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Abstract

Tumor blood flow is dependent on the structure and
three-dimensional (3-D) architecture of the vascular net-
work. The latter can be best studied by scanning elec-
tron microscopy of microvascular corrosion casts. How-
ever, literature reviews show that nearly all studies using
this technique render comparisons of different tumors
more difficult since they are mainly based on descriptive
terms that might lead to misunderstandings. Qualitative
comparisons of 13 experimental and 3 human primary
tumors of different origin show a high degree of simi-
larity in the vasculature. Quantitative analysis of these
casts reveals similar ranges of parameters such as diame-
ters, intervascular and interbranching distances. Diame-
ters of vessels with capillary wall structure range from
6 um to 55 um in the human primary tumors (renal
clear cell carcinoma, basalioma), and from 5 um to 80
wm in xenografted tumors (sarcomas, colon carcinoma).
Intervascular distances in the human primary tumors
range from 2 ym to 52 ym, and from 11 pm to 105 pm
in the xenografts. Interbranching distances range from
34 pum to 258 um in the former, and from 11 pum to 160
pm in the latter. Both qualitative and quantitative analy-
ses of tumor microvascular corrosion casts enable patho-
physiological conclusions to be drawn and contribute to
a better understanding of tumor vascularity.

Key Words: Microvascular corrosion casting, tumor
vascularization, tumor angiogenesis, neovascularization,
vascular architecture, sprout formation, network forma-
tion, scanning electron microscopy, experimental tumor,
xenotransplantation.
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Introduction

The importance of the blood vessel system in solid
tumors for their growth beyond 1-2 mm3, i.e., a clini-
cally relevant size, is generally accepted (Folkman,
1985). This has given rise to an increasing interest in
this system as a direct target for tumor therapy, i.e.,
vascular targeting (Denekamp, 1984; Folkman, 1972).
Furthermore, its importance as a route for delivery of
anticancer drugs (chemo- and immunotherapies) or pho-
tosensitizers (photodynamic laser therapy), as well as its
modulatory influences on radiotherapy and hyperthermia,
the former greatly depending on the amount of oxygen
available, the latter on heat transfer, are evident.

The tumor blood vessels derive from two sources,
1.e., pre-existing host vessels, and newly formed ones
from tumor angiogenesis (neoangiogenesis). Tumor an-
giogenesis is defined as the growth of new vessels from
pre-existing (mature) ones, exclusively from capillaries
and/or venules, by means of sprouting as well as dilata-
tion and elongation of established mature and newly
evolved immature ones.

For selected reviews on the role of endothelial cells,
extracellular matrix (ECM) components and tumor cells
in tumor angiogenesis, see Carey (1991); Fajardo
(1989); Folkman (1985); and Folkman and Shing
(1992); Klagsbrun and D’ Amore (1991).

The vasculature in solid tumors is most frequently
studied using the transparent rabbit ear chamber, the
hamster cheek-pouch, rabbit cornea, and the chick chor-
10allantoic membrane (CAM) assays (for reviews see
Auerbach et al., 1991; Folkman, 1985; Peterson, 1979).
These allow for intravital light microscopy and enable
detailed analyses of sprouting events to be made like in
immature tissue (Rhodin and Fujita, 1989). Despite the
tumor biological and therapeutic implications, studies on
primary tumors and comparisons of different tumor
models, which confirm their reliability and validity, are
still scarce.

Numerous studies on the energy metabolism of solid
tumors (Vaupel ez al., 1987, 1989) have pointed out the
functional importance of the blood vessel system and
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Tables 1a and 1b. Vascular corrosion cast/SEM studies on solid tumors.

Exp. 0/ Soont ©__[Referencey

e; tumor cell inoculation

Table 1a. Carcinomas.

