of the blood vessels, and the rheological properties
of the blood (19-21). If data on each of these parameters can
be obtained for a given tumor, then a network model capable
of predicting the blood pressure and flow distribution in the
tumor can be constructed. Using such a model, the transport
of fluids, conventional and novel therapeutic molecules (e.g.,
cytotoxic drugs, biological response modifiers, killer cells), and
heat throughout the tumor can be quantitatively assessed. Wein-
baum et al. (22) and Jiji et al. (23) have previously shown the
importance of using realistic microanatomical information in
deriving modified bioheat equations for the accurate description
of temperature distributions in specific tissues. Similarly, Jain
and Baxter (24) have recently demonstrated the importance of
anatomical information in predicting the distribution of anti
bodies and other products of biotechnology in tumors. The next
step in understanding the mechanisms of blood flow distribu
tion in tumors is to obtain quantitative data on the branching
pattern and dimensions of blood vessels in a tumor, since no
such data are presently available.

Microvascular network architecture or topology is the pattern
of interconnections of the blood vessels. Topology can be quan
tified if a classification scheme is employed which allows unique
classification of every vessel in a tissue according to its location
in the network, without regard to its dimensional or histolÃ³gica!
characteristics. After this is accomplished, the average number
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of vessels can be counted and pertinent physical attributes such
as diameter, length, or permeability can be measured for each
category of vessel and incorporated into a network model based
on the classification scheme. Such a scheme is needed to answer
the following questions. Are arterio-venular shunts present in
tumor vasculature? If blood is shunted directly from the inflow
to the outflow without passing through the capillary network,
then a therapeutic agent may not reach the majority of the
tumor cells, reducing the efficacy of the treatment. How many
capillaries does a given arteriole or venule supply or drain? This
information is needed to understand the heterogeneity of blood
flow in tumors. Do all branch points lead to symmetric bifur
cations or are other branch geometries present? If a bifurcation
results in daughter vessels of very different diameters, plasma
skimming may cause heterogeneous local hematocrits and thus
oxygen tensions. There is an urgent need for introduction of a
vessel classification scheme, so that one network may be com
pared with another and different tumors may be compared with
each other.

The goal of this study was to characterize the blood vessel
network topology, or pattern of vessel interconnections, of the
rat ovarian "tissue-isolated" mammary adenocarcinoma

R3230AC and to measure the vessel length and diameter dis
tributions for this solid tumor. In this paper we introduce a
quantitative tumor vessel classification scheme and demon
strate its application to representative arterial and venous net
works from several tumors. In addition, capillary vessel lengths
and diameters are reported, together with intercapillary dis
tances as a measure of the meshwork geometry.

MATERIALS AND METHODS

Animals and Tumor Model. Fischer 344 (HarÃanSprague-Dawley,
Inc., Madison, Wl) female weanlings were used to propagate mammary
adenocarcinoma R3230AC s.c. (Biomeasure Laboratories, Hopkins,
MA). Ovarian tissue-isolated tumors were prepared according to the
methods of Cullino and Grantham (25), by surgically implanting
R3230AC in the left ovarian fat pad of 100-125-g adult females. Grown
as an organ with a single artery and vein, the tissue-isolated tumor can
be surgically excised and perfused ex vivo. The single artery and vein
permit microvascular casting at controlled vascular pressures.

Tumor Perfusion and Casting Protocol. The details of growing
R3230AC in the tissue-isolated preparation and surgical extraction for
ex vivo perfusion are reported elsewhere (20, 21. 26). Once excised
from the animal, the isolated tumor is perfused in a 37Â°Cperfusion

