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ABSTRACT

Objective: Recent methods for imaging microvascular structures provide geometrical data on
networks containing thousands of segments. Prediction of functional properties, such as solute
transport, requires information on blood flow rates also, but experimental measurement of many
individual flows is difficult. Here, a method is presented for estimating flow rates in a
microvascular network based on incomplete information on the flows in the boundary segments
that feed and drain the network.

Methods: With incomplete boundary data, the equations governing blood flow form an
underdetermined linear system. An algorithm was developed that uses independent information
about the distribution of wall shear stresses and pressures in microvessels to resolve this
indeterminacy, by minimizing the deviation of pressures and wall shear stresses from target
values.

Results: The algorithm was tested using previously obtained experimental flow data from four
microvascular networks in the rat mesentery. With two or three prescribed boundary conditions,
predicted flows showed relatively small errors in most segments and fewer than 10% incorrect
flow directions on average.

Conclusions: The proposed method can be used to estimate flow rates in microvascular
networks, based on incomplete boundary data and provides a basis for deducing functional

properties of microvessel networks.
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INTRODUCTION

Methods for structural imaging of microvascular networks have developed rapidly in recent
years and can provide detailed information on three-dimensional networks containing thousands
of segments. Available methods include confocal imaging [2], reconstruction from serial
sections [4, 6, 11, 25] and micro-CT imaging [1, 3, 5]. These methods can be used to visualize
and quantify the complete vascular structure within tissue volumes of several cubic millimeters.
When combined with appropriate automated image processing algorithms [8, 13], such data can
be used to derive quantitative structural information in terms of the positions, lengths, diameters
and connectivity of the vessel segments forming the network.

The distribution of blood flow rates in microvascular networks fundamentally influences
perfusion, solute transport, flow regulation, and growth and adaptation in the vascular system.
However, available methods for direct observation of blood flow within individual vessels, such
as intravital microscopy or endocardial probes, are largely limited to sheet-like or surface
vascular networks. Approaches that can be used to measure microvascular flow in thicker
tissues, such as laser-Doppler flowmetry, Doppler optical coherence tomography or magnetic
resonance perfusion imaging, do not resolve individual microvessels, and yield spatially
averaged measurements. The ability to analyze and predict the functional properties of observed
microvascular network structures is thus hindered by the lack of correspondingly detailed flow
information.

Previous studies have provided a basis for predicting the distribution of blood flow in
microvascular networks [9, 20], taking into account effects resulting from the particulate nature
of blood. In these studies, the apparent viscosity of blood has typically been characterized as a

function of microvessel diameter and hematocrit using an empirical model [17, 23]. At
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diverging bifurcations, red blood cells are generally distributed such that daughter vessels at
diverging vessel bifurcations receive different hematocrits. Typically, the daughter vessel with
the higher flow rate has a larger discharge hematocrit. This unequal distribution of hematocrit
has been described by empirical models that depend on the diameters and flow rates in the parent
and daughter vessels and the hematocrit in the parent vessel [16, 17]. These relationships are key
components of models to predict the distribution of flows and hematocrits in a network, given
information on the diameters, lengths and topological arrangement of all segments [10, 22].
However, simulations of blood flow in a network also require boundary conditions, in the
form of flow or pressure values at all boundary nodes of the network and hematocrit values at all
nodes receiving inflows to the network. The large network structures that have been
experimentally observed typically have many boundary nodes. This is because the boundaries of
the region of observation do not coincide with tissue boundaries, meaning that they intersect with
a large number of vessel segments. The flows in the major feeding and draining vessels can
potentially be measured directly or deduced from measured or typical values of tissue perfusion,
but the flows in the numerous smaller microvessels forming the network boundary are generally
unknown, and must be estimated by some means. One approach is to assign pressure or flow
values to boundary vessels, based on typical values for vessels with similar diameters or types
[12, 14]. This approach inevitably involves some arbitrary assumptions, and may result in
unrealistic uniformity in parameter values, for instance if all boundary capillaries are assigned
equivalent flows or pressures. Therefore, an alternative approach is proposed here. This
approach involves minimizing the sum, over all segments in the network, of the squared
deviations of wall shear stresses and pressures from target values derived from independent

information about typical network hemodynamic properties. The goal of the present study is to
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develop and test a new mathematical and computational algorithm based on this approach.