Egawa and Ogata, 1979

human squamous cell <
carcinoma (head,neck)

nude mice

anterior
axillary line

e, xenotransplanted
excised human tissue
slices

Konerding, 1990; Steinberg et
al., 1990

Ehrlich ascites
carcinoma

rump

e, tumor cell inoculation

Egawa and Ogata, 1979

Carcinoma

rats

urinary
bladder

e, chemically induced

Tatematsu et al., 1978, 1984,
Cohen et al., 1980

Carcinoma

Syrian
hamster

cheek-pouch

e, chemically induced

Lurie et al., 1983

j Carcinoma

rat

colon

e, chemically induced

Skinner et al., 1990

Carcinoma

man

larynx

S

Miodonski et al.,
Kus et al., 1981

1980, 1992;

Basalioma

skin

Staindl and Lametschwandtner,
1981

Renal clear cell
carcinoma

kidney

Bugajski ez al., 1989; Miodonski

et al., 1992

B-16 murine melanoma

right flank,
skin

e, tumor cell inoculation

Walmsley et al., 1987

Human amelanotic
melanoma

nude mice

anterior
axillary line

e, excised human tumor
tissue slices

Konerding et al. 1989b, 1989c,
1989d; Konerding, 1990

Human melanoma

nude mice

anterior
axillary line

e, excised human tumor
tissue slices

Konerding and Steinberg, 1989;
Konerding, 1990

Colonic adenocarcinoma

man

colon

S

Gaudio et al., 1982

Human colonic
adenocarcinoma
(LS1747)

nude rat

knee, hind
leg, skin

e, tumor cell inoculation

Ahlstrom et al., 1988;
Christofferson and Nilsson, 1992

Human colonic
adenocarcinoma
(LS174T)

nude rat

endometriu
m

e, tumor cell inoculation

Christofferson and Nilsson, 1992

Adenocarcinoma

e, kidney

excised human tumor
tissue slices xenotranspl.

Shah-Yukich and Nelson, 1988

Lewis lung carcinoma

axillary
region

e, tumor cell inoculation

Grunt et al., 1986a, 1986b;

Grunt, 1992

stress the need for further thorough investigations of its
functions in terms of transport capacities for nutrients,
oxygen, catabolite removal, delivery of therapeutic sub-
stances, and heat transfer.

Blood flow, in physiological terms, as a limiting
parameter for tumor energy metabolism and thus tumor
growth is basically defined by physical constraints, i.e.,
the construction of the vascular network. The way the
blood vessels are formed (i.e., resulting geometry), their
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dimensions, together with their wall composition and
structure, as well as intravascular and extravascular con-
ditions finally determine the efficiency of the system.
However, at least partly due to the limitations of the
methods used, our knowledge of these architectonic
terms is still limited. This is, intravital microscopy is
effective in the observation of two-dimensional vascular
networks as given in most angiogenesis assay systems.
However, it cannot visualize the tremendous hetero-
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Table 1b. Sarcomas.

Tumor type Exp (e) / Spont. (s) Reference(s)

Ascites hepatoma (7924) |r Egawa and Ogata, 1979
Ascites hepatoma (109A) Egawa and Ogata, 1979
VX-2 tumor Maruhashi, 1984

Malick and Toth, 1977

e, tumor cell inoculation

trunk

ear

rat e, tumor cell inoculation
rabbit
syrian
hamster

rabbit

e, tumor cell inoculation

Angiosarcoma liver e, chemically induced

tumor cell inoculation |Shah-Yukich and Nelson, 1988;

VX-2 tumor muscle,

hind leg

anterior
axillary line

e,

Konerding et al., 1989a, 19890,
1989c; Konerding, 1990, 1991

Konerding, 1990

e, xenografted human
tumor tissue slices

Human leiomyosarcoma |nude mice

(8 different types)

Human nude mice |anterior see above

neurofibrosarcoma axillary line

anterior
axillary line

Human liposarcoma nude mice

geneity of the tumor vascular system found even in dif-
ferent areas of the same tumor. Classical injection
methods (Spalteholtz, 1914) with light microscopic eval-
uation are time-consuming, require laborious reconstruc-
tion work and are still of limited value, unless sophisti-
cated computerized techniques are used.

In view of these considerations, we consider scan-
ning electron microscopy (SEM) of microvascular corro-
sion casts (Murakami, 1971) to be a powerful method
providing information on the geometry of the tumor vas-
cular system in terms of a network defined primarily by
the number of vessels, their branching behaviour
(modes, angles, frequencies, and interbranching dis-
tances), and their characteristic course as a whole.

