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ABSTRACT Vascular beds are generated by vasculogenesis and sprouting angiogenesis, and these
processes have strong stochastic components. As a result, vascular patterns exhibit significant
heterogeneity with respect to the topological arrangement of the individual vessel segments and
the characteristics (length, number of segments) of different arterio-venous pathways. This struc-
tural heterogeneity tends to cause heterogeneous distributions of flow and oxygen availability
in tissue. However, these quantities must be maintained within tolerable ranges to allow normal
tissue function. This is achieved largely through adjustment of vascular flow resistance by control
of vessel diameters. While short-term diameter control by changes in vascular tone in arterioles
and small arteries plays an important role, in the long term an even more important role is played
by structural adaptation (angioadaptation), occurring in response to metabolic and hemodynamic
signals. The effectiveness, stability and robustness of this angioadaptation depend sensitively on
the nature and strength of the vascular responses involved and their interactions with the network
structure. Mathematical models are helpful in understanding these complex interactions, and can
be used to simulate the consequences of failures in sensing or signal transmission mechanisms. For
the tumor microcirculation, this strategy of combining experimental observations with theoretical
models, has led to the hypothesis that dysfunctional information transport via vascular connexins is
amajorcause of the observed vascular pathology and increased heterogeneity in oxygen distribution.
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Introduction

Many aspects of biological patterning and development can be
investigated and, in principal, understood in terms of specific genetic
and molecular mechanisms. Forinstance, the structure of the heart
and the major arteries and veins is determined to a large degree
by genetic programs. However, the microvascular system contains
more than 10° vessel segments, and it is obvious that the location
and characteristics of each segment cannot be under individual
genetic control. Instead, each vessel segment must be capable
of responding appropriately to locally available information, such
that multiple segments can organize themselves into functional
and efficient network structures (Pries et al., 2005). In order to
understand the resulting vascular structures and their responses
to normal and pathological conditions, the relevant stimuli and
the 'rules' governing the vascular responses should be identified.
Insightinto these vascular behaviors can be obtained by analyzing
the structure and functional properties of normal and pathological
networks, using a 'top-down' approach. In this approach, experi-

mental observations are combined with theoretical simulations of
blood flow and structural adaptation in vascular networks. Here,
progress using this approach is reviewed, with emphasis on the
inherent variability in vascular network structures and the mecha-
nisms by which adequate functional behavior is achieved despite
this heterogeneity.

Heterogeneity

A strong variability of all measured parameters, including ca-
pillary diameter, flow velocity, shear stress, perfusion and oxygen
saturationis ahallmark of terminal vascular beds (Bassingthwaighte
et al., 1989; Decking et al.,, 2001; Deussen, 1998; Duling and
Damon, 1987; Pries et al., 1995b; Wagner, 2003; Zuurbier et al.,
1999), even under normal physiological conditions. Increases of
heterogeneity lead to anoxic regions and the possibility of tissue
failure in a number of pathological conditions (Graeber et al.,

Abbreviations used in this paper: VEGE, vascular endothelial growth factor.
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1996; Marshall et al., 2003; Niimi et al., 2005; Pries et al., 2009;
Secomb et al., 1993; Tyml and Mikulash, 1988). This recognition
of the significance of microvascular heterogeneity is in contrast to
classical approaches, in which vascular phenotypes are assumed
to be identical within each of a finite number of categories, such
as capillaries (Krogh, 1929; Krogh, 1919). While such approaches
are useful for the analysis of some microvascular phenomena,
including oxygen exchange, they cannot adequately address
phenomena related to distribution of blood flow. Depending on
the level of heterogeneity, the overall oxygen extraction of a given
tissue can vary from a level dominated by tissue oxygen demand
(at low heterogeneity) to near zero (at maximal heterogeneity), all
in face of a fixed bulk perfusion of the tissue. The latter situation
occurs if a few short flow pathways with very high flow rates shunt
most of the blood from the feeding arteries to the draining venules.
The presence of heterogeneity and the possibility of functional
shunting have substantial implications for the understanding of
angiogenesis and angioadaptation (Pries and Secomb, 2009).
Recently we proposed that a deficiency of anti-shunt mechanisms
related to information transfer along vessels (Pries et al., 2010) is
central for the ineffectiveness of tumor microvasculature, leading
to regions with very low oxygen availability.

