
 

Hierarchical quantification of arterial vasculature based on
Strahler ordering
Citation for published version (APA):
Brouwers, H. (1996). Hierarchical quantification of arterial vasculature based on Strahler ordering. (DCT
rapporten; Vol. 1996.138). Technische Universiteit Eindhoven.

Document status and date:
Published: 01/01/1996

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/cbe66f03-d549-4121-977d-1dd3b0d62bba


Hierarchical quantification of arterial 
vasculature based on Strahler ordering 

H. Brouwers 

WFW report 96.138 

(report of practical work) 

Supervised by: Dr.1r. J.M. Huyghe and Ir. W.J. Vankan 
Faculty of Mechanical Engineering 

Eindhoven University of Technology 
October 1996 



Contents 

1 Introduction 

2 Methods 
2.1 Network models for the vascular blood flow . . 
2.2 The hierarchical mixture model . . . . . . . . . 
2.3 Quantification of the vascular hierarchy . . . . 
2.4 Strah!er ordering of vascular trees . . . . . . . . 
2.5 Arterial tree model . . . . . . . . . . . . . . . . 
2.6 Finite Element analysis . . . . . . . . . . . . . 

3 Results 

4 Discussion and conclusions 

5 References 

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . .  

. . . . . . . 

. . . . . . . 

. . . . . . . 
* . . . . . .  
. . . . . . . 
. . . . . . . 

2 

4 
4 
4 
6 
7 
9 

10 

12 

18 

20 

1 



Chapter 1 

Introduction 

Blood perfusion is a complex mechanism that  is responsible for nutrition and drainage in bio- 
logical tissue. Blood flows through an extensive network of blood vessels. This vascular system 
has a hierarchical architecture: blood fiows from one OT a few laïge supplying arteries throUgh a 
diverging, arteriolar vascular bed, reaches the capillaries and is drained by a converging venous 
vasculature. Blood perfused tissue can be described as a mixture of a fluid, which represents 
the blood, and a solid, which represents the surrounding tissue. A mixture description of blood 
flow through a hierarchical network was first developed by [Huyghe et al (1989a, 1989b)l. Blood 
flow was described by a spatial component and a hierarchical component. The latter quantified 
the flow between the vascular compartments, i.e. from the arterial towards the venous vessels. 
Huyghe and van Campen (1995) included this mixture description of blood perfusion in a finite 
deformation theory of hierarchical porous media. 
An integrated Finite Element (FE) description of finite deformation and blood perfusion of 
biological tissue was developed by Vankan e t  al (1996b) and it was implemented in the software 
package DIANA. The displacements of the solid, the mixture’s hydrostatic pressure and a number 
of hierarchical fluid pressures are taken as the nodal degrees of freedom. In the mixture theory, 
fluid flow through porous solids is described by a Darcy equation. In this equation, a permeability 
tensor relates volume averaged fluid flow t o  the gradient of volume averaged fluid pressure. In 
[Huyghe et al (1989a, 1989b)], an extended Darcy equation is presented, which accounts for both 
spatial and hierarchical components of fluid flow. Also, a quantitative relationship between the 
geometry of the microvasculature in a representative elementary volume and the fluid viscosity 
on one hand and the permeability tensor belonging t o  this representative elementary voIume on 
the other hand is given [Huyghe e t  al (1989a, 1989b), Huyghe & Van Campen (1995)l. This 
geometry-permeability relationship tends t o  be exact when the number of vessels within the 
averaging volume goes to  infinity. 
The description of the hierarchical flow in the extended Darcy equation requires tha t  the vascular 
hierarchy is quantified. This is achieved by a hierarchical parameter zo, which assigns a value 
between O and 1 t o  each hierarchical level. In [Huyghe et al (1989a)], a hierarchical quantification 
procedure is presented. In this procedure, the so-value was based on the diameters of the vessels 
within the vascular system. 
The reliability of the geometry-permeability relationship was investigated [Vankan e t  al (1996c)l. 
The number of vessels within the averaging volume was limited. FE blood pressure and flow 
results were compared t o  volume averages of network (NW) analysis results. Two different 
hierarchical quantification procedures (zo-definitions) were used; one was based on the blood 
pressure calculated in the network analysis and the other was based on vessel diameters ac- 
cording t o  [Huyghe e t  al (1989a)l. For both so-definitions, differences between the calculated 
network flows and pressures and the results of the FE calculations were found. The first so- 
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definition (pressure-based) gave better results than the second zo-definition (geometry-based). 
Two important conclusions were that  the FE results were very sensitive t o  the employed zo- 
definition, and that a good correspondence between FE results and NW results required a good 
correlation between the zo-value and the blood pressure [Vankan et al (1996c)l. 
The pressure-based zo-definition requires knowledge of the blood pressure values in the whole 
vascular tree. As this information is usually not available, the zo-definition must be based on 
other information, for example on structural data of the vasculature. However, the diameter- 
based definition of Huyghe [Huyghe et al (1989a)I resulted in poor correspondence between FE 
results and NW results. Therefore, in this study, an alternative zo-definition is developed, which 
is based on a hierarchical classification method for tree-like structures that  was developed for 
flow through rivers [Strahler (1952)]. 
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Chapter 2 

