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Abstract—Terminal vascular beds exhibit a high degree
heterogeneity. Pertinent parameters are nonlinearly related,
their distributions are not independent. The classical ‘‘typi
vessel’’ approach using averaged values for different ve
classes may not lead to a correct understanding of physio
and pathophysiology of terminal vascular beds. Such proble
can be avoided by studying microcirculatory functions at
network level using a combination of experiments and theor
cal models. In this approach, distributions and relationships
pertinent parameters are measuredin vivo, leading to the de-
velopment of comprehensive databases. Such databases c
analyzed and complemented by suitable mathematical mod
permitting estimation of parameters that are difficult to me
sure, and critical assessment of quantitative theories and
potheses for microvascular function. This collaborative proc
between experimentally and theoretically oriented investiga
may be facilitated in the future by the development of we
based repositories of experimental data and theoretical mo
© 2000 Biomedical Engineering Society.
@S0090-6964~00!00808-0#
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HETEROGENEITY, NONLINEARITY, AND
INTERACTIONS

Heterogeneity represents an inherent and function
significant property of microvascular networks. Morph
logical, topological, hemodynamic, and functional p
rameters show obvious heterogeneity1,2,5,6,19,27,30,35,39,47

with coefficients of variation~CV5standard deviation
mean! ranging from ;0.3 up to ;2 ~Table 1!. Some
degree of heterogeneity in the topology and morpholo
of microvascular networks is inevitable, given the fun
tional requirements satisfied by terminal vascular be
They must supply regions at varying distances from
major feeding and draining vessels, implying hetero
neity of pathway length. In addition, network structur
must continually adapt during growth and upon chan
of functional demands. The capacity for adaptation
inconsistent with maintenance of a strictly symmet
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architecture, since local addition or removal of individu
segments would result in loss of symmetry.

Structural network heterogeneity results in hetero
neity of network hemodynamics. As an example, t
resistances to flow along different pathways through
network may be considered. The variation of segm
length and diameter results in differences in flow res
tance between alternative pathways. Heterogeneity of
pological network structure implies that different pat
ways consist of varying numbers of vessel segme
This is an additional source for variations in pathw
flow resistance which may increase or compensate
variations due to heterogeneous geometry.

This heterogeneity represents a fundamental prob
when the ‘‘typical vessel’’ approach is used to analy
microvascular phenomena. In this approach, aver
qualities for a given class of vessels are derived fr
experimental studies. The properties of such typical v
sels and their interaction with the surrounding tissue c
then be analyzed using simplified models. The m
prominent example is the Krogh tissue cylinder,20 a
model which proved to be very successful and popu
among generations of physiologists and their stude
The behavior of larger entities~vascular beds feeding
given tissue regions! are then derived by arranging th
necessary number of vessels of a given class in par
and series coupling them with vessels of other classes
done by Fick9 as early as 1888 in an analysis of th
pressure distribution in terminal vascular beds.

In the typical vessel approach, the problem of hete
geneity is dealt with by using averaged values of nec
sary parameters. However, this assumes that the rela
between the pertinent parameters are linear and the
tributions of these parameters are not correlated. M
significant nonlinearities are found in the relations b
tween microvascular parameters~e.g., between vessel di
ameter and volume flow or between volume flow a
diffusive exchange!. In addition, relevant parameters a
significantly correlated.28,30,42 Therefore, results of
simple typical vessel approaches have to be interpre
with caution. An alternative is the combination of expe
mental techniques designed to obtain comprehens
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917Microcirculatory Networks and Models
samples of pertinent parameters for vascular netwo
with mathematical simulations to represent and mo
their complex interactions, i.e., a network/simulation a
proach.

NETWORK ÕSIMULATION APPROACH

Various models have been developed to anal
functional properties of microvascula
networks.7,8,11,16,31,33,36,45Their validity depends on the
size and precision of the experimental databases
ployed and on the correctness of the parametric desc
tions of elementary phenomena used for the simulat
The development of simulation techniques must the
fore be paralleled by the development of experimen
techniques and databases.

