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Abstract

A characteristic of solid tumors is their heterogeneous
distribution of blood flow, with significant hypoxia and
acidity in low-flow regions. We review effects of
heterogeneous tumor perfusion are reviewed and
propose a conceptual model for its cause. Hypoxic-
acidic regions are resistant to chemo- and radiotherapy
and may stimulate progression to a more metastatic
phenotype. In normal tissues, hypoxia and acidity
induce angiogenesis, which is expected to improve
perfusion. However, aggressive tumors can have high
local microvessel density simultaneously with signifi-
cant regions of hypoxia and acidosis. A possible
explanation for this apparent contradiction is that the
mechanisms regulating growth and adaptation of vas-
cular networks are impaired. According to a recent
theory for structural adaptation of vascular networks,
four interrelated adaptive responses can work as a self-
regulating system to produce a mature and efficient
blood distribution system in normal tissues. It is
proposed that heterogeneous perfusion in tumors may
result from perturbation of this system. Angiogenesis
may increase perfusion heterogeneity in tumors by
increasing the disparity between parallel low- and high-
resistance flow pathways. This conceptual model pro-
vides a basis for future rational therapies. For example,
it indicates that selective destruction of tumor vascu-
lature may increase perfusion efficiency and improve
therapeutic efficacy.
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Tumor Perfusion Is Heterogeneous

Tumor perfusion has long been recognized to be an
important problem in clinical and experimental cancers
(1-3). A hallmark of both clinical and experimental tumors
is that they are heterogeneously perfused. This is illustrated
in Figure 1, a magnetic resonance image (MRI) of an MCF-
7 breast cancer xenograft growing in the mammary fat pad
of a SCID mouse injected with a paramagnetic contrast
agent, gadolinium-pentetic acid (Gd-DTPA) (Magnevist)
(Berlex Lab, Wayne, NJ). This agent reduces the relaxation
time of water protons, leading to higher signal intensity.
Thus, at late time points after injection, brightness
corresponds to regions with high vascular volume, high
capillary permeability, and high extracellular space. As
shown in this figure, the distribution of contrast agent is
highly heterogeneous. Such heterogeneous patterns of
enhancement are observable in both clinical (4) and

experimental (5) tumors. A number of consequences follow
from these observations. First, the pattern of enhancement
visible by MRI likely predicts the pharmacokinetic distribu-
tion of chemotherapeutic drugs because it illustrates the
portions of tumors that are accessible via blood perfusion
(6—9). Second, the poorly perfused tumor regions are likely
to be acidic and hypoxic, which can have important
consequences for therapy and carcinogenesis (discussed
later).

The time course of signal intensity enhancement with Gd-
DTPA can be analyzed quantitatively by using dynamic
enhanced magnetic resonance imaging (DEMRI), reviewed
in Ref. (10). In this technique, signal intensity is monitored in
time after a bolus injection of contrast agent. A time series of
images is analyzed to generate enhancement curves for each
of the 64,000 or so pixels in the image (“raw data” in Figure
2). Superficially, each enhancement curve contains two
components, one corresponding to the arterial input function
(“AIF,” Figure 2) and the other corresponding to the net
transfer of contrast agent from the vasculature to the
interstitial space (“leak,” Figure 2). Physiologically important
values can be extracted from these curves that are related to
the vascular volume, the cell volume, and the unidirectional
exchange rate constant, koy (11). The theory behind using
these model-dependent analyses has been extensively
discussed and will not be treated here (5,6,12-14). Alter-
natively, the data can be analyzed purely heuristically,
generating values for lag time, time to maximally enhance,
area under the curve, and so on. (15). Significant findings
have been generated regardless of analytical method,
indicating that DEMRI provides data that are robust and
pathophysiologically important (10). For example, Knopp and
colleagues (16) analyzed the same DEMRI data sets using
both heuristic and model-dependent methods and concluded
that the methods were equivalent in predicting response of
cervical carcinoma to therapy. Importantly, DEMRI is
increasingly being used to predict therapeutic response
before there are frank changes in tumor morphology and, in
some cases, before therapy has begun (16-23).