METHODS

Network hemodynamics

The flow rate Q; in segment j of the network is assumed to be governed by Poiseuille's law with
an effective viscosity ;. For each segment, a positive flow direction is defined, from start node
to end node. The relationship between the nodal pressures p; and the segment flows can be

expressed in matrix form as

Q,=2XM;p,, (D

keN

where N is the set of all nodes (junctions) in the network and

+mr! / (8u Ky ), if k is the start node of segment j
M, =5—nr} /(8;41.6 ; ), if k is the end node of segment j )
0, otherwise

where r;, {; and y; denote the radius, length and effective viscosity of segment j. By conservation
of mass, the sum of the flows at each interior node is zero. This condition can be combined with

the conditions on the boundary nodes to give

> L0, +0Q, =0 forieN 3)

jes

where S denotes all segments in the network, and

-1, if i is the start node of segment j
L, =1+, if i is the end node of segment j 4
0, otherwise

If node i is a boundary node, then Qy; is the inflow (or outflow, if negative). At interior nodes,

Qoi =0. Combining (1) and (3) yields
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ZKikpk =-Q, forieN )
keN
where
K, = ZLiijk . (6)
jes

A pressure boundary condition can be imposed at node i by replacing the i-th row of the matrix K
with a single diagonal entry of 1 and replacing —Qy; by the prescribed pressure. If the pressure or
flow is known at every boundary node (Figure 1A), then the system (5) is fully determined and
can be solved by standard methods [10, 22].

The effective viscosity u; in segment j is determined as a function of the radius r; and the
hematocrit Hp; of each segment, using an empirical in-vivo viscosity relationship [23]. The
hematocrits can be computed from the flow rates Q;, using empirical relationships for hematocrit
partition at diverging bifurcations [16, 17]. In order to satisfy these relationships, an iterative
procedure is required to solve for the flows, hematocrits, and effective viscosities in each vessel.
Specifically, the flow in each vessel is calculated with initial values for discharge hematocrit.
These flow values are then used to update Hp; in each vessel. Effective viscosity is then
recalculated using the new hematocrits. These steps are repeated until convergence is reached

for Q;, Hp;, and y; in each vessel.

Estimation of flows with incomplete boundary conditions
We now address cases for which boundary conditions, in the form of specified flow or pressure
at each boundary node, are known only at a subset of the boundary nodes (Figure 1B). If the

boundary conditions are not all known, the system (5) becomes

zKikpk ==0y;» ielUB (7

keN
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where / is the set of interior nodes and B is the set of boundary nodes with known boundary
conditions. This system is underdetermined and has multiple solutions. In order to obtain a

unique solution, additional assumptions are required. In the present model, it is assumed that

©CoO~NOUTA,WNPE

information is available about the typical distributions of pressure and wall shear stress in the
13 network, such that a target pressure and wall shear stress can be defined for each segment. The
15 specification of these target values is discussed further below. Using these distributions, a

18 solution is sought that minimizes the total squared deviation D from the target values of

20 pressures and wall shear stresses:

1 1
23 D:EkPZWk(pk—pOk)2+5k,2zj(rj—roj)2 . (8)

24 keN jes
Here, 7; is the wall shear stress in segment j, 7o; is the corresponding target shear stress, pox 1s the
29 target pressure at node k, k, and k. are weighting factors associated with the pressure and shear

31 deviations from the target values, and wy is the vessel length associated with node k, defined as
35 ) J

38 where the sum is over the segments j connected to node k. This constrained optimization

a1 problem can be formulated in terms of a Lagrangian objective function

1 1
43 inkpzwk(pk _pOk)z +§k725j(fj _To]-)z + z i,(zKﬂcPk +Qo,ij )

45 keN jes ielUB keN
a7 where A; are Lagrange multipliers. At the solution, L is stationary with respect to the unknowns

50 piand 4;. In each segment, the shear stress is proportional to the flow rate:

gg ;= Cij =¢; I;Mjkpk , (10)

56 where ¢, =4p; /(nrﬁ) is held constant in the optimization. Setting OL/0p, =0 gives
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k. Hyp, +k,w,(p,—po)+ X Ko =k D 7o,¢,M L, ieN (11)

keN kelUB jes

where

H, =Y ciM Ml (12)

jes
Setting OL/0A, =0 recovers equation (7). Equations (7) and (11) form a square linear system

with unknowns p; and 4;, which can be solved using standard methods.

