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Microcirculatory Network Structures and Models
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Abstract—Terminal vascular beds exhibit a high degree of architecture, since local addition or removal of individual
heterogeneity. Pertinent parameters are nonlinearly related, andsegments would result in loss of symmetry.

their distributions are not independent. The classical “typical . . )
vessel” approach using averaged values for different vessel Structural network heterogeneity results in heteroge

classes may not lead to a correct understanding of physiology nei'Fy of network hemOdyna_miCS- As an example, the
and pathophysiology of terminal vascular beds. Such problems resistances to flow along different pathways through a
can be avoided by studying microcirculatory functions at the network may be considered. The variation of segment
network level using a combination of experiments and theoreti- length and diameter results in differences in flow resis-

cal models. In this approach, distributions and relationships of tance between alternative pathwavs. Heterogeneity of to-
pertinent parameters are measuiedvivo, leading to the de- W Ve pathways. g ity

velopment of comprehensive databases. Such databases can Haological network structure implies that different path-
analyzed and complemented by suitable mathematical models,ways consist of varying numbers of vessel segments.

permitting estimation of parameters that are difficult to mea- Thijs is an additional source for variations in pathway

sure, and critical assessment of quantitative theories and hy-f5w resistance which may increase or compensate the
potheses for microvascular function. This collaborative process -
variations due to heterogeneous geometry.

between experimentally and theoretically oriented investigators ! )
may be facilitated in the future by the development of web- ~ This heterogeneity represents a fundamental problem
based repositories of experimental data and theoretical models.when the “typical vessel” approach is used to analyze

© 2000 Biomedical Engineering Society. microvascular phenomena. In this approach, average
[S0090-696€00)00808-q qualities for a given class of vessels are derived from
experimental studies. The properties of such typical ves-
Keywords—Heterogeneity, Vascular networks, Mathematical ge|s and their interaction with the surrounding tissue can
simulations, Vascular adaptation, Structural autoregulation. then be analyzed using simplified models. The most
prominent example is the Krogh tissue cylindéra
model which proved to be very successful and popular
among generations of physiologists and their students.

Heterogeneity represents an inherent and functionally The behavior of larger entitievascular beds feeding

significant property of microvascular networks. Morpho- 9iVen fissue regionsare then derived by arranging the
logical, topological, hemodynamic, and functional pa- N€cessary number of vessels of a given class in parallel
rameters show obvious heterogenkft§6:19:27:30.35.39.47 and series coupling them with vessels of other classes, as

with coefficients of variation(CV=standard deviation/ done by F_'CR, as early as 1888 in an analysis of the
mean ranging from ~0.3 up to ~2 (Table 1. Some pressure dls_trlbutlon in terminal vascular beds.

degree of heterogeneity in the topology and morphology !N the typical vessel approach, the problem of hetero-
of microvascular networks is inevitable, given the func- 9eneity is dealt with by using averaged values of neces-
tional requirements satisfied by terminal vascular beds. S&Ty parameters. However, this assumes that the relations
They must supply regions at varying distances from the bgtwgen the pertinent parameters are linear and the dis-
major feeding and draining vessels, implying heteroge- tr_|bu_t|_ons of thgse p_qrameters are r_10t correlat(_ad. Many
neity of pathway length. In addition, network structures significant nonlinearities are found in the relations be-
must continually adapt during growth and upon changes tween microvascular parametdesg., between vessel di-

of functional demands. The capacity for adaptation is @meter and volume flow or between volume flow and

inconsistent with maintenance of a strictly symmetric diffusive exchangk In addition, relevant parameters are
significantly correlated®3%4? Therefore, results of

Address correspondence to A. R. Pries, MD, Freie UnivarBiea- simple typical vessel approaches have to be interpreted
lin, Department of Physiology, Amimallee 22, D-14195 Berlin, Ger- With caution. An alternative is the combination of experi-
many. Electronic mail: pries@zedat.fu-berlin.de mental techniques designed to obtain comprehensive
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TABLE 1. Heterogeneity of topological, morphological, and Input Mathematical model Output
hemodynamic parameters for 1003 capillaries in seven

microvascular networks of the rat mesentery.

 Emm——
Parameter AVG cVv ophologyand e e
topology of » ‘;“‘WW'
Generation number 11.9 0.37 microvascular networks ' linear analysis: Forall segments
Diameter (Mm) 8.72 0.28 as determined in vivo ‘? pressure, flow (n 300_1000):
Length (um) 424 0.65 Boundary condifons = B3 B S . pressure
i P heological analysis: = fow

Hematocrit (Hy) 0.23 0.60 Rheological laus: ! hematcr, viscosy hematocrt
Velocity (mm/s) 0.85 0.99 viscosity . ] ' —_ i

i phase separation == B diameter
Volume flow (nl/min) 3.11 1.76 Fahraeus.efiect - adaptation analysis:
RBC flow (nl/min) 1.15 1.92 diameter change in
Shear rate (diam/s) 103 1.62 Adaptaton s = response o mechanical
Pressure (mmHg) 28.3 0'33 and metabolical stimuli