Tumor perfusion heterogeneity can also be demonstrated
by more conventional methods, such as Doppler ultrasound
(US) (24). With this technique, perfusion rates in a large
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Figure 1. Axial and sagittal sections through magnetic resonance image of
MCF-7 human breast cancer xenograft growing in mammary fat pad of SCID
mouse. Two minutes before acquisition of these T1-weighted images, the
animal was injected with 27 pL Magnevist (Gd DTPA), which enhances
thermal relaxation of spins, yielding higher signal intensities. The signal
intensity is roughly proportional to the gadolinium concentration in each voxel.

number of tumors and normal tissues have been determined
(25). These studies have shown that blood perfusion in
normal tissues is between 8 to 100 mL 100 g~' min~". In
contrast, perfusion in tumors can range from a high of 100
mL 100 g~" min~" to complete stasis. This low-end excursion
of tumor perfusion indicates that regions exist that are very
poorly perfused.

An additional method to measure tumor perfusion
heterogeneity is the use of tumors grown in windowed
chambers, either on the dorsal skin flap or in the ears of
experimental animals (26—28). With this method, blood flow
is monitored microscopically, often with fluorescently tagged
erythrocytes, and blood velocity (in millimeters per minute)
can be analyzed on a per-capillary basis. With such time-
resolved imaging, the behavior of blood flow in tumors has
been characterized as primarily being unstable, involving
about 85% of all capillaries (29). Unstable blood flow
indicates that blood flow in an individual capillary varies
widely between very low and very high values (30,31). The
remaining tumor capillaries are either totally static (about
1%), intermittently static (about 5%), or carry only plasma
(i.e., no red blood cells, about 8%).

These studies have shown that tumor blood flow is highly
heterogeneous in both clinical and experimental tumors.

Heterogeneous Perfusion Leads to Regions in the
Tumor That Are Hypoxic and Acidic

Tumor hypoxia is so well recognized that numerous
therapies have been developed to target hypoxic tissues
(32—34). Hypoxia occurs in both clinical and experimental
tumors, as measured by oxygen electrodes (35), electron
paramagnetic resonance (EPR) (36), nuclear magnetic
resonance (NMR) (37-41), single photon emission com-
puted tomography (SPECT) (42), or positron emission
tomography (PET; 43,44). Using '°F MRI of hexafluoroben-

zene, Mason and colleagues have shown distinct hetero-
geneity in oxygenation of Dunning prostate carcinoma
xenografts (38). In the clinical setting, an important technique
for measurement of hypoxia is the use of N-1-substituted
nitroimidazoles, which accumulate in hypoxic tissues. These
compounds, usually misonidazole (MISO), are radiolabeled
with positron emitters (e.g., '®F) detected with PET. In a
recent prospective study, Rasey’s group has analyzed 37
preoperative patients with a variety of neoplasms and, using
PET of '8F MISO, found significant hypoxia in all but one
patient (45). Hypoxic volumes ranged from 0% to 95% of the
tumor, and there was significant heterogeneity between
tumor types, within tumor groups, and between spatially
distinct volumes of the same tumor. It should also be noted
that MISO is only sensitive to extremely low levels of oxygen
and that radiobiological resistance occurs at more modest
levels of hypoxia (31,46). Thus, the clinically relevant
hypoxic fraction may be greater than that estimated from
MISO binding.

Hypoxia will lead to the overproduction of acid, because it
induces the production of energy from glycolysis via the
Pasteur effect. Moreover, a hallmark of many tumors is their
ability to produce lactic acid, even in the presence of
adequate oxygen (47). The low pH of tumors has been
measured in clinical and experimental tumors by electrode
(48) and by magnetic resonance spectroscopy (MRS)
(Figure 3) (49-51). The increased glycolysis stimulated by
the low oxygenation (52—-55) will produce volumes lacking in
both glucose and oxygen, and these tend to become necrotic
(56).