Target pressures and shear stresses

In this approach, the target pressures at each node and target shear stresses in each segment are
assumed to be constants or functions of other variables in the computation. The assumed values
may be obtained from observations of hemodynamic characteristics in sub-regions of the
experimental preparation accessible to direct measurement, e.g. by intravital microscopy, or
derived from experimental estimates and/or empirical correlations in similar experimental
systems. Prior information about values of pressures and shear stresses in the specific network
under consideration is not required.

In the simulations presented here, networks derived from morphological data from the rat
mesentery are considered [19]. Two approaches for setting the magnitudes of the target wall
shear stresses in these networks are examined. The first approach is to use a fixed value for all
segments. In this tissue, the frequency distribution of segment pressures, considering all vessel
types (arterioles, venules and capillaries), has a maximum at ~ 21 mmHg (see Figure 1A of [19],
relative pressure ~ 0.1). The average wall shear stress for segments with this pressure is ~ 15
dyn/cm2 [18]. Therefore, a target value lzgl = 15 dyn/cm2 was used. For one network, further

simulations were carried out to test the sensitivity of the results to this value.
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The second approach is based on experimental observations and simulations of blood
flow in microvascular networks that showed a systematic trend of increasing wall shear stress
with increasing intravascular pressure [18]. This trend was attributed to the structural adaptation
of microvessels in response to hemodynamic stimuli. Specifically, it has been observed that
increased wall shear stress results in active remodeling of the vessel wall to increase vessel
lumen diameter, whereas increased pressure causes inward remodeling of the vessel wall and a
reduction in lumen diameter. The combined effect of these two responses is considered to
underlie the observed correlation between pressure and shear stress [21]. The target shear stress
was calculated as a function of the actual midpoint pressure p; in each segment, using the

empirical pressure-shear relationship observed in mesenteric microvascular networks [18]:
[7,,| =100 86 - expi-5000- [log(log p, ). (13)

where shear stress and pressure are expressed in units of dyn/cm® and mmHg, respectively.
Because the target values lzgl depend on the current values of the segment midpoint pressures pj,
an iterative procedure was used in which segment pressures p; were estimated based on a given
set of lzg;l, and then Izl were updated according to equation (13).

The target pressure is set to a fixed value in all segments, pox = po = 31 mmHg, which is
the average of the feeding and draining pressures of rat mesenteric networks [19]. The term
proportional to k), in the objective function L biases the node pressures towards this value. The
results of the procedure depend on k, and &, only through their ratio, and &, was arbitrarily set to
0.1. In practice, k./k, > 1, and so the bias of node pressures towards py is relatively small.
Nonetheless, this term is necessary to constrain the nodal pressures to lie in a realistic range. For
one network, additional simulations were carried out to test the sensitivity of the results to the

target pressure.
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Since the flow directions in the network are not known a priori, it is necessary also to
specify the direction (sign) of the target wall shear stress in each segment. In principle, this
could be done by performing the optimization over all possible choices of target directions, but
this is not feasible for networks with hundreds or thousands of segments. Therefore, the
following heuristic strategy was employed. Initial flow directions were chosen randomly, and an
optimization was performed with a very small value (10™*) of the weight k, associated with the
shear stress term in the objective function, with Izl set to a constant value (5 dyn/cmz). The
resulting set of pressures and flow directions was used to re-assign 7y; in each segment, with the
sign of 7y; corresponding to the last computed flow direction. This process was then repeated
until two consecutive iterations gave the same flow directions in all segments. The value of .,
was then doubled, and the flow directions from the previous iteration were used to determine 7y,
for this new k, value. The above process was then carried out iteratively for a sequence of
geometrically increasing values of k,. The final shear stress weight, &, sin, Was chosen to
minimize the number of segments for which predicted flow directions were opposite to observed
flow directions.