During its twenty years of application, the micro-
vascular corrosion cast/SEM method has proven to be an
extensive, powerful technique to convincingly document
the three-dimensional (3-D) arrangement of the vascular
system with (a) a high depth of focus, (b) a reasonably
high resolution allowing visualization of the microvascu-
lar bed as well as the reliable differentiation between
arteries and veins (Miodonski er al., 1976), and (c)
minimal risks in producing artifacts (Christofferson and
Nilsson, 1988, 1992; Gannon, 1978; Hodde and Nowell,
1980; Hodde er al., 1990; Konerding, 1991; Lamet-
schwandtner et al., 1989; Miodonski et al., 1981,
Murakami er al., 1983).

Several studies using scanning electron microscopy
of microvascular corrosion casts have shown that this
method is suitable for studies of blood vessel develop-
ment both in physiological vascular systems, e.g., the
uterus or the placenta (Kaufmann et al., 1985) and in

see above
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Konerding, 1990

tumors (Christoffersson and Nilsson, 1992).

However, until now, published work on the tumor
vascular system as revealed by the vascular corrosion
cast/SEM method is mainly descriptive. The terms used
are subjective, qualitative, and sometimes prone to
misunderstandings and misinterpretations.

This situation underlines the need for a more objec-
tive, quantitative evaluation of the solid tumor vascula-
ture. Quantitative vascular casting studies are done both
at the light microscopic level (Anderhuber ez al., 1989;
Less et al., 1991) and at the SEM level (Hossler and
West, 1988; Kratky et al., 1989; Lametschwandtner ez
al., 1989; Zeindler et al., 1989).

Therefore, the aim of the present study is (a) to
document the studies performed using microvascular
corrosion casting/SEM of different tumors, (b) to review
descriptive terms used in these studies to characterize the
structure of the tumor vascular bed, and (c) to highlight
vascular structures common to or different in distinct
tumor types.

Materials and Methods

This study is based on previous work carried out by
us (Bugajski er al., 1989; Grunt er al., 1985, 1986a,
1986b; Konerding, 1990; Konerding and Steinberg,
1987, 1989; Konerding et al., 1989a, 1989b, 1989c,
1989d; Kus er al., 1981; Miodonski et al., 1980, 1981;
Staindl and Lametschwandtner, 1981; Steinberg et al.,
1990) and others. In total, 15 different types of carci-
nomas and 14 different types of sarcomas were consider-
ed (see Table 1).
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Table 2. Listing of parameters able to be quantified.

Descriptive terms / attribute

thin, thick, small, great, widened, small-sized, medium-sized,
delicate, dilated, constricted, flattened, varying, differing

short, long, irregular, stretched, extended

smooth, rough, ruffled, wrinkled, irregular, varicose

Endothelial cell (nuclei) imprints

oval, ovoid, fusiform, shallow, deep, round, irregular, numerous,
scattered

Volume

voluminous

Cross section (area, perimeter, shape factor)

no reports

Branching

often, seldom, rare, multiple, frequent

- mode

bifurcated, trifurcated

- angle

acute, oblique

- interbranching distance

short, long, variable, constant

- order

low, high, few, several

Parameters partially to be quantified:

Course

Mesh shape
Number of vessels composing the mesh

Parameters not to be quantified:

sinus wave-like, undulating, wave-like, wavy, winded, tortuous,

helix-like, spirally, spirally-twisted, spiralled, corkscrew-like

regular, irregular, polygonal, ovoid, rectangular, square
small, large, medium

riverine, meandering, irregular, chaotic, abnormal
short, long, twisted, convoluted

Additionally, the available literature on microvascu-
lar corrosion casting of tumor vessels was reviewed.

The methods used for microvascular corrosion cast-
ing/SEM studies have been described in detail previously
(Grunt ez al., 1986a, 1986b; Konerding et al., 1989b;
Lametschwandtner ez al. 1989; Miodonski ez al., 1989).

Results

Microvascular corrosion casting/SEM studies of
tumor vascular patterns. Which tumors are studied?

Table 1 shows that only five spontaneously occur-
ring human tumors (larynx carcinoma, renal clear cell
carcinoma, basalioma of skin, rectal carcinoma, and
glioma; see references cited in Table 1) were studied.
Most work, however, has involved experimental tumors,
i.e., either chemically induced, inoculated or xeno-
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grafted ones of various origin. This clearly underlines
the necessity of further studies on spontaneous human
tumors.