FIGURE 1. Schematic representation of the model for simu-

lation of hemodynamics (gray) and vascular adaptation
samples of pertinent parameters for vascular networks (/ack) in microvascular networks. Hemodynamics: the
. . . . model simulation is based on the experimentally determined
with mathematical simulations to represent and model gata on the angioarchitecture and boundary conditions

their complex interactions, i.e., a network/simulation ap- (flow, hematocrit ) in microvascular networks of the rat me-
h sentery. In addition, parametric descriptions of the pertinent
proach. ; ; _ _ _
rheological relations (rheological laws ) derived from experi-
mental measurements in the same tissue were used. Recur-

NETWORK /SIMULATION APPROACH sive algorithms generate values for the hemodynamic pa-
rameters for all vessel segments. Adaptation: These data

vari dels h b d | d t | could be used to simulate structural changes of vessel di-
arious models have been aevelope 0 analyze ymeter in response to vessels’ hemodynamic and metabolic

functional properties of microvascular  status according to a given set of adaptation rules.
networks/811:16:31.3336.45Their validity depends on the
size and precision of the experimental databases em-
ployed and on the correctness of the parametric descrip-pressure, cannot be measured for a large number of ves-
tions of elementary phenomena used for the simulation. sels without interfering with the functional state of the
The development of simulation techniques must there- network. Figure 2 shows the relationship between wall
fore be paralleled by the development of experimental shear stress and intravascular pressure in arterioles, cap-
techniques and databases. illaries, and venules of mesenteric microvascular net-
In the present study, a simulation mod€ig. 1) de- works, along with literature data for larger arterioles/
scribed and validated earlférwas used to analyze the arteries and venules/veins. Literature data on shear stress
principles underlying the design and adaptation of termi- for larger vessels exhibit substantial variability. How-
nal vascular beds. The model uses databases of networlever, average wall shear stress levels in larger arteries
structures that have been established by intravital micros-and veins agree with extrapolations of the present data,
copy of the rat mesentery: Vascular networks with an which show all three types of segments to exhibit an
area between 25 and 80 rirwere scanned. Photomon- essentially identical variation of wall shear stress with
tages and video recordings of the networks were then pressure. A monotonic transition from high to low shear
used to determine network topological structirennec- stress is seen as intravascular pressure falls from about
tion matriY and the length, diameter, and in some net- 50 to 15 mmHg. From these data, a pressure-shear hy-
works, flow velocity of all vessel segments. The number pothesis with respect to vascular adaptation was
of vessel segments per network ranged between aboutderived?® Vascular beds grow and adapt in response to
300 and 900. In addition, the simulations are based on hemodynamic conditions, so as to maintain local wall
parametric descriptions of three rheological phenomenashear stress at a level which depends on local intravas-
derived fromin vivo measurements(l) The dynamic cular pressure.
reduction of hematocrit in blood flowing through narrow In contrast to Murray’s classical minimum-cost
vessels(Fahraeus effegt (2) the nonproportional distri-  concept® the pressure-shear hypothesis provides an ex-
bution of red cells and plasma at arteriolar branch points planation for the physiologically vital arteriovenous
(phase separation effect3) effective blood viscosity as  asymmetry of vascular beds with low capillary pressures.
a function of vessel diameter and hemato@fiéhraeus— According to the hypothesis, vascular diameters adjust so
Lindgvist effec}. as to produce a decrease in wall shear stress along arte-
Using an iterative process, the simulation estimates riovenous pathways, paralleling the fundamental de-
hemodynamic parameterdematocrit, flow rate, pres- crease in pressure. Consequently, vessel diameters are
sure for all vessel segments in the microvascular net- smaller and the pressure drop is larger on the arterial
work. Some of these parameters, especially intravascularcompared to the venous sit This is reflected by
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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
(n=802), capillaries (n=745),
and venules (n=1019). In addi-
tion, wall shear stress values for
larger arterioles /venules and
arteries /veins calculated from
literature reports (Refs. 14, 23,
40, and 46) are shown.

0 HOUSE & JOHNSON, '86; cat venules (D ~ 180um, M. sartorius)

WALL SHEAR STRESS, dyne/cm?

A MAYROWITZ & ROY, '83; rat arterioles (D 50-100um, M. cremaster)

r T T T T T T T T T

40 60 80
PRESSURE, mmHg

'
100

microcirculatory pressure profilé&263* which demon-  ing vessels on the venular side to prevent the generation

strate that about 70% of the pressure drop are located inof proximal shunts and underperfusion of the more distal
nutritive capillaries. It seems likely that conduction of
electrical signals along the vessel wéllmay play a role

in this information transfer.

arterioles with diameters below 10@m. This is true
even in tissues with low or absent arterial vessel t@se

is the case for the rat mesentgryndicating that the
pressure profile is dominated by structural features of the
vessel networks.