The rationale for this procedure is that if k; were set to k; iy at the outset, without this
iterative procedure, the flow directions would be strongly biased to the initial, randomly assumed
directions and would not readjust to achieve a lower overall error, due to the large weight of k;
relative to k,. However, when k; 1s set initially to a small value, the bias towards the initially
assigned flow directions is small, allowing changes in flow directions (Figure 2). With
increasing k;, flow directions eventually stabilize, having achieved better estimates (i.e., lower
values of L) than would be achieved by simply fixing a k; value. This process is analogous to the

well-known optimization technique of simulated annealing [7].
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RESULTS

Identification of flow directions, estimation of k ,fin.
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11 The model was tested using experimental data from four networks of the rat mesentery, for

13 which flow rates were previously measured in all segments [22]. In these networks, the number
of segments ranged from 383 to 547, and the number of boundary conditions ranged from 22 to
18 40. In the initial testing of the method, two boundary conditions were prescribed in network I,
20 for the main feeding arteriole and the main draining venule. In networks II, III and IV, two main
venules drained the network and three boundary conditions were therefore prescribed, for the

25 main arteriole and the two main venules. In each case, the remaining boundary conditions were
27 left unknown. In networks I and II, the number of reversed segments reached a minimum near &,
30 = 0.4096, while in the other two networks, no clear minimum was reached (Figure 3). These

32 results were obtained using a fixed target wall shear stress, 15 dyn/cm”. Based on these results,
the final shear stress weight was set to k; fin = 0.4096 in all four networks. With this value, the
37 algorithm gave an average of 9.2% of the segments with predicted flow directions reversed

39 (incorrect) relative to the flow directions obtained when the correct boundary conditions were
applied to all boundary nodes. These results are summarized in Table 1. For one of the

44 networks (number I), the segments with reversed flows are identified in Figure 4. In this

46 network containing 547 segments, with 2 of 36 boundary conditions specified, the algorithm

49 resulted in incorrect flow directions in a total of 28 segments, including only 5 of the remaining
51 34 boundary segments. Many of the segments with reversed flow lie near the boundaries of the
53 network. This is to be expected, because the flow in a segment near the boundaries is sensitive

56 to a few unknown boundary conditions. Flow in a segment far from the boundaries depends on
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many boundary conditions, and is therefore not as sensitive to errors in individual boundary

conditions.

Estimation of flows and pressures

The segment flows and nodal pressures predicted for network I with two specified boundary
conditions are compared in Figure 5 with the corresponding estimates with all boundary
conditions specified. The results for the two sets of estimates are strongly correlated, although
large discrepancies exist in a relatively small subset of the segments. These results suggest that
the flow distributions estimated by this technique would provide a good basis for estimation of
functional properties of the networks, such as parameters associated with transport of oxygen and
other solutes. Figure 6 shows the effect of increasing the number of known boundary conditions
on the normalized root mean square deviation (Dygys) between segment flows predicted with
partial boundary information (Q;) and those predicted when all boundary conditions are known

(Qjo), defined as
1/2
Dys =| 2.0, =0, 1.0, (14)
jes jes

Boundary conditions were successively imposed in order of decreasing magnitude of observed
flow. As would be expected, Dygys approaches zero as more boundary conditions are specified.

To test the dependence of the results on the randomly chosen initial flow directions, we
performed simulations with 6 different randomized starting conditions, for network I. The
results with zero boundary conditions specified showed large variations (Figure 6), but with one

or more boundary conditions specified, the results were essentially independent of the assumed

starting conditions. We also computed results corresponding to Figures SA and 6 for red blood

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu 12



Page 13 of 29

©CoO~NOUTA,WNPE

Microcirculation

cell fluxes. The results (not shown) were essentially indistinguishable from those for blood flow

rate.

Sensitivity of results to assumed target values

The computations described above were repeated using a pressure-dependent target wall shear
stress Izl in each segment, according to equation (13). The results (not shown) did not differ
significantly from those obtained using Izl = 15 dyn/cm2 for all segments. Using a fixed target
lzg;l is simpler and requires less detailed hemodynamic information, and is therefore preferable.
When the simulation was repeated for network I with Izl = 30 dyn/cmz, the number of incorrect
flow directions and Dygys with two boundary conditions specified were almost doubled. This
indicates that Izl is an important parameter in the method. Increasing the target pressure pog
from 31 to 41 mmHg did not significantly change the number of incorrect flow directions or
Dyrus. However, decreasing pox to 21 mmHg led to a large increase in both the number of

incorrect flow directions and Dygus.