In the present study, a simulation model~Fig. 1! de-
scribed and validated earlier33 was used to analyze th
principles underlying the design and adaptation of ter
nal vascular beds. The model uses databases of net
structures that have been established by intravital mic
copy of the rat mesentery: Vascular networks with
area between 25 and 80 mm2 were scanned. Photomon
tages and video recordings of the networks were t
used to determine network topological structure~connec-
tion matrix! and the length, diameter, and in some n
works, flow velocity of all vessel segments. The numb
of vessel segments per network ranged between a
300 and 900. In addition, the simulations are based
parametric descriptions of three rheological phenom
derived from in vivo measurements:~1! The dynamic
reduction of hematocrit in blood flowing through narro
vessels~Fåhraeus effect!; ~2! the nonproportional distri-
bution of red cells and plasma at arteriolar branch po
~phase separation effect!, ~3! effective blood viscosity as
a function of vessel diameter and hematocrit~Fåhraeus–
Lindqvist effect!.

Using an iterative process, the simulation estima
hemodynamic parameters~hematocrit, flow rate, pres
sure! for all vessel segments in the microvascular n
work. Some of these parameters, especially intravasc

TABLE 1. Heterogeneity of topological, morphological, and
hemodynamic parameters for 1003 capillaries in seven

microvascular networks of the rat mesentery.

Parameter AVG CV

Generation number 11.9 0.37
Diameter (mm) 8.72 0.28
Length (mm) 424 0.65
Hematocrit (HT) 0.23 0.60
Velocity (mm/s) 0.85 0.99
Volume flow (nl/min) 3.11 1.76
RBC flow (nl/min) 1.15 1.92
Shear rate (diam/s) 103 1.62
Pressure (mmHg) 28.3 0.33
-
-

k
-

t

r

pressure, cannot be measured for a large number of
sels without interfering with the functional state of th
network. Figure 2 shows the relationship between w
shear stress and intravascular pressure in arterioles,
illaries, and venules of mesenteric microvascular n
works, along with literature data for larger arteriole
arteries and venules/veins. Literature data on shear st
for larger vessels exhibit substantial variability. How
ever, average wall shear stress levels in larger arte
and veins agree with extrapolations of the present d
which show all three types of segments to exhibit
essentially identical variation of wall shear stress w
pressure. A monotonic transition from high to low she
stress is seen as intravascular pressure falls from ab
50 to 15 mmHg. From these data, a pressure-shear
pothesis with respect to vascular adaptation w
derived:29 Vascular beds grow and adapt in response
hemodynamic conditions, so as to maintain local w
shear stress at a level which depends on local intrav
cular pressure.

In contrast to Murray’s classical minimum-cos
concept,25 the pressure-shear hypothesis provides an
planation for the physiologically vital arteriovenou
asymmetry of vascular beds with low capillary pressur
According to the hypothesis, vascular diameters adjus
as to produce a decrease in wall shear stress along
riovenous pathways, paralleling the fundamental d
crease in pressure. Consequently, vessel diameters
smaller and the pressure drop is larger on the arte
compared to the venous side.4,48 This is reflected by

FIGURE 1. Schematic representation of the model for simu-
lation of hemodynamics „gray … and vascular adaptation
„black … in microvascular networks. Hemodynamics: the
model simulation is based on the experimentally determined
data on the angioarchitecture and boundary conditions
„flow, hematocrit … in microvascular networks of the rat me-
sentery. In addition, parametric descriptions of the pertinent
rheological relations „rheological laws … derived from experi-
mental measurements in the same tissue were used. Recur-
sive algorithms generate values for the hemodynamic pa-
rameters for all vessel segments. Adaptation: These data
could be used to simulate structural changes of vessel di-
ameter in response to vessels’ hemodynamic and metabolic
status according to a given set of adaptation rules.
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FIGURE 2. Wall shear stress in
rat mesenteric arterioles, capil-
laries, and venules as a function
of intravascular pressure. Data
for vessel segments of six net-
works are given for arterioles
„nÄ802…, capillaries „nÄ745…,
and venules „nÄ1019…. In addi-
tion, wall shear stress values for
larger arterioles Õvenules and
arteries Õveins calculated from
literature reports „Refs. 14, 23,
40, and 46 … are shown.
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microcirculatory pressure profiles,18,26,34 which demon-
strate that about 70% of the pressure drop are locate
arterioles with diameters below 100mm. This is true
even in tissues with low or absent arterial vessel tone~as
is the case for the rat mesentery!, indicating that the
pressure profile is dominated by structural features of
vessel networks.