VASCULAR ADAPTATION

Structural responses of vessels to the mechanical
forces exerted by flowing blood, i.e., transmural
pressure and shear stress at the endothelial
surfacé1®17.21.2224384143 %5 e peen demonstrated in a
large number of studies. Mathematical analy$&shave
demonstrated that adaptation of vascular segments only
in response to local shear stress and pressure lead tc
unstable and unrealistic network properties. Therefore,
the mathematical simulation of microvascular hemody-
namics had to be extended to include adaptive response:
to other stimuli, according to a defined set of adaptation
rules (Fig. 1).' These adaptation rules included the
known reactions to increased flogincrease of vessel
diametey and to increased pressuftdecreased luminal
vessel diametgr In addition, a response to the local
metabolic state of the tissue surrounding a vegdel
rived from blood flow was included. This response was
needed to prevent the collapse of a network to a single
arteriovenous path\_/vaYFlg. .3)' The final prereqU|3|te_ demand mismatch of the tissue surrounding a vessel seg-
was a transfer of information to the upstream feeding ment, prevents the collapse of a vascular network into a
vessels on the arteriolar side and the downstream drain-single arteriovenous pathway  (modified after Ref. 31 ).

Metabolic stimulus

FIGURE 3. Local metabolic stimulus, reflecting a supply /
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and physical mechanisms, and the model results should
be validated by experiments. These seemingly simple
requirements dictate changes in the approaches taken by
“experimentalists” and “modelers” to their work, as
well as increased cooperation between them.

In order to provide an appropriate basis for math-
ematical analyses, experimental data should ideally be
comprehensive, consistent, and valid for thevivo situ-
ation. To obtain a parametric description of a given
mechanism, the relation between pertinent dependent and
independent variables must be known over the range of
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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.

possible values(in the model or in physiological or
pathological statgs While such data are routinely re-
ported in some areas, e.g., electrophysiology of mem-
brane channelgéconductance versus potenjiathey are
very sparse in many other areas, e.g., effects of shear
stress on vascular tone in microvessels of different sizes.

Many studies report averages and distributions for indi-

The previously described combination of adaptive vidual parameterqe.g., arteriolar diameter in a given
stimuli represented a minimal set needed to achieve Preparation However, to be useful as a basis for real-

stable and realistic network properties, in the sense thatistic mathematical models, data should be included on
the simulated process of vascular diameter adaptation ledthe relation between several pertinent parameters.,

to final distributions of vessel diameters and also of flow vessel diameter, length, topological position, hemody-
rates and pressures, close to the original values. Basechamic characteristi¢gslt is perhaps ironic that the devel-
on this validation, the model was used to predict the opments of molecular techniques that have permitted the
adaptive responses to changes of the driving pressureaccumulation of comprehensive data on the genome have
across the networkFig. 4). The adaptive vascular re-  giso led to increased emphasis on semiquantitative ap-
sponses in the microvascular network lead to a more y ., hes and thinking in the physiological sciences.
than fivefold increase in flow resistance with increasing In developing model approaches, caution is required

riving pr re. This i r ion similar h . . .
d g pressure S Is a reaction similar to the acute in using ad hocassumptions or untested hypotheses to

autoregulatory response of vascular beds such as kidney , i 7
and brain. and was thus called structural make up for a lack of experimental data. While this is

autoregulatiorjr.o'lz The model simulatior® demon- unavoidable to some extent in any simulation, if not

strated that structural autoregulation is linked closely to restricted to a minimum it may lead to unrealistic model
the pressure dependence of vascular responses. As statgaredictions and reduce the confidence of the scientific
in the discussion of the pressure-shear hypothé&sie community in the modeling approach. Theoretical mod-
Fig. 2), this dependence is also crucial for the arterio- els that are firmly based on comprehensive experimental
venous asymmetry of vascular beds and a low capillary databases can provide a means to predict parameters that
pressure. Thus, the results of the model simulations sug-cannot be readily measured. Perhaps more importantly,
gest that structural autoregulation is a fundamental prop- they can provide critical, quantitative tests of theories
erty of vascular beds that exhibit arteriovenous asymme- regarding microvascular network function, and can sug-
ty. gest new hypotheses that can be tested by refined experi-
mental approaches.

Thus, there is a need for experimentalists and model-

The study of microcirculatory networks is an area ers to work together more closely in developing the ex-
where reductionist experimental approaches alone do notperimental databases and the corresponding mathematical

lead to an adequate understanding of the physiologicaISimU|ati0ns required to understand the functioning of mi-
behavior. The physical and biological interactions in- crocirculatory networks. Such collaborations may be fa-

volved are complex and nonlinear, and must be ana|yzedcilitated by the future development of the Microcircula-
with the help of mathematical models. Furthermore, the tion Physiome, part of the “Physiome” Project, as a
mathematical modeling has to be closely related to the medium for communicating both experimental data and
actual situationin vivo and to the pertinent biological theoretical approaches among investigators in this area.

FUTURE DEVELOPMENTS
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