DISCUSSION

Methods for imaging the three-dimensional structure of microvascular networks have advanced
in recent years. However, the interpretation of the results of such studies in terms of the
functional properties of the microvasculature remains a challenge to be addressed. Basic
morphological measures such as vascular length density, vascular volume fractions or vessel-
vessel spacing provide very limited information about the ability of a network to perfuse a tissue
and to deliver an adequate supply of oxygen and other nutrients. Networks with similar values

of these parameters may nonetheless have entirely different functional characteristics because of
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different connectivity or diameter distributions. For example, in tumor networks, high levels of
perfusion and vascular density may coexist with significant tissue hypoxia because of functional
shunting of blood flow through short pathways [15]. Ideally, assessment of microcirculatory
function should thus be based on information on both structure and flow distribution. However,
detailed flow information is technically difficult to obtain in many cases of interest.

The theoretical method presented in this study is intended to address this lack of
experimental information. In this method, the distribution of flows in a network is computed
based on (i) known physical principles governing blood flow in microvascular networks; (i)
limited information about the flows or pressures at a few major vessels feeding and draining the
network; and (iii) independently derived empirical information about the distributions of
pressures and flows in the network. The algorithm uses a constrained optimization approach to
generate estimates of segment flows based on this incomplete information. These estimates are
shown to correlate well with the results obtained when full information on boundary conditions
is available. In some of the networks considered, blood flow velocities were previously
measured experimentally and flow rates were estimated [19, 23]. While these estimates could in
principle be used as an alternative standard for comparison with the results of the present
method, they are subject to experimental errors [23], leading to significant violation of flow
conservation at bifurcations. Consequently, the simulation cannot possibly reproduce the
experimentally observed flow rates. The goal of the algorithm is to estimate segment flow rates
in the absence of a full set of boundary conditions. Therefore, the appropriate standard of
comparison is the computed flow distribution with all boundary conditions known.

In this method, the role of the target shear stress and pressure is to ensure that these

parameters are in physiologically realistic ranges throughout the network, not to force shear
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stresses and pressures in each vessel to match the target values. The computed flows imply wide
distributions of shear stress and pressure in the network.

It must be recognized that this method has significant limitations. It represents an
attempt to solve a system that is mathematically underdetermined when constrained by the
available data. Therefore, the results are inevitably approximate. Despite good overall
agreement between results from this approach and the 'true’ values, significant errors are
obtained for a subset of segments in the network. These errors decline as the number of known
boundary conditions is increased. The method depends on the availability of independent
information on distributions of pressures and wall shear stresses in the type of network under
consideration. In the examples considered here, such information is available because of the
suitability of mesenteric networks for study by intravital microscopy. In other tissues, such data
are more difficult to obtain. While data from one tissue, such as mesentery, may be applicable to
other tissues, this approach may neglect systematic differences between the microcirculation of
different tissues. For example, tumors exhibit systematic differences from normal tissues, as
already mentioned. Finally, the algorithm is computationally intensive: hundreds of solutions to
the network flow problem must be computed as part of the optimization procedure. When
applied to networks containing hundreds of segments, the algorithm takes a few minutes to run
on a standard personal computer.

The algorithm does not require a priori information about whether vessels are arterioles,
capillaries or venules. If vessel types are known, such that flow directions can be specified in
advance in some vessels, then the model can readily be modified to take this into account, by
fixing the sign of the target shear stress in such vessels.

In conclusion, the method presented here enables the estimation of blood flows in all

15
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segments of a microvascular network, given incomplete information about flow or pressure in
the boundary segments, together with independent estimates or correlations describing
distributions of pressure and wall shear stress in the tissue under consideration. Structural
information in combination with flow information allows detailed simulations of transport of
oxygen and other solutes [24]. Therefore, we anticipate that this method will assist in the
interpretation of data obtained from three-dimensional imaging of microvascular networks
containing large numbers of segments, and will potentially lead to new insights into functional

properties of the microcirculation in various tissues under a range of conditions.
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Table 1. Percentage of reversed flows in mesenteric networks when two or three boundary

conditions are specified.