VASCULAR ADAPTATION

Structural responses of vessels to the mechan
forces exerted by flowing blood, i.e., transmur
pressure and shear stress at the endothe
surface3,15,17,21,22,24,38,41,43,44have been demonstrated in
large number of studies. Mathematical analyses13,15 have
demonstrated that adaptation of vascular segments
in response to local shear stress and pressure lea
unstable and unrealistic network properties. Therefo
the mathematical simulation of microvascular hemod
namics had to be extended to include adaptive respo
to other stimuli, according to a defined set of adaptat
rules ~Fig. 1!.31 These adaptation rules included th
known reactions to increased flow~increase of vesse
diameter! and to increased pressure~decreased lumina
vessel diameter!. In addition, a response to the loc
metabolic state of the tissue surrounding a vessel~de-
rived from blood flow! was included. This response wa
needed to prevent the collapse of a network to a sin
arteriovenous pathway~Fig. 3!. The final prerequisite
was a transfer of information to the upstream feed
vessels on the arteriolar side and the downstream dr
l

l

y
o

s

-

ing vessels on the venular side to prevent the genera
of proximal shunts and underperfusion of the more dis
nutritive capillaries. It seems likely that conduction o
electrical signals along the vessel walls37 may play a role
in this information transfer.

FIGURE 3. Local metabolic stimulus, reflecting a supply Õ
demand mismatch of the tissue surrounding a vessel seg-
ment, prevents the collapse of a vascular network into a
single arteriovenous pathway „modified after Ref. 31 ….
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919Microcirculatory Networks and Models
The previously described combination of adapti
stimuli represented a minimal set needed to achie
stable and realistic network properties, in the sense
the simulated process of vascular diameter adaptation
to final distributions of vessel diameters and also of flo
rates and pressures, close to the original values. Ba
on this validation, the model was used to predict t
adaptive responses to changes of the driving press
across the network~Fig. 4!. The adaptive vascular re
sponses in the microvascular network lead to a m
than fivefold increase in flow resistance with increasi
driving pressure. This is a reaction similar to the acu
autoregulatory response of vascular beds such as kid
and brain, and was thus called structur
autoregulation.10,12 The model simulations32 demon-
strated that structural autoregulation is linked closely
the pressure dependence of vascular responses. As s
in the discussion of the pressure-shear hypothesis~see
Fig. 2!, this dependence is also crucial for the arter
venous asymmetry of vascular beds and a low capill
pressure. Thus, the results of the model simulations s
gest that structural autoregulation is a fundamental pr
erty of vascular beds that exhibit arteriovenous asymm
try.

FUTURE DEVELOPMENTS

The study of microcirculatory networks is an are
where reductionist experimental approaches alone do
lead to an adequate understanding of the physiolog
behavior. The physical and biological interactions i
volved are complex and nonlinear, and must be analy
with the help of mathematical models. Furthermore, t
mathematical modeling has to be closely related to
actual situationin vivo and to the pertinent biologica

FIGURE 4. Flow rate through a microvascular network in the
rat mesentery „left-hand side … and flow resistance „right-
hand side … as functions of driving pressure. Results were
obtained with a model simulation of blood flow and vascular
adaptation according to Fig. 1. Structural autoregulation, i.e.,
a less than proportional increase of flow rate „due to an
increase in flow resistance … with increasing driving pressure
is seen for pressures ranging from about 10 to 120 mmHg.
t
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and physical mechanisms, and the model results sho
be validated by experiments. These seemingly sim
requirements dictate changes in the approaches take
‘‘experimentalists’’ and ‘‘modelers’’ to their work, as
well as increased cooperation between them.