Historically, tumor hypoxia was thought to be due to low
capillary density, according to the model of Thomlinson and
Gray (57). This model was based on the classic studies of
August Krogh (58,59). In this model, capillaries supply
oxygen to a cylinder (“Krogh cylinder”) of tissue that is
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Figure 2. Schematic of enhancement curve as a function of time in DEMRI.
Sum refers to the signal observed in each voxel as a function of time. This
signal has two major components: the arterial input function, which is related
to the blood flow and the vascular volume, and the leak (kz21), which is related
to the permeability and surface area of the blood vessels in each voxel.
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Figure 3. PRESS-localized 31P-MR spectrum of a C3H tumor in the
mammary fat pad of a C3H/Hen mouse. 3-aminopropylphosphonate (3-
APP) is an exogenous, nontoxic, and impermeant indicator of the extracellular
pH. (PME, phosphomonoesters; Pi, inorganic phosphate, primarily intracel-
lular and used as indicator of intracellular pH; GPC, glycerolphosphorylcho-
line; PCr, phosphocreatine; NTP, nucleoside triphosphates).

about 150 to 200 um radius around the vessel. This distance
is the limit of oxygen diffusion through respiring tissue, and is
supported by studies with spheroids (60—63) as well as more
recent polarographic measurements of oxygen in tumors
(64). Although the classic Thomlinson and Gray model
explains many aspects of tumor perfusion, it is inadequate
because it does not take into account the time-variant
aspects of blood flow and, more importantly, it assumes that
all capillaries in the tumor are carrying oxygenated blood.
This is likely not the case.

Hypoxia-Acidosis and Therapy

The existence of radioresistant hypoxic fractions is well
established in rodent tumors and spontaneous human
cancers. Oxygenated tumors and cells are three times more
susceptible to radiation damage, compared with hypoxic/
anoxic cells (65,66). The role of oxygen is to prolong the
lifetime of ionized radicals generated by the interaction of
radiation with macromolecules, as evidenced by the seminal
observation that oxygen does not need to be present during
irradiation but must be added within microseconds in order to
sensitize (67). Oxygen is also required for emerging
photodynamic therapies because many of these involve
radical propagation (68,69).

Because the intracellular pH of cells in tumors remains
neutral-to-alkaline (70), acidity of the interstitial space will
increase resistance to many chemotherapies, based on a
reduced partitioning of weakly basic chemotherapeutic drugs
into the relatively alkaline cells. This occurs because of “ion
trapping,” wherein uncharged organic free bases are much
more permeable than their protonated and charged counter-
parts and establish equal concentrations on both sides of the
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membrane. Because the ratio of charged-to-uncharged
species increases with lower pH, more total base is found
in acidic compartments (71-73). The partitioning of weak-
base or weak-acid drug molecules across the plasma
membrane of a tumor cell is dependent upon the acid-
dissociation constant (pK,) of the drug as well as the
plasmalemmal pH gradient. A large acid-outside pH gradient
can exert a protective effect upon the cell from weak-base
drugs such as anthracyclines and vinca alkaloids, which
have pK, values of 7.5 t0 9.5 (74—-77). Recently, it has been
shown that reversal of the tumor pH gradient with bicarbo-
nate can improve the therapeutic efficacy of doxorubicin
(pKa =7.6) (78), which is one of the most widely prescribed
antineoplastic agents used in the treatment of breast cancer
(79,80). Finally, hypoxia and acidity are indicative of poor
perfusion. Poor perfusion itself provides a mechanical barrier
to the delivery of drugs and hence produces a “physiological
resistance” distinct from the effects of hypoxia or pH alone
(2). Thus hypoxia and acidity are significant negative
prognosticators for the efficacy of many anticancer thera-
pies.