©CoO~NOUTA,WNPE

Network Network Number of Number of Number of Percentage of
reference segments boundary specified reversed flows
number conditions boundary (%)

conditions

I 2810 547 36 2 3.8%
II 1502 389 22 3 6.9%
I 1008 383 22 3 7.6%
IV 1508 392 40 3 18.4%

Average 9.2%

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu

17



©CoO~NOUTA,WNPE

Microcirculation Page 18 of 29

References

. Beighley PE, Thomas PJ, Jorgensen SM and Ritman EL. 3D architecture of myocardial

microcirculation in intact rat heart: A study with micro-CT. In: Analytical and
Quantitative Cardiology, edited by Sideman S. and Beyar R. New York: Plenum Press,

p. 165-175, 1997.

. Cassot F, Lauwers F, Fouard C, Prohaska S, and Lauwers-Cances V. A novel three-

dimensional computer-assisted method for a quantitative study of microvascular
networks of the human cerebral cortex. Microcirculation 13: 1-18, 2006.

Garcia-Sanz A, Rodriguez-Barbero A, Bentley MD, Ritman EL, and Romero JC. Three-
dimensional microcomputed tomography of renal vasculature in rats. Hypertension 31:
440-444, 1998.

Gerneke DA, Sands GB, Ganesalingam R, Joshi P, Caldwell BJ, Smaill BH, and Legrice
IJ. Surface imaging microscopy using an ultramiller for large volume 3D reconstruction
of wax- and resin-embedded tissues. Microscopy Research and Technique 70: 886-894,

2007.

. Heinzer S, Krucker T, Stampanoni M, Abela R, Meyer EP, Schuler A, Schneider P, and

Muller R. Hierarchical microimaging for multiscale analysis of large vascular networks.
Neuroimage 32: 626-636, 2006.

Kaneko N, Matsuda R, Toda M, and Shimamoto K. Three-dimensional reconstruction of
the human capillary network and the intramyocardial micronecrosis. American Journal of
Physiology-Heart and Circulatory Physiology 300: H754-H761, 2011.

Kirkpatrick S, Gelatt CD, and Vecchi MP. Optimization by Simulated Annealing.

Science 220: 671-680, 1983.

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu 18



Page 19 of 29

©CoO~NOUTA,WNPE

10.

11.

12.

13.

14.

15.

16.

Microcirculation

Lee J, Beighley P, Ritman E, and Smith N. Automatic segmentation of 3D micro-CT
coronary vascular images. Medical Image Analysis 11: 630-647, 2007.

Lee J and Smith N. Theoretical Modeling in Hemodynamics of Microcirculation.
Microcirculation 15: 699-714, 2008.

Lipowsky HH and Zweifach BW. Network analysis of microcirculation of cat mesentery.
Microvascular Research 7: 73-83, 1974.

Mayerich D, Abbott L, and McCormick B. Knife-edge scanning microscopy for imaging
and reconstruction of three-dimensional anatomical structures of the mouse brain.
Journal of Microscopy 231: 134-143, 2008.

Mittal N, Zhou Y, Linares C, Ung S, Kaimovitz B, Molloi S, and Kassab GS. Analysis of
blood flow in the entire coronary arterial tree. American Journal of Physiology-Heart and
Circulatory Physiology 289: H439-H446, 2005.

Nordsletten DA, Blackett S, Bentley MD, Ritman EL, and Smith NP. Structural
morphology of renal vasculature. Am.J Physiol Heart Circ.Physiol 291: H296-H309,
2006.

Pries AR, Cornelissen AJ, Sloot AA, Hinkeldey M, Dreher MR, Hopfner M, Dewhirst
MW, and Secomb TW. Structural adaptation and heterogeneity of normal and tumor
microvascular networks. PLoS Comput.Biol 5: e1000394-11 pp., 2009.

Pries AR, Hopfner M, le Noble F, Dewhirst MW, and Secomb TW. The shunt problem:
control of functional shunting in normal and tumour vasculature. Nat.Rev.Cancer 10:
587-593, 2010.

Pries AR, Ley K, Claassen M, and Gaehtgens P. Red cell distribution at microvascular

bifurcations. Microvascular Research 38: 81-101, 1989.

19

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu



©CoO~NOUTA,WNPE

17.

18.

19.

20.

21.

22.

23.