Descriptive terms

Descriptive terms used in SEM studies of cast tumor
blood vessels characterize vessels at three levels: (a) at
the level of the individual vessel, (b) vascular "unit",
and (c) three-dimensional network (vascular pattern, fea-
ture) resulting from the combination of (a) and (b). At
all levels, terms may either emphasize a static (anatomi-
cal) or dynamic (physiological) aspect.

In this context, an individual vessel is defined as
belonging to one of the following categories: artery, ar-
teriole, capillary, venule, vein, sinusoid (for classifica-
tion, see, Rhodin, 1974; for luminal cast classification,
see, Miodonski et al., 1976, 1981) running freely over
a given length including its first branching. Several
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individual vessels form "vascular units”", whereby each
consists at least of a feeding arteriole, capillaries and a
draining venule. Vascular units finally form the 3-D
network.

SEM analysis of cast tumor vasculature predomi-
nantly uses descriptive terms for these three levels of
vessel network (see Table 2, left column), although this
method allows numerous parameters to be quantified
(see Table 2, right column) leading to a more objective
assessment of tumor vascular systems. The examples
listed in Table 2 (left column) show that most qualitative
terms used and most studies do not contribute to a better
understanding and definition of the tumor vascular sys-
tem but, rather, enhance confusion. Above all, these
subjective terms render comparisons of different tumor
vascular systems more difficult and do not significantly
contribute to vascular network analysis.

Comparison of vascular features of carcinomas (CAs)
and sarcomas (SAs)

Vascular corrosion casts of spontaneous human renal
clear cell carcinoma and basalioma (skin) as well as
human squamous cell carcinoma and sarcoma xenografts
(soft tissue, mostly leiomyosarcomas) share the follow-
ing common features:

(a) Plexuses of flatly orientated vessels with
abrupt changes in diameter and blind endings (Figs.
la-1¢): These plexuses predominantly border avascular
tumor areas. They consist of frequently wide venules
and sinusoidal capillaries with diameters varying
between 6 and 55 ym in human primary tumors (renal
clear cell carcinoma, basalioma) and from 5 to 80 yum in
xenografts (colon carcinomas and sarcomas).

Venules and sinusoidal capillaries are intensively in-
terconnected. Intervascular distances range from 2 and
52 pm (primary tumors) and from 11 ym to 105 um in
the xenografted tumors. The interbranching (joining)
distances ranged from 11 to 258 um. It should be
noted, however, that diameters, and intervascular and
interbranching distances mainly lie .within the lower
dimensional ranges.

In summary, vascular plexuses are found in all
tumors studied, i.e., carcinomas and sarcomas. They
show only negligible qualitative and quantitative
differences, making a differentiation between carcinomas
and sarcomas based on this feature impossible.

(b) Vessel outpouchings (Figs. 2a-2¢): These lead
to an increased (luminal) surface area in any case. De-
pending on the location of the particular vessel in which
these outpouchings are found, they may contribute to at
least two phenomena: (i) elongation of parent vessels
and/or sprouting, or (ii) enlargement of vessel diameter
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(perimeter, surface, volume). Both lead to adaptive
changes in pre-existing and newly formed vessels and
permanently remodulate the tumor vascular bed.

Discussion

There is a strong need for a detailed knowledge of
tumor vascularization since the vascularity determines,
amongst others, both the blood flow and tumor biology
as well as the efficacy of therapeutic measures, e.g.,
radiation therapy or hyperthermia. However, little is
known about the 3-D architecture of tumor vascularity.
In this context, microvascular corrosion casting is a
superior method compared to other morphological tech-
niques (Konerding, 1991; Lametschwandtner er al.,
1989).

Literature searches show that there are already nu-
merous papers dealing with SEM of tumor vascular cor-
rosion casts. However, most of these studies were car-
ried out on a subjective, descriptive level (cf Table 1).
Quantitative data are almost entirely missing although
measurements of vessel (luminal) diameters, lengths and
diameters of endothelial cell nuclei imprints are feasible.
Even data such as branching angles, the most important
parameter for 3-D networks, are missing. Thus, com-
parisons of different tumor vascular systems, e.g., that
of an experimental tumor with that of a spontaneous
human tumor are nearly impossible or, at best, restricted
to a subjective basis. Such comparisons are of impor-
tance in order to determine to what extent results of
experimental studies on tumor vascularity can be extra-
polated to other models or even to the human primary
tumor.