chamber with a Krebs-Henseleit solution [1.5 mM papaverine (Sigma
Chemical Company, St. Louis, MO). 1 or 5% BSA (Sigma), 7 USP
units heparin/100 ml] at perfusion pressures less than 150 mm Hg.
Following clearance of RBC from the tumor microvasculature, as
evidenced by the loss of color at the tumor periphery and from the
venous drainage, modified Batson's No. 17 casting polymer (15 ml
monomer base, 4.5 ml catalyst, 0.4 ml promotor, 6.5 ml methylmeth-
acrylate monomer; Polyscience, Warrington, PA) was perfused man
ually, using a syringe to maintain arterial pressure between 70 and 100
mm Hg. After outflow was obtained at the venous catheter, the catheter
was clamped shut and the infusion was continued until a uniform
hydrostatic pressure of 50 mm Hg was established in the vasculature.
The arterial catheter was then clamped. Thus, in the final steady state
there was no flow in the vasculature and all vessels within the tumor
had an intravascular pressure of 50 mm Hg. Vessel diameter measure
ments can then be referred to this known pressure. The cast was allowed
to polymerize in the perfusion chamber for 30 min before it was
immersed in saline at 4Â°Cfor 24 h, to ensure complete polymerization.
The tissue surrounding the Batson's cast was then macerated with KOH

(384 g/liter distilled water) to permit visualization and analysis of the
blood vessels.

Vessel Classification. Tumors have an atypical branching pattern,
exhibiting features not commonly seen in normal tissues (Fig. 1). In
order to uniquely classify each and every blood vessel in the tumor
vasculature, it was necessary to devise a new set of rules which would
encompass the features observed in the tumor branching patterns. Using
a centrifugal ordering scheme, the inflow and outflow of the tumor
were designated as order 1 vessels. To classify subsequent vessels, the
branch angle of the junction was used. In hamster retractor muscle,
Ellsworth et al. (27) used branch angles to classify the daughter vessels
of a bifurcation, and these branch angles form the basis for the present
rules. Tumor vasculature, however, has specialized features such as
trifurcations and true and self loops and so could not be classified by
any preexisting branching scheme. Because tumor vascular morphology
varies not only from region to region within a tumor but also between
tumors, the vessel classification rules need to be independent of the
physical dimensions of the vessel, such as diameter and length, and the
spatial position of the vessel within the tumor. In addition, since blood
vessels in tumors have been observed to periodically change their
direction of blood flow and their function in the circulation, the rules
must not depend on either of these parameters. The rules are given
below:

1. The main feeding/draining vessel is assigned to order I.

Outside a loop, the following branch angle rules are used:
2. At a bifurcation, if the vessel continues past the branch point at

an outside angle of 160-180 degrees, the vessel retains its origi
nal order. If the vessel diverges at an outside angle of less than
160 degrees, the order of the vessel is increased by 1.

3. At a bifurcation, if both daughter vessels diverge to an outside
angle of 160-180 degrees, the daughter with the larger angle
retains the order of the parent, while the other daughter is
assigned to the next higher order.

4. At a bifurcation, if the outside angles of the two daughter vessels
are equal, both daughters are assigned to the next higher order.

5. At a trifurcation, the branch angle rules are applied to the two
pairs of vessels, each of which includes the vessel of largest
branch angle (denoted as the middle vessel).

Inside a true loop, the following rules are used:
6. All vessels in a loop are assigned to the same order.
7. To enter a loop, the above branch angle rules are used. If this

True Loop

Self Loop -20 um
- 100 pm

700 pm

Fig. 1. Tracing of a venous network. The venous topology consists of loops
distributed throughout a tree-like branching pattern. Arrows, examples of a
trifurcalion. a self loop (planar loop consisting of only two vessels without any
side branches), a true loop (nonplanar loop composed of many vessel segments
and having numerous side branches), and vessel dimensions.
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results in two segments of the loop having different orders, the
lower order is chosen.

8. To exit a loop, the branch angle rules are applied to both pairs
of vessels and the lowest order is assigned to the exiting vessel.

In a self loop, the following rules are used:
9. Both daughters retain the same order as the parent, no matter

what the outside angles are.
10. When the daughters converge, the same order is retained.

In Fig. 2, a schematic of a typical microvascular network is drawn
and the vessel classification rules are applied to this network. Shown
in the figure are simple bifurcations, a trifurcation, a true loop, and a
self loop.