24.

25.

Microcirculation

Pries AR and Secomb TW. Microvascular blood viscosity in vivo and the endothelial
surface layer. Am.J.Physiol Heart Circ.Physiol 289: H2657-H2664, 2005.

Pries AR, Secomb TW, and Gaehtgens P. Design principles of vascular beds. Circulation
Research 77: 1017-1023, 1995.

Pries AR, Secomb TW, and Gaehtgens P. Structure and hemodynamics of microvascular
networks: heterogeneity and correlations. Am.J.Physiol 269: H1713-H1722, 1995.

Pries AR, Secomb TW, and Gaehtgens P. Biophysical aspects of blood flow in the
microvasculature. Cardiovasc.Res. 32: 654-667, 1996.

Pries AR, Secomb TW, and Gaehtgens P. Structural adaptation and stability of
microvascular networks: theory and simulations. Am.J.Physiol 275: H349-H360, 1998.
Pries AR, Secomb TW, Gaehtgens P, and Gross JF. Blood flow in microvascular
networks. Experiments and simulation. Circulation Research 67: 826-834, 1990.

Pries AR, Secomb TW, Gessner T, Sperandio MB, Gross JF, and Gaehtgens P.
Resistance to blood flow in microvessels in vivo. Circulation Research 75: 904-915,
1994.

Secomb TW, Hsu R, Park EY, and Dewhirst MW. Green's function methods for analysis
of oxygen delivery to tissue by microvascular networks. Ann.Biomed.Eng 32: 1519-1529,
2004.

Spaan JAE, ter Wee R, van Teeffelen JIWGE, Streekstra G, Siebes M, Kolyva C, Vink H,
Fokkema DS, and VanBavel E. Visualisation of intramural coronary vasculature by an
imaging cryomicrotome suggests compartmentalisation of myocardial perfusion areas.

Medical & Biological Engineering & Computing 43: 431-435, 2005.

URL: http://mc.manuscriptcentral.com/tandf/tandf/umic Email: microcir@msu.edu 20

Page 20 of 29



Page 21 of 29

©CoO~NOUTA,WNPE

Microcirculation

CAPTIONS

Figure 1. A. If boundary conditions (pressure or flow, including at least one pressure boundary
conditions) are specified at all boundary nodes of a network, and the flow resistances of all
segments are known, then the flow rates in all segments of the network are fully determined
(solid lines). B. With incomplete boundary data, the equations governing flow in the network
lead to an underdetermined linear system, and flows in some segments remain as unknowns

(dashed lines).

Figure 2. Schematic illustration of optimization algorithm. The two graphs represent the
dependence of the objective function on flow rate in one segment of the network. The objective
function consists of a component dependent on the flow direction and a component independent
of the flow direction but dependent on the deviation of the shear stress from the target value. A.
When k; is small, the flow directions can change readily, such that the objective function can
approach the global minimum. B. As k; increases, the flow directions become fixed according
to the result at preceding optimizations with smaller values of k;, but the flow rates are
increasingly determined by the minimization of the deviation of shear stress from the target

value.

Figure 3. Dependence of the number of reversed flows on the weighting factor k, for shear stress
in the optimization. A general trend towards reduction in number of reversed flows was found as
k. was sequentially increased. However, this trend was reversed at large values of k; in two

networks. The vertical dashed line corresponds to k, = 0.4096, the value used in the subsequent
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application of the method. A. Network I. B. Network II. C. Network III. D. Network IV.

Figure 4. Computer-generated map of network I. Flow directions predicted with two known
boundary conditions are compared with flow directions with all boundary conditions known.

Black: correct flow direction. Red: reversed flow direction.

Figure 5. Node pressures and segment flows in each segment of network I. Values predicted
with two known boundary conditions are plotted against values with all boundary conditions

known. A. Log(flows). B. Node pressures.

Figure 6. Normalized root mean squared deviation in segment flows (Dygrus), plotted as a
function of the number of known boundary conditions for network I. In the case of one known
boundary condition, the pressure at the main venular outflow is imposed. Flow boundary
conditions are then successively added in order of decreasing flow magnitude. The error bars
show the standard deviation of 6 results with different randomized starting conditions. The

starting conditions had negligible effects if one or more boundary conditions were specified.
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