On the other hand, literature reviews reveal a lack
of studies on the 3-D appearance of tumor vascularity in
human primary tumors. The only exceptions are the
reports by Bugajski er al. (1989), Grunt er al. (1985)
and Miodonski er al. (1980).

Another scope of this study was to compare both
descriptive findings as well as quantitative data of dif-
ferent tumor vascular systems. From our results, it be-
comes evident that there is no tumor type specific vascu-
lar bed (Lewis, 1927); at least not in the carcinomas and
sarcomas considered here. From our findings and those
of others (Cohen et al., 1980; Lurie er al., 1983;
Tatematsu et al., 1978, 1984) we conclude that (a) the
location of the tumor, (b) the biology of the particular
tumor cell types (carcinoma, basalioma, melanoma, leio-
myosarcoma as diagnosed by histopathology), and (c)
the organo- and tissue-typical organization of the pre-
existing vascular bed together define the individual
vascular bed. Thus, the tumor vascular bed arises as a
result of multiple interactions between tumor properties
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Figure 1.  Architecture of tumor
sinusoids: comparison of vascular
networks in human primary (a), human
xenografted (b), and experimental
tumors (c¢). Microvascular corrosion
casts. Note the multiform, partially
multilayered plexus-like arrangement of
the sinusoidal vessels with varying
diameters (arrowheads) and numerous
blind ends (arrows). In the background
feeding and draining, respectively,
venous vessels (asterisks) with typical
flattenings (circles). Also note the
architectural similarity of these plexuses
in terms of lacking hierarchy and vary-
ing diameters in tumors of different
origin. (a) Human larynx carcinoma;
bar = 50 um. (b) Xenograft of hu-
man undifferentiated head-neck-cancer
on nude mouse, 15 days p.t.; bar =
150 um. (c¢) Lewis lung carcinoma on
rat, 20 days after inoculation; bar =
150 pum.
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Figure 2. Angiogenic features and re-
modelling of the tumor vascularity as
seen in microvascular corrosion casts of
a human primary (a), human xeno-
grafted (b), and experimental tumor
(c). Note the common appearance of
furrows (arrowheads, 1 and 4 in ¢),
flaps (arrows, 2 in ¢), bulges (asterisks,
3 in ¢) and fungiform protrusions
(circles) indicating early steps of new
vessel stretch formation and collateral
formation (O in b, S in ¢). Appar-
ently, these features can also be
involved in vascular diameter en-
largement. Note the hole (6) between
parent vessel and collateral. (a) Nude
mouse, 15 days p.t.; bar = 50 pm.
(b) Xenograft of human undifferen-
tiated head-neck-cancer on nude mouse,
15 days p.t.; bar = 50 um. (c) Lewis
lung carcinoma on rat, 18 days after
inoculation; bar = 20 um.




(production of tumor angiogenesis factors, TAFs; metab-
olism, immune surveillance etc.), nature of the pre-exist-
ing host blood vessels (quantity and quality, arrange-
ment, differences in endothelial cell biology etc.), and
the behaviour of the extracellular matrix (biochemical
and biophysical properties).

The finding that carcinomas and sarcomas, irrespec-
tive of whether they occur spontaneously (as cancer of
larynx, renal clear cell carcinoma, and basalioma of
skin) or are experimentally induced by xenografting (in
the case of colon carcinoma, melanoma, and human leio-
myosarcomas), or if they are xenotransplanted to the
same location (right axillary line behind forelegs), or
exposed to (spontaneous human carcinomas) or protected
from host immune responses (xenotransplants), share
very similar vascular features, e.g., vascular plexuses
made up of vessels with capillary wall structure and
wide diameters, are in line with this and agree with the
statements of Vaupel and Gabbert (1986). The de-
scribed lack of architectonic characteristics parallels the
finding of a lack of structural, tumor-type specific char-
acteristics of different tumor vascular systems
(Konerding er al., 1992a, 1992b).

In our opinion the quantitative measurements of ves-
sels of the flat plexuses bordering avascular tumor areas
(Figs. la-1c) reflect a real situation. A distension of
these vessels by the casting procedure is unlikely to
occur (Grunt et al., 1986a).