Hypoxia and Acidosis Promote Early and Late Aspects
of Carcinogenesis

Hypoxia and acidosis promote early and late stages of
carcinogenesis. For example, culturing of primary diploid
Syrian hamster embryo cells at pH 6.7 induces them to
spontaneously transform to a tumorigenic phenotype (81—
83). This may occur because low pH is clastogenic,
causing chromosomal strand breaks and rearrangements
(84,85). Hypoxia is also clastogenic and mutagenic (86). At
a later stage of carcinogenesis, low pH also induces
invasive, migratory behavior in vitro (87) as well as
metastasis in vivo (88), apparently through the activation
and release of proteases (89—92). Hypoxia is also a potent
inducer of metastatic behavior in vitro (92-94) and is a
negative prognosticator for metastatic behavior in vivo
(95,96). This is thought to occur via selection of cells that
are resistant to hypoxia-induced, p53-dependent apoptosis
(97). These data indicate that both hypoxia and acidosis
promote the development of a more aggressive tumor
phenotype.

Hypoxia and Acidosis Stimulate Angiogenesis

The acidic and hypoxic regions should also induce angio-
genesis. Hypoxic induction of angiogenesis in tumor and
normal tissues has been thoroughly and recently reviewed
(98). Angiogenesis, or the growth of capillaries, is a
necessary requirement for tumor growth (99—101). When
cultured in a hypoxic environment, cells secrete active
angiogenesis factors into the medium (102). The most
generally important of these angiogenic factors in tumors is
vascular endothelial growth factor (VEGF; also known as
vascular permeability factor, VPF). VEGF is a complicated
system because it exists in at least four isoforms, VEGF-A,-
B,-C,-D, and VEGF-A is expressed in at least four
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alternatively spliced forms, yielding products of 121, 165,
189, and 206 amino acids (103). VEGF-A-165 mRNA levels
are dramatically increased within a few hours of exposing
different cell cultures to hypoxia and return to background
when normal oxygen supply is resumed (104). VEGF is also
induced by glucose deprivation, stress, and hormones and is
constitutively expressed in a number of tumor cell lines
(105,106). Furthermore, receptors for VEGF are expressed
on the endothelium of tumor vasculature, yet are virtually
absent from vascular endothelium of adjoining tissue (107).
Elegant studies using a tetracycline-regulated VEGF ex-
pression system (108) have shown that VEGF is important in
inducing the growth and survival of new vessels but is not
required to maintain mature vessels (109,110). The in-
creased expression of VEGF is mediated through increased
transcription, induced by hypoxia-inducible factor-1 (HIF-1),
as well as increased VEGF mRNA stability (32,111). HIF-1 is
a heterodimeric DNA binding complex composed of two
basic helix-loop-helix PAS-proteins: HIF-1 beta/ARNT (aryl
hydrocarbon receptor nuclear translocator), which is con-
stitutively expressed, and HIF-1 alpha, which unstable in the
presence of oxygen. At high levels of expression, HIF-1
promotes apoptosis, which may, in part, be responsible for
cell loss in hypoxic/acidic regions of tumors (112). Although
some cells have been reported to secrete VEGF in response
to acidosis (113), this does not seem to be a general
phenomenon in tumors.

Additional proangiogenic factors are induced by poor
perfusion. For example, both hypoxia and low pH induce
platelet-derived endothelial cell growth factor (PD-ECGF or
thymidine phosphorylase) (114). There are data for hypoxic
induction of basic fibroblast growth factor (FGF) in
nontumor systems (115,116), and there is evidence to
suggest that hypoxia and acidity modulate the interaction of
this growth factor with the angiogenic network (117).
Hypoxia also induces macrophage expression of acidic
FGF and platelet-derived growth factor (PDGF), which are
potent endothelial cell mitogens (116). A newly discovered
family of angiogenesis regulators is angiopoietin-1 and -2,
which act to differentiate and dedifferentiate the micro-
vasculature, respectively (118,119). Current data suggest
that hypoxia and VEGF interact with the angiopoietin
system to dedifferentiate vasculature and prevent its
maturation (120).

The observations that hypoxia and acidity are chronically
present in tumors and that these parameters stimulate
angiogenic growth factors raise an important question: Why
are tumors not better perfused?