Methods 

This chapter elucidates methods for analysis of blood flow through vascular trees. In section 2.1, 
the use of network models for the simulation of vascular flow and their limitations are discussed. 
Section 2.2 deals with the hierarchical mixture mode:, which is advantageous with respect to the 
network models in the case of large vascular trees. The demands for the applied zo-definitions 
in case of the FE calculation are described in section 2.3, together with two zo-definitions that  
were used in previous studies. Other quantification methods, based on the so-called Strahler 
ordering scheme, are described in section 2.4. The arterial tree model that  is used in this study 
is dealt with in section 2.5 and the principles of the FE simulation are described in section 2.6. 

2.1 Network models for the vascular blood flow 

Network models are often based on simple approximations, such as Poiseuille flow in the vessels, 
straight vessels parts (segments) with a constant diameters and a constant fluid viscosity inside 
the vessels. 
Blood flow through a vascular tree can be calculated by network analysis. Pressure boundary 
conditions are prescribed at the proximal end of the feeding arteries and the distal end of 
the terminal capillaries: high pressure at  the arterial inflows and low pressure at the capillary 
outflows. A part of a vessel which is contained between two bifurcations is called a segment. 
According to Poiseuille’s law, the pressure-flow relation in each segment can be written as: 

AP 
7rd4 Q=w 

where Q represents the volumetric flow and AP is the pressure drop in a segment. From the 
connectivity of the segments, a system of linear equations can be derived for the pressure-flow 
relation in the whole network. 
For the numerical analysis of blood flow through a certain hierarchical vasculature, detailed 
computer-generated modeis of branching arterial and venous trees have been developed [Schreiner 
(1993), Schreiner 8.z Buxbaum (1993)l. Demands for the structure of network models of vascular 
trees can be determined by measurements of general network features in a specific piece of tissue, 
for example in a rat spinotrapezius muscle [Skalak & Schmid-Schönbein (1986)l. 