The risk of artifactual, incomplete filling of the
blood vascular system is the most often mentioned con-
tention against the use of this method. This problem can
possibly be augmented by arteriovenous anastomoses
and, above all, by partially or completely compressed
vessels that may no longer be pervious to the casting
medium. Such compressions can, for instance, be
caused by high interstitial pressures (Vaupel and
Gabbert, 1986). Thus, morphometry of tumor corrosion
casts might indeed lead to a too low a vascular density;
however, those compressed or occluded vessels, that
were not cast, cannot be of any nutritive importance.
Vice versa, cast vessels do not imply a guarantee of
functionality but, instead, only the pre-requisite for a
nutritive blood flow.

The lack of nutritive blood flow in distinct tumor
areas with high vascular densities can be explained in
terms of capillary elongations, insufficient numbers of
supplying arteries and the frequent occurrence of veno-
venous sinusoidal systems (Konerding er al., 1989a;
1992b). This morphologically determined insufficient
nutritive blood flow, despite high vascular densities and
surprisingly low intercapillary distances, explains the
missing correlation of vascular density to necroses
previously described (Steinberg et al., 1991).
Summing up, our studies have shown that SEM of

M.A. Konerding, A.J. Miodonski, and A. Lametschwandtner

tumor microvascular corrosion casts may yield more
qualitative and quantitative information on architectural
and pathophysiological properties of the tumor vascular
system than has been published up to now.
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Discussion with Reviewers

A. Castenholz: Concerning "descriptive terms" used in
tumor angiology, you mentioned vascular units consist-
ing of feeding arterials, capillaries and venules. Such
units, thus, correspond to the consisting of feeding arte-
rioles, capillaries and venules, and thus, to the "classic”
type of capillary branching. In tumor tissue, do other
patterns also exist, e.g., as those reported by Chambers
and Zweifach (1944) in rat mesentery, which is based on
the occurrence of anterio-venous bridges from which the
capillaries laterally branch off? Since the aspect of
nutritive blood flow and other physiological parameters
are addressed in your approach, the knowledge of the
organization of sinusoids prevailing in a certain tumor
seems to be of special interest.

Authors: Numerous physiological studies on the tumor
blood flow postulate that arteriovenous anastomoses play
a significant role in the distribution of tumor blood
volume. However, we have not seen such features in
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our casts.

A. Castenholz: Among other features, malignant
tumors are characterized by invasive growth. Are you
able to assess this phenomenon qualitatively and quanti-
tatively by proof of special structural features such as an
accumulation of extravasates in your specimens?
Authors: Primarily, invasive growth is not correlated
with an increase of extravasates. Of course, those are
more frequently seen in tissues with increased new ves-
sel formation. However, extravasates are not a charac-
teristic feature in tumor angiogenesis, but can also be
seen in other forms of angiogenesis, such as wound
healing and inflammation.

D.E. Schraufnagel: On Figure 2b the cast vessels may
suggest that vessels develop forming small thin-lumened
channels that later expand. How frequent is this com-
pared to more broad based budding? Or, are the two
processes the same? How do sinusoidal structures fit
into the angiogenic scheme?

Authors: In general, new vessel formation in tumors
(Konerding et al., 1991; 1992b) as well as in normal tis-
sues (Rhodin and Fujita, 1989) starts after degradation
of the basement membrane with a migration of endothe-
lial cells that engulf a small lumen which is connected to
the parent vessel and which progressively enlarges. So
the mentioned two processes reflect only different stages
of new vessel formation. This is also true for the for-
mation of the quoted sinusoidal structures: their diameter
increases after sprouting. However, because of their
structural properties and lacking hierarchy they do not
contribute significantly to a nutritive blood flow.

D.E. Schraufnagel: How would you define a sinusoid?
Authors: "Sinusoidal vessels" or "sinusoids" are de-
fined by their capillary wall structure with increased di-
ameter and consecutively slow blood flow. This is,
however, also true for sinuses, e.g., in the spleen or
liver. Obviously, the designator "sinusoid" was chosen
for those vessels in tumors in order to discern them
from the functionally more competent sinuses in normal
tissues.

D.E. Schraufnagel: Could you speculate on how angio-
genesis takes place structurally? Do you think that most
new tumor blood vessels start by broad budding, by
forming long thin tubes, or by lateral outfouling of small
veins in the size of capillaries? I have seen all of these
forms but I am wondering which is more common or
whether one may be specific for a model.