Poiseuille’s Law and the Flow of Liquids in Tubes

In order to answer the question we have posed, the factors
regulating blood flow must be considered. Jean Léonard
Marie Poiseuille, the noted French engineer and physician,
carried out extensive studies of the flow of water through
cylindrical tubes. In 1846, he published a quantitative
description of the relationship between flow rate (Q) of a
viscous liquid through a capillary of diameter D, the pressure

difference (A P) across the length (L) of the tube, and the
viscosity of the liquid (n) (121). Poiseuille’s law is stated
mathematically by the equation:

AP-D*

Q=K-=

where the constant K is proportional to the reciprocal of the
viscosity 7. Later theoretical analyses (Hagenbach, 1860) led
to the relationship now known as Poiseuille’s law:

AP

Q= Gl jmr)

where AP is the pressure difference between two ends of the
tube (i.e., the driving force), ris the radius of the tube, and the
term (8nL/xr? represents the resistance to flow through the
tube. Thus, flow resistance is proportional to the tube length
and inversely proportional to the fourth power of tube
diameter. This high sensitivity to diameter implies that vessel
diameters must be tightly controlled to ensure adequate but
not wasteful perfusion of tissue. The apparent viscosity »n of
blood varies with tube diameter in microvessels (122), but
the fourth power dependence on tube diameter is the
dominant effect.

Capillary Distribution and Tumor Perfusion

Tumor blood vessels have been described as chaotic, with
larger than normal vessel diameters, longer vessel lengths
(increased tortuosity), and high permeability. The local
microvessel density (MVD) is also generally much more
heterogeneous than that in normal tissues. All of these
parameters can contribute to uneven blood distribution and
hence, perfusion heterogeneity. Low perfusion in tumors
can result from increased vessel length or tortuosity. Longer
vessels result in a proportional increase in resistance and
hence, a decrease in flow. The geometric flow resistance in
neoplastic tissue can be two orders of magnitude higher
than that observed in normal tissues (123,124). This
increased resistance leads to decreased flow and hence
would be expected to increase the residence time of
erythrocytes in the capillary plexus. Indeed, erythrocyte
velocity in tumor microvasculature can be an order of
magnitude lower than in vessels of comparable diameter in
normal tissue, especially at lower transcapillary pressures
(125). However, in some tumor models, erythrocyte velocity
is actually higher than normal (126,127). Thus, there is a
wider distribution of blood flow in tumors compared with
normal tissues. A similar heterogeneity can be seen when
comparing local MVD with overall vascular density. Overall
vascular density is rarely measured, yet in those cases in
which it has been measured, it has been found to be less
than that of normal tissues (128). In contrast, MVD in “hot
spots” is often much higher than that seen in normal
tissues, and the absolute MVD correlates strongly with
tumor aggressiveness (129-131). It is hypothesized that
the increased local MVD provides more avenues for
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extravasation of tumor cells from the primary mass (132—
135). Hence, although overall vascular density may be low,
there are “hot spots” where the MVD is high, and these are
heterogeneously distributed.

Regardless of the absolute number of vessels in a
volume, the density must be related to the metabolic state of
the tissue. Thus, even if the overall density were equal, a
higher metabolic rate would lead to greater hypoxia. Recent
models indicate that oxygen demand by cells is the most
sensitive determinant of hypoxia in tissues (136,137).
Because tumor cells generally have a higher metabolic
demand than normal tissues, they require a more robust
source of nutrients (3,52). The increased metabolic demand
is likely related to proliferation. There is a clear requirement
for microvasculature in the growth of tumors because
tumors will not exceed more than approximately 2 mm in
diameter without being vascularized (101). Furthermore, in
a model system using implanted spheroids to mimic
prevascularized tumor growth, it has been observed that,
at an early stage, there is a net invasion of feeding vessels
to the tumor, after which it begins to grow. However, the
number and diameter of feeding vessels does not increase
concomitant with the increase in tumor volume, indicating a
mismatch between blood supply and metabolic demand
(138). Dewhirst and coworkers have recently shown that
such a limited arteriolar supply will contribute to longitudinal
gradients that result in tumor hypoxia (139). Thus, there is a
discontinuity between the overall vascular density of and the
ability of the capillary plexus to provide tumors homoge-
neously and efficiently with oxygen and glucose required by
metabolic demand.