2.2 The hierarchical mixture model 

For small vascular trees, network models can be used successfully in order to determine the 
pressure and flow characteristics in the vasculature. The complexity of the network models 
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increases with increasing number of vessels. 
The hierarchical mixture model contains a continuum description of blood perfusion, in which 
volume averaged values of blood pressure and flow are used. Due t o  the volume averaging 
procedure, the complexity of the hierarchical mixture model is independent of the complexity of 
the vasculature, which makes the use of the mixture model advantageous for analysis of blood 
flow through large vascular trees. 
In the hierarchical mixture model, blood perfusion is described as fluid flow through a hierar- 
chical system of distensible pores in a deforming porous solid. This model is based on the local 
conservation equations of fluid mass, solid mass and momentum. The constitutive behaviour of 
the fluid in the hierarchical mixture is described by an extended Darcy equation. In [Huyghe e t  
al (1989a, 1989b)], the extended Darcy equation is derived, assuming Poiseuillian fluid flow on 
the level of individual vessels. 
In this study, only two-dimensional, r i g i d ,  non-d i s t ens ib l e  vascular trees in non-de  f o r m i n g  
tissue are considered in which a steady Poiseuillian flow is assumed. Due to these simplifications, 
the conservation equations, together with the extended Darcy equation, are reduced to  one 
governing UEerz~tia! eyuat im,  which represe~ts !=ca! cmservaticn cf fluid mass [Vankan et al 
(1996c)l: 

where ííf represents the volume averaged fluid pressure and 4k is the hierarchical Darcy per- 
meability tensor. A tilde ' - ' above a quantity indicates that  this quantity depends on the 
hierarchical position in the vasculature. The 4-dimensional operator 4? and the 4-dimensional 
permeability tensor 4 2  are denoted 

where &O represents the hierarchical 
k is the spatial permeability tensor 

as : 

a 4v= -+ [ 71 
4k= [ 2 $1  (2.4) 

- -+ 
permeability, ko is the cross-term permeability vector and 

The Slattery-Whitaker averaging theorem was used [Huyghe et al (1989a, 1989b)l to  derive a 
volume averaged representation of the fluid flow through the vasculature. For 4 K ,  the following 
expression was derived: 

rL- Y is the cixrvilinear roorci,inat,e renro- 
senting the distance along the vessel axis, d is the vessel diameter, ~ ( d )  the diameter dependent 
fluid viscosity, 4Z = (z0,Z) the hierarchical and spatial positions of the vessels and (f)* the real 
volume average of quantity f [Huyghe e t  al (1989a, 1989b)l. 
The permeability tensor in a point (z0,Z) is uniquely defined by the fluid viscosity q ( d )  and 
the geometry of the vasculature within the averaging volume VaVS surrounding x and belonging 
t o  the hierarchical compartment 8x0 surrounding zo. In the case of straight segments and a 
diameter independent viscosity, a permeability tensor 4 K,,l for volumetric fluid flow can be 
derived from Eq. 2.5 by taking the circular vessel cross sections into account. The components 
of this permeability tensor can be written as: 

where ñf U e ~ ~ t e s  the EuiU vc!ume fractim per ?Ir;+ u I I Y  m", ,,.- 
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where n, is the number of segments belonging t o  the hierarchical compartment 8x0 and within 
the Vavg surrounding 2 (Figure 2.1). 

/ 12 
/ 

\ I  

Figure 2.1: Contribution of a segment within 8x0 and Vavg surrounding 2 (shaded area within 
Vavg) to 4 k v o l  

2.3 Quantification of the vascular hierarchy 

In the previous section, an expression for the permeability tensor for volumetric flow was derived 
(Eq. 2.6). In this equation, 8x0 denotes one hierarchical compartment (for example the arterial 
compartment), which is a representative elementary part of the hierarchical range. The subdivi- 
sion of the hierarchy into compartments requires that  the whole hierarchical range is quantified. 
This is achieved by assigning a hierarchical parameter xo t o  each hierarchical level. This param- 
eter runs from 0.0 a t  the proximal end (e.g. arterial level) to 1.0 at the distal end (e.g. capillary 
level). The quantified hierarchical range, together with the spatial quantification of the vascular 
tree, i.e. geometry, are used for the calculation of 4Kvol (Eq. 2.6). This permeability tensor is 
used in the FE simulation. 
In [Vankan et a2 (1996c)], two zo-definitions were used t o  calculate the zo-value for each point 
in the vascular hierarchy. One zo-definition used was directly related to  the fluid pressure: 