In order to provide an appropriate basis for ma
ematical analyses, experimental data should ideally
comprehensive, consistent, and valid for thein vivo situ-
ation. To obtain a parametric description of a giv
mechanism, the relation between pertinent dependent
independent variables must be known over the range
possible values~in the model or in physiological or
pathological states!. While such data are routinely re
ported in some areas, e.g., electrophysiology of me
brane channels~conductance versus potential!, they are
very sparse in many other areas, e.g., effects of sh
stress on vascular tone in microvessels of different siz
Many studies report averages and distributions for in
vidual parameters~e.g., arteriolar diameter in a give
preparation!. However, to be useful as a basis for rea
istic mathematical models, data should be included
the relation between several pertinent parameters~e.g.,
vessel diameter, length, topological position, hemod
namic characteristics!. It is perhaps ironic that the deve
opments of molecular techniques that have permitted
accumulation of comprehensive data on the genome h
also led to increased emphasis on semiquantitative
proaches and thinking in the physiological sciences.

In developing model approaches, caution is requi
in using ad hoc assumptions or untested hypotheses
make up for a lack of experimental data. While this
unavoidable to some extent in any simulation, if n
restricted to a minimum it may lead to unrealistic mod
predictions and reduce the confidence of the scien
community in the modeling approach. Theoretical mo
els that are firmly based on comprehensive experime
databases can provide a means to predict parameters
cannot be readily measured. Perhaps more importan
they can provide critical, quantitative tests of theori
regarding microvascular network function, and can su
gest new hypotheses that can be tested by refined ex
mental approaches.

Thus, there is a need for experimentalists and mod
ers to work together more closely in developing the e
perimental databases and the corresponding mathema
simulations required to understand the functioning of m
crocirculatory networks. Such collaborations may be
cilitated by the future development of the Microcircul
tion Physiome, part of the ‘‘Physiome’’ Project, as
medium for communicating both experimental data a
theoretical approaches among investigators in this ar



rs-

tals
ns.

tal

lar

ure

le
e?

e

of
on
ed.

el
ow

of

.

-

of
m
red
n-

ear
ks:

of

to
.

ter

of

the

B.
w

gu-

f
ary

.
to

:
m-

r,
e
nic

.

and
as-

of

f

the

rin-

and
and

ural
ry

ural
tion

oss.
d

re-
k-

-

and

tor

ses

920 A. R. PRIES and T. W. SECOMB
ACKNOWLEDGMENTS

This work was supported by the Deutsche Fo
chungsgemeinschaft~Pr271/5-1, 5-2, 5-3, and 5-4! and
by NIH Grant No. HL34555.

REFERENCES

1Bassingthwaighte, J. B. Physiological heterogeneity: Frac
link determinism and randomness in structures and functio
NIPS 3:5–10, 1988.

2Bassingthwaighte, J. B., R. B. King, and S. A. Roger. Frac
nature of regional myocardial blood flow heterogeneity.Circ.
Res.65:578–590, 1989.

3Benoit, J. N., and D. N. Granger. Intestinal microvascu
adaptation to chronic portal hypertension in the rat.Gastro-
enterology94:471–476, 1988.

4DeLano, F. A., G. W. Schmid-Scho¨nbein, T. C. Skalak, and
B. W. Zweifach. Penetration of the systemic blood press
into the microvasculature of rat skeletal muscle.Microvasc.
Res.41::92–110, 1991.

5Duling, B. R. Is red cell flow heterogeneity a critical variab
in the regulation and limitation of oxygen transport to tissu
Adv. Exp. Med. Biol.361:237–247, 1994.

6Duling, B. R., and D. H. Damon. An examination of th
measurement of flow heterogeneity in striated muscle.Circ.
Res.60:1–13, 1987.

7Fenton, B. M., D. W. Wilson, and G. R. Cokelet. Analysis
the effects of measured white blood cell entrance times
hemodynamics in a computer model of a microvascular b
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