Why Does Angiogenesis Not Reduce Acidosis and
Hypoxia?

When the tumor as a whole is considered, an increase in
vascular density should decrease resistance and increase
blood flow, but this does not occur. This apparent contra-
diction likely arises from the evolution of regional hetero-
geneity during tumor growth and development. Pries and
colleagues (140) have recently developed a model to
describe how each segment of a microvascular network
adjusts structurally in response to local stimuli and have
compared these results with normal tissue (rat mesentery).
They demonstrated that a minimal set of four types of
adaptive responses is required to produce stable and
realistic network structures (Table 1). The shear-dependent
response causes enlargement of vessels carrying relatively
large flow rates. The pressure-dependent response is
responsible for the asymmetry of the vascular system, with
arterioles smaller than corresponding venules. Responsive-

Table 1. Adaptive Responses Necessary to Produce Functional and Efficient
Vascular Networks.

e Response to wall shear stress

e Response to intravascular pressure

e Response to local metabolic conditions
e Conducted metabolic response
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ness of local metabolic conditions, and the conduction of this
information along upstream and downstream flow pathways,
ensures that vessels experiencing unfavorable metabolic
conditions (e.g., hypoxia and acidosis) receive increased
blood flow.

A considerable amount of evidence suggests that this
finely balanced system is deranged in tumors. In particular,
there is evidence that both the local response to metabolic
conditions and the propagation of this response to upstream
feeding vessels are impaired (141). The after paragraphs
suggest possible mechanisms by which changes in the
adaptive system lead to disturbances of vascular flow
patterns as observed in tumors. It must be remembered
that all the adaptive signals and responses are interrelated,
so the actual mechanisms may be more complex than the
simplified examples provided.

A number of angiogenic and antiangiogenic factors are
important to the development of a mature and efficient
vasculature. These include basic FGF, PDGF, nitric oxide,
tumor necrosis factor-a, angiopoietins 1 and 2, and VEGF. At
the risk of oversimplification, this discussion will be confined
to VEGF as an example. VEGF can be constitutively
secreted by tumor cells (142) while it is secreted by cells in
normal tissues in response to stress (e.g., hypoxia, glucose
deprivation) or hormonal stimulation (reviewed in Neeman
(98)). This is illustrated in Figure 4, which shows capillary
systems of normal and tumor tissues. In normal tissues,
VEGF is secreted only by the hypoxic cells (blue) and not by
the oxygenated cells (red), yielding a steep gradient of
VEGF, which may be morphogenetic for new capillary
growth. On the other hand, even well-oxygenated cells in
tumors secrete some VEGF, so the gradient of VEGF is not
as steep. The shallow gradient may cause dysmorphogen-
esis of the resulting neovasculature.

According to the model of Pries and colleagues (140),
the propagated metabolic response is required to ensure
that feeding vessels widen in response to increased
demand for blood flow. This response may be reduced or
absent in tumors, because the adaptive angiogenesis has
not been reported to induce increased size or numbers of
feeding vessels. Apparently, as tumors grow, feeding
vessels do not adaptively respond to the increased
demand, and the perfusion per unit volume drops across
the entire tumor (139). Current knowledge regarding the
behavior (i.e., diameter, number, pressure, and flow) of
feeding vessels during tumor growth is lacking. However,
microscopic observation of feeding vessels during growth of
implanted spheroids indicates that they do not adaptively
increase concomitant with the increase in tumor volume (M.
Neeman, personal communication). Such conditions in-
crease the requirement for a well-balanced blood distribu-
tion network.