Angiogenesis

During sprouting angiogenesis, new vessels are generated
based onlocalfields of pro-angiogenic substancesincluding VEGF
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Fig. 1. Sprouting and splitting angiogenesis. During sprouting angio-
genesis, localfields of pro-angiogenicfactorsin the tissue, forinstance
generated in response to hypoxia, induce stochastic growth of new
vessels. The generation of a functional and efficient network requires
pruning of redundant segments, governed by local hemodynamic and me-
tabolic signals. Splitting angiogenesis (intussusception), in contrast, allows
continuous feedback control by hemodynamic and metabolic conditions.
Red: arterioles, brown: capillaries,; blue: venules.

(Fig. 1). However, the exact locations of individual vessels are not
controlled and the growing sprouts do not carry blood flow. Thus,
this phase of angiogenesis occurs in the absence of any feedback
with respect to the effect of the new vessels on hemodynamics
and oxygen distribution. Once vessels have formed connections
resulting in patent flow pathways, a second phase, pruning, is
possible (Carmeliet, 2005), in which responses to hemodynamic
and metabolic factors can be used to remove redundant segments,
for instance those with low volume flow and high oxygen tension,
and to enlarge those which are effectively supplying the tissue,
which have higher flow and low distal oxygen levels. For the split-
ting type of angiogenesis (intussusception) (Burri, 1992; Djonov et
al., 2003), the presence of continuous blood flow allows a faster
adaptation of the resulting vascular pattern to tissue demand. In
either case, the processes of angiogenesis and pruning, together
with the need to distribute capillaries throughout all regions of the
tissue, necessarily result in formation of vascular networks with
long and short arterio-venous pathways (Pries and Secomb, 2009).

Angioadaptation

The vascular networks initially generated by vasculogenesis or
angiogenesis (and pruning) are functionally inadequate and requi-
re adjustment of structural vessel diameters to obtain a suitable
distribution of flow. Similar processes occur continuously during
growth, changesin functional requirements, or as a consequence of
pathophysiological states such as hypertension (Pries et al., 2005)
and arteriogenesis (Schaper, 2009). Responses to hemodynamic
and metabolic signals and transfer of information along vessels
(Pries et al., 2001) play a central role in this remodeling process,
referred to as angioadaptation (Fig. 2). The various signals and
biological reactions contribute in distinct ways to the generation of
functionally adequate microvascular networks. For example, the
response to transmural pressure, in whichincreased pressure elicits
wall thickening and decreased luminal diameter, leads to arterio-
venous asymmetry with smaller vessels and higher flow resistance
on the arterial side (Pries et al., 1995a). This asymmetry has the
important consequence of reducing intracapillary pressures to a
level that avoids excessive fluid filtration and control of blood flow.

The response to shear stress, in which increased shear stress
leads to vessel enlargement, adjusts vessel diameters according
to the flow rate within the vessel. This tends to minimize overall
energy dissipation in a vascular tree (Murray, 1926). However, the
feedback characteristics of this shear stress response depend on
the hemodynamic boundary conditions. If the flow through a vessel
is constant, the increased diameter reduces shear constituting a
negative feedback which regulates shear stresslevels. However, for
situations where the driving pressure over a vessel is constant, the
increased diameter leads to increased flow and further increases
in shear, constituting a positive feedback loop. Thus for parallel
flow pathways, which are subject to the same driving pressures,
the response to shear stress leads to an inherent instability. The
flow path with the highest shear tends to grow at the expense of
all other flow pathways (Hacking et al., 1996; Pries et al., 1998;
Rodbard, 1975). Here, the responses of vessel segments to meta-
bolic stimuli play an essential role, by generating signals that tend
to maintain all parallel flow pathways that are needed to maintain
tissue supply (Pries et al., 1998).