The vascular components of the tumor were defined based on their
relation to the feeding/draining vessels and their network structure.
Arterioles were defined as those vessels originating from the main
feeding vessel and whose network terminated before the entrance to the
capillary meshes. The capillaries were differentiated from the arterioles
and venules by their formation of nonplanar interconnected polygonal
meshes. Capillary vessels were denoted as those vessels with diameters
less than 13 pm, since these vessels were typically located inside the
"capillary" meshes. Finally, the venules were defined as those vessels
originating from the main draining vessel but not exhibiting the mesh-
like network structure characteristic of the capillaries. These definitions
allow all vessels in the network to be classified, although without regard
to the vessel wall structure. It is quite possible that some vessels denoted
here as arterioles or venules may have thin and highly permeable walls,
with exchange properties similar to those of capillaries in normal
tissues. The advantage of this scheme, however, is that vessels through
out the tumor may be classified and quantitatively represented in a
network model without the need for histolÃ³gica!studies. The aim is to
establish an anatomical framework for the network. Properties of
individual vessels, such as distensibility, permeability, or vasoactivity,
may then be superimposed upon this anatomical framework for a
particular objective, such as analysis of exchange of a given molecule.

In the event that a tumor grown under different conditions is sup
ported by multiple arterioles and venules, then each of the major supply
vessels can be analyzed using the classification scheme. If extensive
anastomoses between multiple feeding and draining vessels are present,
then alternative classification schemes are available (18).

RESULTS

Four tumors weighing 4-5 g were examined for gross tumor
structure, large vessel branching pattern, and vessel dimensions.
Capillary networks were examined in two of these tumors.
Microphotographs taken in various regions of the tumors are
shown in Fig. 3. The photographs depict the diversity in the
blood vessel topology, which is observed not only in different

160

Fig. 2. Application of the branching rules to a bifurcation, trifurcation, and
true and self loops. Numbers, the order assigned to each vessel. The feeding or
draining vessel is assigned to order 1. The angle of bifurcation determines the
classification of the daughter vessels. If a vessel continues past the bifurcation at
an angle of 160-180 degrees, then it retains the same order; otherwise, it is
assigned to the next higher branching order. To enter a true loop, this angle
determines the order of the vessels in the loop because all segments are assigned
to the same order. In a self loop, the two daughter vessels retain the same order
as the parent, and when the daughters converge they also retain the same order.
At a trifurcation, the branch angle rules are applied to the two pairs of vessels,
each of which includes the middle vessel.

tumors but also in different regions of the same tumor. In Fig.
3, top left, the wall (1-mm thick) of a centrally avascular tumor
is displayed. This section of the cast wall is formed by one large
(200-^m) vessel and a network of smaller vessels branching off
of this main segment. In Fig. 3, top right, large (100-200 ^m)
convoluted vessels, which are located near the main feeding/
draining vessels to the tumor, are shown. The photograph in
Fig. 3, bottom Â¡eft,was taken at higher magnification in order
to show the vascular topology in detail. The tree-like branching
pattern of the blood vessels can be seen. In Fig. 3, bottom right,
the intricacy of a capillary network as well as an avascular area
of the tumor can be seen. It can be appreciated that to reduce
the apparent complexity it is necessary' to classify the vessels so

as to permit quantitative comparison between regions of a given
tumor and between different tumors.

Gross Tumor Structure

Qualitative examination of the tumor vasculature revealed a
concentric arrangement of the arteriolar, capillary, and venular
networks. In vascular tumors, the feeding arteriole penetrated
to the centroid of the tumor and branched peripherally into the
smaller arteriolar network that supplies the capillaries. The
capillaries then drained into the small venules, which finally
drained into the large venules. In a given vascularized region,
the arteriolar supply vessel was typically located toward the
center of the tumor and the venular drainage was more periph
erally located, although the terminal endings of arterioles and
venules may have interdigitated within the capillary meshwork
itself. Therefore, the surface vasculature of the tumors was
predominantly a meshwork of large (200-300-Â¿<m)venules.
Further analysis of the cast structure indicated that the tumors
could be classified into two categories. Avascular tumors were
characterized as having a hollow interior (Fig. 3, top left), void
of blood vessels except for a few large vessels connecting
opposite sides of the cast wall. In this type of tumor, most of
the capillary network was limited to the periphery. In contrast,
tumors with a vascular core were those with a dense vascular
network of both small arterioles and capillaries comprising the
interior of the tumor. These tumors also contained avascular
and poorly vascularized regions distributed throughout the tu
mor.