Authors: Primarily angiogenesis takes place on the
venous side. At least, we (and others!) have not yet




seen sprouting on the arterial side of the vascular
system. We share your opinion that all forms occur.
Comparisons of primary human and experimental tumors
show that they are not specific for a particular model.

R. Christofferson: Do you think it is relevant to meas-
ure the luminal diameter of microvascular corrosion
casts obtained by injection of a resin ten times as viscous
as blood, injected manually at intravascular pressures
ranging from O to 300 mm Hg? Which vessels are most
likely to exhibit artifactually altered diameters after
casting?

Authors: Of course, it is difficult to judge to what ex-
tent microvascular corrosion casts reflect the real, intra-
vital diameter since physiological alterations of the vas-
cular diameter, which can be as high as 70 %, cannot be
taken into account. However, this does not apply to
vessels void of contractile elements, such as, the majori-
ty of tumor vessels which do not show a medial layer
nor a significant number of intracellular contractile ele-
ments. Comparisons between different tumor casts
should thus be possible as long as their vessels share
similar structural and functional properties. We consider
the quoted range of intravascular pressures much lower
within the depicted tumor vessels. The low number of
supplying arteries, the abundance of sinusoidal plexuses
without hierarchy and the high branching frequency of
large caliber vessels together with the high viscosity
contradicts any high pressure. This could, of course,
only be proven by intravital microscopy or intratumoral
vascular pressure measurements. Another fact contra-
dicting the assumption of artifactually increased vascular
diameter is that in tumor casts filling artifacts prevail
compared to ballooned vessels. So, we assume that in
tumor casts the diameter of sinusoids and venules is
rather underestimated.

R. Christofferson: The biological purpose for angio-
genesis must be to increase the surface for metabolic ex-
change within a given volume of tumor tissue. Can it be
deduced with certainty from casts which vessels are
"exchange vessels" (i.e., capillaries and post-capillary
venules in transmission electron microscopic terms, bor-
rowed from study of non-malignant tissue), and which
vessels that are the mere plumbing to feed "exchange
vessels"? And, if you think, such a distinction can be
made, how to quantify the surface for metabolic
exchange per unit volume tumor tissue?

Authors: The existence of tumor vessels is a mere pre-
requisite, but not a guarantee for a sufficient nutritive
blood flow. Numerous studies have shown that the in-
travascular pO2 in tumor vessels may be as low as 0-5
mm Hg. Thus, also keeping in mind the lack of hierar-
chy of the tumor vascular system and the existence of
non-endothelialized blood conduits, it does not make
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sense to differentiate between exchange vessels and
others. A distinction based on the morphology of cast
vessels is not possible. The missing correlation between
vascular densities, tumor growth and necroses (Steinberg
et al., 1990, 1991) also contradicts the use of a
quantification of the metabolic exchange surface.

R. Christofferson: Is there any marker (morphological,
biochemical, and pathognomonic) for angiogenesis that
can be used for its quantification?

Authors: To our knowledge, there is no marker which
is. specific, quantifiable and pathognomonic for angio-
genesis.

R. Christofferson: Which parameter in a vascular cast
would be proportional to, or in any way dependent on,
the tumor blood flow?

Authors: Such parameters are not (yet) known in cast
tumor vessels.

R. Christofferson: There are investigations (e.g.,
Paweletz and Knierim, 1989) reporting that tumor cells
themselves may serve as an endothelium, permitting cir-
culation of plasma and erythrocytes. Have you observed
such non-endothelialized blood conduits?

Authors: Yes, we have found such non-endothelialized
blood conduits to varying extent in all tumors. How-
ever, the physiological importance of these conduits re-
mains unclear. In this context, we would like to point
out that tumor cells can be obviously integrated into the
endothelium (Hammersen ez al., 1985).

R. Christofferson: What is the morphological founda-
tion for the hemorrhages always observed within malig-
nant tumors regardless of size? Can hemorrhages be
advantageous for the survival of tumor cells?

Authors: We consider vessel wall destruction as the
morphological basis for hemorrhages in malignant
tumors. There is no indication that these hemorrhages
might be of any advantage for the survival of tumor cells
unless that the tumor cells use the "opened" vessel wall
as a pathway for metastasation.
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