Microvascular networks inevitably contain both long and short



Fig. 2. Roles of wall shear stress, metabolic, conducted and
convected signals in structural adaptation. (A,B) Local action
ofadaptive signals, (C,D) Modes of metabolic information transfer.
Left column: mechanisms of signal generation. Center column:
stimuliand responses. Dashed lines show feedback pathways (blunt
heads indicate negative feedback). Right column: Significance for
network properties. Flow directions are indicated by small black
arrows. (A) Shear stress (t) generated by flowing blood is sensed
by endothelial cells and stimulates structural increase in diameter.
For a given blood flow, shear stress decreases, giving a negative
feedback. However, fora given driving pressure increased diameter
will lead to increased flow, causing positive feedback. Shear stress
response generates a progression from larger to smaller vessels
correlated with flow rates in the arterial and venous trees. Trans-
mural pressure difference leads to a circumferential wall stress (o)
which in turn stimulates diameter decrease. \Wall stress response
generates the arterio-venous asymmetry with small arterial and
larger venous vessels. (B) Tissue hypoxia leads to release of
metabolic signal substances that diffuse into blood and stimulate
increased diameter and increased flow, which improves oxygen
availability and may also lead to faster washout of metabolic signal
substance. The metabolic response enables the vasculature to
respond to tissue metabolic demands and stabilizes parallel flow
pathways. (C) Conducted signals generated in distal vessels are
propagated upstream to feeding arterioles (orange arrow). Short
arterio-venous connections (green circle) remain small and do not
form functional shunts. For conduction, it is relevant that signals
travel only in the direction against the blood flow (upstream) and
do not reenter smaller side-branches (blunted arrow). (D) In the
downstream direction, convection of metabolic substances allows
for information propagation to draining vessels.

arterio-venous pathways, as discussed earlier. The short
arterio-venous connections (green circle in the lower right
panels of Fig. 2) tend to experience high wall shear stress,
as a result of the steep pressure gradients, but otherwise
experience stimuli similar to those acting on the feeding
arterioles from which they branch. They would tend to
enlarge, forming functional arterio-venous shunts, if they
were subject only to the stimuli responses discussed so
far. Suppression of shunt formation requires propagation to
each segment of information about the extent and metabolic
status of the segments distal to that segment (Pries et al.,
1998). The mechanisms of this information transfer are
not fully established. However, it is likely that downstream
information transfer depends on the convective transport
of metabolic signaling substances, while propagation in
the upstream direction is provided primarily by conducted
responses that travel along the walls of microvessels via
gap junctions (Pries et al., 2003; Pries et al., 2010).

As discussed below (“Tumor microcirculation’), impair-

Fig. 3. Methods for simulation of structural diameter adapta-
tion. Experimental data on network structure and microvascular
rheology serve as the basis to calculate blood flow and oxygen
transportin networks with a given angioarchitecture. Stimuli derived
from hemodynamic and metabolic conditions are used to predict
diameter adaptation for each vessel according to a set of general
adaptation rules to be tested. The properties of the vascular network
after simulated adaptation are then compared with experimental
network data (segment flow velocity, hematocrit and diameter) to
assess the adequacy of the adaptation rules used and to optimize
adaptation parameters.
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ment of shunt preventing mechanisms, most importantly informa-
tion transfer by conducted responses traveling via vascular gap
junctions, can lead to significant dysfunction and maldistribution in
vascular networks. The importance of gap junctions for angioadap-
tation was recently supported by findings in developing vascular
beds (Buschmann et al., 2010). It was shown that gap junction
proteins (Cx 40, Gja5) are expressed throughout growing arterial
vessel trees from the very onset of the development of hierarchical
vascular structures. Itis therefore very likely that these proteins are
not only ‘markers’ but ‘makers’ of the observed vascular patterns
by virtue of their involvement in information transfer.

Experimental data and model simulations

Acentral approach in the analysis of the balance and interaction
of angioadaptive stimuli, biological reactions and functional con-
sequences is the combination of experimental data with computer
simulations (Fig. 3) (Secomb et al., 2008). Intravital microscopy
was used to determine the angioarchitecture (vessel segment
diameters and length, segment connection patterns) for complete
microvascular networks. In addition, measurements of flow velocity
and hematocrit in all vessel segments were performed (Pries et
al., 1990). The simulations are also based on experimental data
concerning the microrheological behavior of blood flowing through