Vascular Topology

The overall arterial and venous branching patterns consisted
of loops distributed throughout a tree-like framework, as can
be observed in the tracing of a typical venous network shown
in Fig. 1. These vascular loops were of two types, which we
denoted as self loops and true loops. Self loops are planar loops
consisting of only two vessels without any side branches (Fig.
1), while true loops are usually nonplanar, are composed of
many vessel segments, and have numerous branches (Fig. 1).
Several other features were observed in the vascular topology
of tumors which are not commonly seen in normal tissues (1,
27, 28). These are depicted in a schematic diagram of the tumor
vasculature (Fig. 4). Trifurcations were frequently seen in tumor
vasculature. Venous convolutions were often observed in close
proximity to the feeding/draining vessels, shown schematically
in Fig. 4 and photographically in Fig. 3, top right. Small (20-
40-jitm diameter) vessels frequently branched off of large (200-
nm) vessels, which may lead to plasma skimming and hetero
geneous vessel hematocrits in tumor blood flow.
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Fig. 3. Top left, microphotograph of the
wall of a spherical tumor, including a large
(0.2-mm-diamcter) blood vessel (arrow) and a
dense meshwork of smaller vessels which form
a shell-like vascular structure with a hollow
interior (at right). Scale bar, 0.5 mm. Top right,
microphotograph showing convoluted sinus
oidal vessels (0.1-0.2 mm diameter) in tumor
periphery near the main feeding/draining ves
sels (not shown in this photograph). Scale bar,
0.5 mm. Bottom left, higher magnification pho
tograph displaying the characteristic branch
ing pattern of the tumor vasculature. which
can be described as tree-like with loops distrib
uted throughout the network. A true loop with
one branch can be seen in the upper right
corner. Scale bar. 0.2 mm. Bottom right, mi
crophotograph depicting a dense capillary net
work with several large (0.l-mm-diameter)
vessels coursing through the mesh. At the bot
tom of the photo, an avascular region (0.5 mm
diameter) can be seen. Scale bar, 0.5 mm.

Vessel Dimensions

In this section we report measurements obtained from several
different venous and arterial networks in the four large tumors.
Vessel lengths and diameters are presented for about nine
generations of vessels in these networks. Higher generation
vessels require microdissection and possibly three-dimensional
reconstruction for measurement. Capillary meshwork structure
is given schematically for several peripherally located mesh-
works, along with the intercapillary distance and vessel lengths
and diameters. The structure of the microvascular unit, includ
ing the numbers of feeding arterioles and venules to each unit,
was not studied.

Arterioles. Arteriolar networks of two of the four tumors

were examined. The arterioles exhibited two distinct branching
patterns (Figs. 5 and 6), which may occur in different regions
of the same arteriolar tree. The mean diameters of each order
of arteriole in the two patterns were not different (Fig. 7). The
feeding arteriole and generations 2 through 4 (Fig. 7) had
smaller diameters than the venules (see Fig. 12) of the same
generation. In higher generations, arterial diameters exhibited
some fluctuations and were greater than venous diameters
through generation 7 but then decreased to less than the cor
responding venous diameters. The mean lengths of the vessels
(Fig. 7), however, follow two dissimilar curves. Examination of
the schematics shown in Figs. 5 and 6 suggests a possible
explanation for the different length distributions. Fig. 5 depicts
a branching pattern quite similar to the venous network pattern
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Fig. 4. Schematic diagram depicting several characteristic features of the tumor
microvascular network topology, including trifurcations (/). self loops (2), the
characteristic polygonal structure of the capillary meshworks (3). venous convo
lutions in proximity to the feeding/draining vessels (4). and small (20-40->im
diameter) vessels branching off of large (200 um) vessels (5).

85

40 urn

Fig. 5. One type of arteriolar branching pattern. This topology was similar to
the venular network topology, since the vessel lengths between branch points
were relatively short.