Angiogenesis in response to local and conducted
metabolic demands can occur in three ways, shown in
Figure 5. In this figure, the initial condition is identical to that
shown for tumors in Figure 4. In this diagram, each
horizontal conduit represents a circuit of capillaries, the
diameter of which is related to the inverse of resistance
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across that circuit. Such circuits are called modules and do
exist in normal tissues (143,144). Thus, the initial condition
contains two parallel circuits, one with relatively high and
the other with low resistance. Cells in the volume serviced
by the high resistance circuit are hypoxic (blue). In response
A, the conductive pathway increases the size of the afferent
vessel (vertical vessel shown in red) and reduces the
resistance across the lower capillary circuit. This results in
evenly distributed blood flow and oxygenation of all cells.
This is defined as state I, where increased angiogenesis
increases tissue oxygenation, and is the state found in
normal tissues (140). In response B, angiogenesis in-
creases the diameter of the upper circuit, decreasing its
resistance further. Consequently, more blood flows through
this circuit and less through the lower, high resistance,
circuit. Tissue in the region of the lower circuit becomes
even more poorly oxygenated. This is termed state II-P
because the decreased resistance of the upper circuit
follows the addition of vasculature in parallel. In response C,
angiogenesis increases the length of the lower circuit,
causing a further increase in its resistance. As in response
B, relatively more blood will pass through the upper circuit,
and the tissues served by the lower circuit will become more
hypoxic. This is termed state /I-S because the increased
resistance of the lower circuit occurred by addition of

A

Figure 4. Schematic showing differences in tumor and normal tissue
vasculature. The vertical segments represent the afferent (red) and efferent
(blue) vessels, and the cross members represent different capillary modules.
The thickness of the capillary module is inversely proportional to the
resistance. The color represents oxygenated (red) and deoxygenated (blue)
blood. Cells are represented as circles and are either oxygenated (red) or
deoxygenated (blue). In the normal tissues, only deoxygenated cells secrete
VEGF, whereas all cells secrete VEGF in the tumor. The potential
morphogenetic gradient for VEGF is shown in green and is steeper in the
normal tissues.
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Figure 5. The effect of angiogenesis on blood flow. In case A, angiogenesis
results in a reduction of resistance across the lower module, which results in
improved blood flow to this volume (state I). In case B, angiogenesis results in
addition of new vessels in parallel with the upper module, causing a decrease
in resistance, and this steals blood flow from the lower module, causing a
volume of decreased perfusion. In case C, angiogenesis adds vessels in
series with the lower module, causing an increase in resistance and reduced
flow through this module.

vasculature in series with existing vessels. Note that the
poorly perfused (i.e., hypoxic-acidic) regions would be
coincident with low MVD volumes in state II-P and with
high MVD volumes in state II-S.

States |, 1I-P, and II-S are illustrated in more detail in
Figure 6. State | shows balanced blood flow distribution. In
state 1I-S, additional vessels are added in series and
consequently increase resistance leading to lower blood
flow in the upper module. In state II-P, vessels are added in
parallel, decreasing the resistance and increasing the flow in
the lower module. In Figure 6, the longitudinal gradient of
hemoglobin oxygenation is shown as the transition from red
to blue. As resistance decreases, flow rate increases, and
consequently the residence time of erythrocytes in the
capillary plexus goes down. Conversely, as resistance
increases (relatively), the flow rate decreases, and the
residence time goes up. In these regions of the capillary bed,
the hemoglobin can be fully deoxygenated well before it exits
the capillary plexus (29).

Evidence for Relatively Homogeneous Distribution of
Flow in Normal Tissues

Ample evidence indicates that normal tissues are primarily in
state |. In normal circulation, both intravascular and extra-

Neoplasia e Vol. 1, No. 3, August 1999
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Figure 6. Diagram showing angiogenesis in series and parallel. In the addition of vessels in series, the resistance increases, causing decreased flow through the
upper module. In the addition of vessels in parallel, there is a decrease in the resistance, causing an increase in flow across the lower module. This steals flow from

the upper module and causes decreased perfusion there.

vascular Py, values decrease progressively from the large
arterial vessels down to the small arterioles (145). Large
arteries contain a blood P, of about 100 mm Hg and smaller
arterioles approximately 70 mm Hg oxygen. The concomitant
drop in the transendothelial oxygen gradient is from 25to0 7.5
mm Hg. Thus, significant Py, gradients occur both long-
itudinally and radially in the arterial network. The longitudinal
gradients represent losses of oxygen from precapillary
vessels. At the organ level, these losses are even more
severe (146). In skin, for instance, first-order arterioles
(about 65 um) have Py, levels of 50 mm Hg, whereas
terminal arterioles (7— 8 um) have Py, values on the order of
35 mm Hg. The Py, in venules can be as high as 30 mm Hg
(146).