A

Fig. 4. Responses to oxygen supply-demand mismatch. (A) Left:
Network containing a vessel with low perfusion resulting in hypoxia (blue
color). Right: Enlarged view of hypoxic region. Signals generated in the
vessel wall or the parenchymal tissue (green arrows) increase in proportion
to local oxygen deficiency and stimulate diameter increase. This increase
increases perfusion and oxygen availability constituting a negative feedback
between tissue hypoxia and metabolic signaling. (B) If vessel density is too
low, diameter increases lead to increased blood flow but oxygen supply
of remote tissue cells remains inadequate. Supply of remote tissue cells
requires stimulation of angiogenesis by tissue derived metabolic signals.
(C) New vessel generated by sprouting angiogenesis (dashed line) results
in reduction of diffusion distances and adequate tissue oxygenation.

microvessels (Pries et al., 1992; Pries et al., 1994) and microvas-
cular bifurcations (Pries et al., 1989). Parametric representations
ofthese data describe the Fahraeus effectand Fahraeus-Lindqvist
effect as well as the partitioning of hematocrit at diverging micro-
vascular branch points (Pries and Secomb, 2008).

Fromthe data on microvascular angioarchitecture and rheology,
the distribution of blood flow, pressure and oxygen within a given
network are calculated (Pries et al., 1990; Pries et al., 1995b).
The information on shear stress, transmural pressure and oxygen
partial pressure for each vessel segment is then the basis for esti-
mating the stimuli that evoke adaptive changes and the resulting
structural changes, such as diameter increase or decrease (Pries
et al., 1998; Pries et al., 2005). In this process, different sets of
'adaptation rules' describing the vascular responses to a given set
of adaptive stimuliand modes of information transfer can be tested.
The validity of a given set of rules is then tested by comparing the
distribution of vessel diameters, hematocrits and flow velocities
with the corresponding values measured by intravital microscopy.

Metabolic signals: structural diameter regulation and
sprouting

It is reasonable to assume that the maintenance of an ade-
quate oxygen supply to tissues occurs largely through vascular
responses to stimuli that depend on the metabolic status of tissue,
including local oxygen levels (Reglin et al., 2009). However, the
specific mechanisms involved have not been fully identified. Here,
a theoretical approach is helpful in that it can be used to predict
the functional consequences and effectiveness of different types of
mechanisms. As shown in Fig. 4 (upper panel), metabolic signals
generated in the vessel wall or the parenchymal tissue increase
in proportion to a demand-supply mismatch and can lead to
diameter increase. This increase, in turn, increases blood supply
and oxygen delivery. A detailed analysis showed that the match
between experimental and simulated results was best assuming
that the metabolic sensor is located in the vessel wall (Reglin et
al., 2009). However, this feedback mechanism cannot be effective
if the vessel density is too low and diffusion distances are too high
(Fig. 4, lower panels). In that case, signals originating in hypoxic
tissue regions, such as diffusible vascular growth factors, must
be capable of stimulating the growth of new blood vessels by
(sprouting) angiogenesis (Carmeliet, 2005).

Tumor microcirculation

An example of the changes in functional characteristics of vas-
cular networks resulting from faulty vascular adaptation is provided
by the tumor microcirculation (Pries et al., 2009; Sorg et al., 2008).
The heterogeneous oxygen distribution, including hypoxic and
anoxic regions, is a serious problem for radio- or chemotherapy
(Hicks et al., 2006; Moeller et al., 2007). Based on studies using
the approach described here and observations of microvascular
network structure in tumors, we recently concluded that a defectin
the conducted responses along vessel walls is the main cause for
the observed aberrant structural and functional properties (Pries et
al., 2009). The resulting reduction of upstream information transfer
along vessels leads according to the reasoning presented above
to the formation of functional arterio-venous shunts and inefficient
distribution of flow and oxygen. This result was obtained irrespective
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of the specific network topology considered. For example, normal
adaptation characteristics were shown to generate network proper-
ties very close to those measured in normal networks irrespective
even when a tumor network topology was used as a starting point
(Fig. 5) (Pries etal., 2009). In contrast, vascular adaptation without
conducted responses led to functional shunting and large under-
perfused areas, even when a normal vascular network structure
was used as the initial condition.