50 um

Fig. 6. This type of arteriolar branching pattern was more typical of a normal
arteriolar network, in that the vessels were longer and straighter and had fewer
branches.
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Fig. 7. Arteriolar diameter (top) and arteriolar length (bottom) plotted as
functions of branching order. â€¢.mean values from two arterial trees with network
structures similar to that depicted in Fig. 5. O. mean values from a third arterial
tree, a portion of which is depicted in Fig. 6. Numbers above and below the error
bars, the number of vessels; error bars (SD) are show-n for sample sizes greater
than 2. Diameters decreased monotonically for all trees above order 5 but
exhibited some fluctuations in the lower orders. Lengths, however, exhibited
different trends among the three trees. â€¢,monotonie decrease in length above
generation 4; O, large fluctuations in length throughout the 11 generations.

50 pm

Fig. 8. Two capillary meshworks are shown. The capillary meshworks, con
sisting of 4-6 vessel segments, formed nonplanar polygonal meshes. Mean values
of capillary diameter, length, intercapillary distance, and arteriolar-venular path
length were 10 /Â¿m.67 urn. 49 f<m,and 0.5-1.5 mm, respectively.

(Fig. 1), while Fig. 6 shows a strikingly different branching
pattern. Mean arteriolar lengths for the former network exhib
ited fluctuations in generations 3 through 5 but thereafter
decreased monotonically up to generation 9. The arteriolar
network depicted in Fig. 6, however, displayed a very different
distribution of mean lengths, with large fluctuations occurring
in generations 3 through 6, a monotonie decrease between
generations 6 and 9, and a large fluctuation again at generation
10. Therefore, one arteriolar network exhibited a pattern typical
of many normal tissues (27), in which vessel diameter and
length decrease as branching order increases, while the second
network displayed an atypical structure, in which vessel length
increases with progression toward the capillaries.

Capillary Network. Capillary networks from the peripheral
region of two of the tumors were reconstructed (Fig. 8). The
capillaries formed nonplanar meshworks of interconnected ves
sels with an undetermined number of arteriolar and venular
feeder vessels. The meshes had irregular polygonal shapes and
were composed of four to six capillary segments. In vascularized
regions, the meshes were homogeneous networks exhibiting a
range of segment diameters, lengths, and intercapillary dis
tances (Figs. 9-11). Shown in these figures are the mean values
of the vessel diameter and length, which were found to be 10
and 67 ^m, respectively. The intercapillary distance is defined
as the shortest of the distances measured between all nonadja-
cent capillary pairs in a capillary loop, and it had a mean value
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Capillary Diameter (/urn)
Fig. 9. Histogram of capillary diameters. Capillaries were defined to be vessels

with diameters less than 13 ym. For the 189 such capillaries measured, the mean
diameter was 10.3 Â±1.4 (SD) ^m.

Mean = 66.8/im
SD = 34.2Atm

n = 182

30 60 90 120 150 180 210 240 270

Capillary Length(yum)
Fig. 10. Histogram of capillary lengths. Capillary length is defined as the

single vessel length from one branch point to the next. Capillary lengths ranged
from 10 to 270 urn, with a mean of 66.8 Â±34.2 jim.
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n = 24
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Fig. 11. Histogram of intercapillary distances. The intercapillary distance was
defined as the minimum distance between nonadjacent capillaries in a capillary
loop. The mean intercapillary distance was 49.4 Â±9.8 Â¿im.

of 49 /Â¿m.Capillary path lengths, measured from the arteriolar
entrance of the capillary mesh to the venular exit, ranged from
0.5 to 1.5 mm. This parameter was comparable to that observed
in skeletal muscle (29) and other normal tissues (19, 30), as
was the intercapillary distance.

Venules. Vessel diameters and lengths were measured for the
first nine orders of venules, starting with the draining vessel
and progressing towards the capillaries (Fig. 12). The first order
venules of four networks from three tumors had a mean diam
eter of 650 urn. Higher order vessels exhibited decreasing
diameters with increasing branch order, so that at the ninth
generation, the highest order examined, the diameters were
approximately 20 /Â¿m.The high degree of scatter seen in the

T3;L(U~Q>ED

Q7006005004003002001000C>2115<167'

I139,19?

0 1 81 45 28 o

i ? ? ? o o

4000!