The capillary system of hamster cremaster muscle has
been extensively characterized by Sarelius and colleagues,
with results corresponding to state | (147—-149). First, there
is a tight connection between metabolism and blood flow in
microvessel networks such that increased flow is delivered to
tissues with highest metabolic demand. Furthermore, there
are predictable relationships between vessel length, pres-
sure, and diameter. Finally, this entire network has been
extensively modeled and shown to respond uniformly to
downstream perturbations. A consequence of state | perfu-
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sion is that angiogenesis will improve tissue perfusion and
this has been shown for normal tissues (150).

Evidence for Heterogeneous Flow Distribution in Tumor
Tissues
There is much evidence that significant fractions of tumor
tissues can exist in state Il. For example, histological
sections of clinical and experimental tumors often contain
necrotic volumes, and these invariably contain vascular
remnants (151). Clearly, the vasculature in this necrotic
volume must not have provided sufficient perfusion, which is
consistent with state Il perfusion. Transcapillary resistance
can be orders of magnitude higher in tumors than in normal
tissues, which would be consistent with state II-S perfusion
(128). Vascular branching patterns have been analyzed in a
number of tumors and generally show an increased number
of branches, compared with normal tissues. For example,
Hori and colleagues have shown that terminal arterioles in
transplanted hepatoma or lung carcinomas are on the order
of 50 branches per 0.1 mm?, compared to 14 per 0.1 mm?in
normal tissues (152) , consistent with state 1I-P perfusion.
Additional evidence for the existence of state Il perfusion
in tumors includes the observations that antiangiogenic
therapies, which reduce vessel density, also increase
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susceptibility to chemotherapies (153—156). These observa-
tions suggest that the reduction of vasculature results in an
improvement in perfusion and hence an improvement in
therapeutic efficacy. Antiangiogenic therapies also potenti-
ate the effectiveness of radiotherapy (157). These observa-
tions are consistent with the occurrence of state Il perfusion
in tumors.

More direct evidence for the presence of state Il in tumors
comes from MRI. In a comprehensive study of uterine
cancers, Hawighorst and colleagues (158) compared DEM-
Rl-measured parameters with histopathological markers,
such as VEGF expression and MVD. Although volumes with
high MVD correlated with volumes with high final signal gain,
there was no correlation between MVD and the rate constant
for signal increase. Thus, the volumes with high MVD will
leak more contrast agent given enough time. Yet this will not
occur rapidly, so MVD does not correlate with increased
perfusion. This is clearly consistent with state Il perfusion.
Another important MRI observation for the existence of state
Il in tumors was made by Neeman and colleagues (159).
Spheroids of VEGF-overexpressing C6 glioma cells were
implanted in nude mice and the relative oxygenation was
determined by the ratio of images collected before and after
the administration of carbogen (95% oxygen, 5% carbon
dioxide). Volumes with the highest vascular density exhibited
the greatest signal increase in response to carbogen (160).
Although open to discussion, one interpretation of this finding
is that the volumes with the highest vascular density were the
most hypoxic when the evaluation began.

Conclusions

Many studies have shown that tumors are heterogeneously
perfused and that this represents a significant barrier to
effective therapy. We reviewed these studies have and
proposed that this heterogeneous perfusion arises from
altered angiogenic responses to metabolic signals that
normally regulate the structure of the blood distribution
network. These abnormal responses may include addition of
new microvessels in parallel to low resistance circuits and
lengthening of existing microvessels in high resistance
circuits. Additionally, arterioles feeding a tumor may not
widen in response to decreased flow resistance in the
regions that they supply because the conducted metabolic
signal is diminished or absent. Hence, tumor growth and
perfusion are ultimately limited by the architecture of the
existing arteriolar network. This may lead to the extreme
heterogeneity observed between individual tumors of the
same type (161).
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