Integration of vascular responses

As indicated by the preceding discussion, the control of blood
flow distribution in tissues depends on a large number of biological
processes, including angiogenesis, pruning, structural adaptation
of vessel diameter and wall thickness, and changes in vascular
tone (Fig. 6). A major remaining challenge is the development of
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Fig. 5. Faulty vascular adaptation as a cause for aberrant
tumor microcirculatory properties. Vascular patterns genera-
ted by using normal and modified (‘tumor’) adaptation rules in
a mesenteric network (upper row) and a tumor network (lower
row) are compared to results obtained with experimentally
measured vessel diameters. Experimental data are shown in
the left column. Simulated ‘normal adaptation’ (middle column),
using standard model parameters optimized for normal network
characteristics leads to adequate blood flow distribution in both
the normal and the tumor network. In contrast, simulated ‘tumor
adaptation’ (right column), with abolished information transfer
via conduction results in increased structural heterogeneity,
functional shunting andlarge underperfusedareas, in comparison
to the mesenteric network.

¥

¢ concepts and models for understanding the interplay and

coordination of these processes. Responses to multiple
stimuli may be involved in each aspect of the system. For
an example, consider the short and long-term responses
of vascular networks to inadequate oxygen supply. The
arguments given above imply that signals derived from the
vessel wall are most suitable to drive structural vascular
diameter adaptation (Reglin et al., 2009). In contrast, the
considerations detailed in Fig. 4 suggest thatin situations
with excessive diffusion distances where the generation
of new vessels by sprouting angiogenesis is required,
tissue-derived factors are involved. Finally, factors derived
from red blood cells have been shown to be important in
the control of vascular tone (Arciero et al., 2008; Ellsworth et al.,
1995; Ellsworth et al., 2009).

Splitting (intussusception) and sprouting are two distinct modes
of angiogenesis. A combination of metabolic and hemodynamic
factors may determine which of these two modes occurs. The
differentiation appears to be governed by specific patterns of
oxygen availability, angiogenic factors and hemodynamic conditions
(Djonov et al., 2003; Hudlicka et al., 2006; Hudlicka and Brown,
2009; Makanya et al., 2005; Milkiewicz et al., 2001). Generally,
higher levels of shear stress and oxygen partial pressure seem to
favor splitting angiogenesis, while sprouting is more stimulated by
angiogenic factors released from the tissue in response to hypoxia.

Aclose relationship exists between the slower changes of vessel
diameter by structural adaptation and the fastregulation by changes
in smooth muscle tone (Carlson et al., 2008), occurring for instance
in response to changes in intravascular pressure. It was shown in

Fig. 6. Integrated view of physiological processes
controlling vascular structure and function. Vascu-

lar regulation includes short term changes of vessel
diameter effected by vascular smooth muscle and
tone (right), long term changes of vessel diameter
and wall mass by structural adaptation (middle),

and changes in vessel number by elimination of
unnecessary vessels by pruning or generation of
new vessels by the sprouting and splitting modes
of angiogenesis (left). These responses of a vascular

bed are controlled by metabolic and hemodynamic
signals derived, e.g., from the tissue, the vessel
wall or red cells, and by hemodynamic signals (wall

Tissue derived Wall derived Red cell, tissue, wall
growth factors factors derived factors
mn il ; I
Dynamics
-» ~ Structural Adaptation j;l Tone regulation
T (0) T, G T, O
Hemodynamic Signals
slow (days) slow (hours/ days) fast (seconds)
high threshold low threshold low threshold

shear stress, T, wall stress, o). The different modes
ofvascularregulation are closely interrelated and may
be induced by different combinations of the involved
stimuliand by specific temporal and dynamic patterns
of these stimuli (see text for further explanations).
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experiments with isolated arterioles that sustained vasoconstriction
leads to inward remodeling (Bakker et al., 2002). Also, structural
diameter adaptation leading to a continuous decrease of vessel
diameter may ultimately lead to the removal of the vessel segment
by pruning. The various modes of vascular regulation described in
this review may thus be elicited by different specific combinations
of stimuli and by particular spatial and temporal patterns. More
study of these processes and their interactions is needed to better
understand the control of vascular structure and perfusion and to
support the development of corresponding therapeutic strategies.
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