23456789

Branching Order

107

10

3̂000-2000JZ-*-<aiÂ£

1000.0-<1401 118Ui

I9T3

45 32 2489

O O 0 0
2345678

Branching Order
10

Fig. 12. Venular diameter (top) and venular length (bottom) plotted as functions
of branching order. As seen at top, vessel diameter decreases as the branching
order increases. The scatter in the lower branching orders is largely due to
segments of varying diameters in true and self loops, which in this classification
scheme were all assigned to the same order. At bottom, vessel length decreases
monotonically as branching order increases but becomes fairly uniform at 0.25
mm for orders 5 and higher. All data points are mean values with SD (bars),
number above each bar, the number of vessels.

lower orders can be attributed to the presence of loops in tumor
vasculature. In our ordering scheme, all vessel segments in a
true or self loop were assigned to the same order, and these
vessels often had a wide range of diameters (i.e., from 40 to
200 urn). Vessel lengths also exhibited a strong correlation with
increasing branch order. Order 2 vessels were approximately 1
mm long. Higher order vessels monotonically decreased until
the fourth generation, after which they became fairly uniform
at 0.25 mm. Despite the unique branching pattern of the tumor
venules, the segment lengths were not different from those of
other normal tissues such as skeletal muscle (31).

Arteriolar-Venular Shunts. Although other investigators (32,
33) have suggested the existence and even the prevalence of
arteriolar-venular shunts in tumor vasculature (for review, see
Ref. l), conclusive evidence of the predominance of this net
work structure was not found in the present study. In the seven
networks from four tumors which have been analyzed to date,
one A-V5 shunt 35 /urn in diameter was found.

DISCUSSION

This report presents a methodology to classify tumor blood
vessels. It is the first step in quantitative analysis of tumor
microvascular structure, function, and growth. The results dem
onstrate the feasibility of rigorously classifying the tumor vas
culature using a quantitative branching scheme, so as to provide
the geometrical basis for study of drug and heat transport and
vascular growth. The venules appeared to have a fairly uniform
pattern, whereas the arterioles may have a varied geometric
structure. The capillary network in vascularized regions ap-

5The abbreviation used is: A-V, arteriolar-venular.

270

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/1/265/2443597/cr0510010265.pdf by guest on 19 M

ay 2023



MICROVASCULAR ARCHITECTURE IN A MAMMARY CARCINOMA

peared to be homogeneous, with diffusion distances comparable
to those of normal tissues. These features are discussed in more
detail below. The data presented here can also be used to
compute useful parameters such as vascular volume or total
vessel wall surface area for exchange studies. The classification
scheme introduced here may be used for analysis of other
tumors, including human tumors, and should facilitate com
parisons between tumors in the future, allowing better insight
into the mechanisms of chemotherapy, immunotherapy, radia
tion therapy, hyperthermia, and growth rate variability among
tumors.

It is the objective of the current work to present a tumor
vessel classification scheme capable of accounting for all vessels
that are anatomically present in the network. The findings
reported here for vasodilated tumors perfused with polymer at
a reference pressure are intended to provide an anatomical
framework for study of tumor blood flow and mass transport.
The particular physiological state of blood vessels determined
by local and central control mechanisms under various condi
tions of perfusion pressure, vasoactivity, and interstitial pres
sure can then be studied quantitatively using the complete
anatomical network as a basis. Each particular physiological
state can be viewed as the result of several control mechanisms
acting upon the basic anatomical framework of the network,
rather than as unrelated and distinct entities. The current study
aims to provide a technique for quantitative description of this
anatomical framework.

Arterioles. The two arterial networks analyzed had different
vascular patterns. In both types, the feeding arteriole and gen
erations two through four had smaller diameters than the
venules of the same generation. In higher generations, arterial
diameter exhibited some fluctuations and was greater than
venous diameter through generation 7 but then decreased to
less than the corresponding venous diameters. The fluctuations
in arterial diameters may be the result of regional necrosis in
these large tumors, so that some arterioles need to span larger
distances than others, requiring lower resistance and, thus,
greater vessel diameters. Once within the vascular region, cor
responding to the higher generation vessels, arteriolar diame
ters became smaller and more consistent with normal vascular
dimensions.

Arteriolar lengths also exhibited fluctuations from genera
tions 3 through 6 but thereafter decreased monotonically up to
generation 9. Above generation 9, the two trees had markedly
disparate length distributions, with one approximating the ve
nous lengths and the other having much larger lengths. It is
possible that these differences reflect the age of the particular
region of vasculature. That is, the younger region may have
vessel lengths characteristic of the venous network, where an-
giogenesis is thought to originate, whereas the older network
may have greater lengths. An alternative explanation may be
that characteristics of the host arterioles remain in some of the
arteriolar networks. In this case, the rigorous classification
scheme may be useful in distinguishing the degree and rate of
infiltration of tumor vasculature into various host tissues. Re
gardless of the mechanism underlying the differences between
arteriolar networks, the classification scheme provides a useful
tool for describing the heterogeneity present in tumors, which
must be accurately modeled in any realistic analysis of tumor
blood flow or drug delivery.

Capillary Network. Avascular and poorly vascularized regions
with sparse capillary supply were present in the tumors, but
analysis of several capillary networks in vascularized regions

revealed a nonplanar meshwork of interconnected vessels.
Within these meshworks, tumor capillary diameter ( 10 ^m) was
greater than that in most normal tissues, including skeletal
muscle [6 urn (29)]. Capillary segment length (67 pm) was
comparable to the overall mean for skeletal muscle capillaries
(75 Aim)but was shorter than for the longitudinally oriented
capillaries of muscle [118 Â¿Â¿m(29)]. Total arteriolar-venular
path lengths (0.5-1.5 mm) were similar to that found in skeletal
muscle. The intercapillary distance of about 49 /urn is also
comparable to that of skeletal muscle and to the findings of
Vaupel (34), who reported an intercapillary distance of about
50 firn for a 4 g DS-Carcinosarcoma, which is similar in size to
the tumors studied here. This indicates that the growth of the
capillary network in vascular regions yields normal diffusion
distances within the tumor. In other studies, the mean intercap
illary distance of carcinoma of the cervix uteri was found to be
304 Â±30 Â¿im(35), and the average tumor cell to capillary
distances were found to be 33-57 ^m (5) and 53-63 Â¿im(12) in
rat mammary tumors and xenotransplants of human squamous
cell carcinoma, respectively.

The interpretation of intercapillary distance measurements
in tumors must be accompanied by a careful consideration of
the vascularity of the regions examined. If measurements are
averaged over vascular regions with well developed capillary
networks as well as over poorly vascularized regions with sparse
capillary supply, then larger mean distances will be obtained.
We report the intercapillary distances for vascular regions only,
but avascular and poorly vascularized regions are present in
each tumor as well. The intercapillary distance measured in this
study implies that, in regions with a well developed capillary
meshwork, the blood and oxygen supply is not limited by
capillary network geometrical constraints, so that the distribu
tion of avascular regions and large vessel geometry are the
primary determinants of overall tissue oxygÃ©nation.

Venules. The venular vessel lengths and diameters exhibited
a monotonie decrease with generation number. After generation
five the lengths became fairly uniform. Since the venous net
works studied were from several regions of some tumors as well
as from different tumors, the fact that the mean diameters and
lengths were about the same for each generation in all networks
indicates that the venous network structure is fairly homoge
neous. The venules participate in exchange of fluid and mac-
romolecules in tumors to a greater degree than in normal tissues
(1), so the rapid decrease in venular diameters with generation
number may reflect a rapid branching of venules, representing
a means of generating a larger exchange surface area.

Arteriolar-Venular Shunts. Although only one small A-V
shunt was observed in the networks analyzed here, there is
evidence suggesting a much greater prevalence of shunts (1).
The frequency of A-V shunts can only be documented if a large
fraction of the arterial and venous networks are analyzed in a
single tumor, and this was not attempted here. It is essential,
however, to collect such data in the future because of the
important influence of A-V shunt blood flow on the delivery of
molecules and the transport of heat within a tumor. A-V shunts
may be included in the present ordering scheme on either the
arterial or the venous side of the network, and then in the model
representation of the network the correct number of shunts
may be inserted at each generation of vessels. Thus, the current
scheme is capable of accounting for the presence of such vessels.

Reference Pressure. It is important that vessel diameter meas
urements be made at a well defined intravascular pressure, so
that one network can be compared with another and other
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tumors and studies can be compared with each other. The
reference pressure of 50 mm Hg used here was chosen so that
arterial vessels are fully inflated and remain circular in cross-
section, while venules are not stretched beyond their elastic
limit. Schmid-Schonbein et al. (18) showed that no precondi
tioning is necessary to achieve reproducible diameters in the
skeletal muscle microvasculature, so it is expected that the
diameters reported here are steady state values for the given
inflation pressure, since tumor vessels have even thinner walls
than vessels in muscle.

Hemodynamic Implications. The present work raises two im
portant questions regarding the hemodynamic implications of
the tumor vessel network structure. The first is whether the
tumor blood vessels can be represented as fractal trees (36) and
the second is whether an estimate of energy losses in the tumor
vasculature based on the morphological data may be useful in
understanding the resistance to blood flow in tumors.

Regarding the fractal analysis of tumor vessel networks, the
venous diameters and lengths appear to be related to the gen
eration number by an inverse power law, up to a certain limiting
generation in each case. That is, venous vessel diameter may be
proportional to 1/(generation number)", where D (the fractal

dimension) would be determined by fitting the data points. On
the arterial side there may be a similar dependence of diameter
on an inverse power of the generation number, but multiplied
by a periodic function to reproduce the oscillations in the
arterial data. That is, the average diameter at the nth generation
would be d(n) = H(n)/n'\ where D is the fractal dimension and

H(n) is a periodic function. Such behavior has been reported
for bronchial tube diameters for human, dog, and rodent lungs
(37). We have not yet carried out a complete analysis for the
tumor vasculature to test the applicability of such models. Such
a model would not account for the loops present in the tumor
vasculature but may provide a tool for approximating vessel
volumes and surface areas at each generation. Caution must be
exercised in applying such models to tumor vasculature, in
particular, due to the possibility of heterogeneity between tumor
types, within the same tumor at different growth stages, and
among mÃ©tastasesof the same tumor in different host tissues.
To understand of the local hemodynamics in any region, the
vascular loops must be included in the geometric model.

As blood flows through any vascular network, the blood
pressure decreases due to the viscosity of the blood and geo
metric resistance of the network, and additional energy is lost
to metabolism in the blood vessels. Murray's law (38) provides

a model relating vascular diameters at a bifurcation in such a
way as to minimize the total energy losses, or total work, of the
system. Sherman et al. (39) recently presented a method for
estimating the energy losses above the optimum predicted by
Murray's law (38) for individual vessel bifurcations and for

whole vessel trees. The present arterial and venous data were
subjected to a preliminary analysis using their methods, and
the results show that tumor vessel bifurcations may produce
significantly higher energy losses than those in normal tissues
such as skeletal muscle. Sherman et al. (39) reported that the
median energy loss for skeletal muscle arteriolar bifurcations
was 1.0% above the optimum and that for whole arteriolar trees
containing about 10 bifurcations the mean loss was 9% above
optimum. For the tumor arteriolar bifurcations, the mean en
ergy losses ranged from 3 to 4% above optimum, whereas for
the venular bifurcations the mean loss ranged from 4 to 12%
above optimum. The energy losses for entire arteriolar or ve
nous trees were not estimated here, but if a similar relation

between individual bifurcation losses and whole tree losses
holds for the tumor circulation as for the muscle circulation,
then energy losses above optimum for entire trees may be on
the order of 40-100%. This represents a significant energy loss
and indicates that the tumor circulation may not be designed
to minimize energy losses due to viscosity and metabolism in
the blood, in conformity with Murray's law, but rather is subject

to additional design constraints. The reasons for the increased
energy losses in the tumor vasculature are not known at present,
but it is possible that the rapid growth of the tumor vessel
network (1) may lead to increased dispersion of small diameter
branches among larger vessels, which could account for the
magnitude of energy losses estimated here. Therefore, the bi
furcation geometry and network structure in tumor vasculature
may be one mechanism responsible for the increased resistance
to blood flow reported in tumors (20).
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