20 = -Pnw (2.7) 

where P,, is the computed network pressure. The negative value of the fluid pressures was 
used t o  obtain increasing zo-values in the direction from the proximal end of the feeding artery 
(ZO = 0.0) towards the distal end of the capillaries (zo = 1.0). With this definition, further 
referred t o  as the pressure definition, a total FE flow of 1.089. m3/s was calculated, which 
was 96% of the total NW flow. The vascular tree that was used, will be used in this study also. 
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The quality of the FE model was investigated in the case that zo was derived from structural 
parameters, such as vessel diameters in branching points: 

where dl is the largest diameter and dz is the second largest diameter in a branching point, 
and d, is a, characteristic diarneter, fsr exanisle the capillary diameter. If the branching point 
was a capillary terminal node, it was assumed that  d2 = d l  = d,. In between these branching 
points, the value of zo varied linearly. This definition is called the diameter definition. The FE 
simulation with this diameter definition gave a total flow of 0.705 ~ l op5  m3/s, which was 62% of 
the total network flow. Mainly at the higher z o  levels, a wide range of fluid pressures was found 
for both the FE and the NW analysis. This was due to the zo-definition, which corresponded 
poorly to  the fluid pressure. 
The primary unknown quantity in the hierarchical mixture model, ,Uf(z,, Z) (Eq. 2-61, represents 
the fluid (blood) pressure, averaged over the segments within dzo  and Vuvg surrounding (zo, 2). 
Therefore 8x0 should, just like Vuvg, only contain segments in which the fluid pressure is within 
a relatively carrow range about the average pressure bf ~ As a consequence, the zo-value should 
be closely related t o  the fluid pressure in the vasculature in order t o  obtain a representative 
average value of the fluid pressure within the spatial averaging volume. 

2.4 Strahler ordering of vascular trees 

With the diameter definition, the main problem was that the connectivitity in the arterial tree 
was not taken in account. This connectivity is important t o  make a distinction between two 
vessels of the same order, one of which is connected to  a large artery (low hierarchical position) 
and the other is connected t o  a small arteriole (high hierarchical position). To avoid this problem, 
a hierarchical ordering scheme can be used t o  incorporate the connectivity of the vascular tree. 
In such a hierarchical ordering scheme, the most peripheral vessels are assigned order one. The 
method of ordering presented by Strahler [Strahler (1952)l was found t o  be particularly suitable. 
The major advantage of the Strahler ordering is that  it is purely topological, referring only to 
node-node interconnections and not t o  lengths, diameters, or orientations of the various vessels 
comprising a network. 
With the use of the Strahler method, vascular orders are assigned. The number of vessels, mean 
vessel diameter, and mean vessel length typically form a geometric progression in  successive 
orders. The Strahler method has been applied to the entire pulmonary arterial and venous trees 
[Koller et a2 (1987)l. 
Order 1 is assigned t o  the arteriole terminating in the capillary network as described above. 
When two vessels of order 1 join, a second-order segment is formed . The order of a segment 
is increased by one only if its two daughter segments are of equal orders; if the two daughter 
segmmts are of difiere~t crders, the parer,t segment retains the higher of the two orders. The 
bifurcations (nodes) at which the adjacent segments change their Strahler order are called main- 
nodes (Figure 2.2, where the highest Strahler order equals order 3). 
When the Strahler orders of all the segments in the tree are determined, the corresponding 
zo-values are calculated in three steps : 
S tep  1: The distal ends of the most distal capillaries, so vessels with order 1, get an zo-value 
of 1.0, while the proximal end of the feeding artery, so a vessel with the highest Strahler order 
in the whole tree, gets an zo-value of O.O. The result of this step is that  all the in- and outflow 
points of the vasculature have an zo-value and that  the zo-range is fixed. 
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linear Strahler definition 

zo-calculation , 
\ highest Strahler order 

,-’ quadratic Strahler definition 

2o ~~ 1 2 3 4 i 8 ,  highest Strahler order 

Figure 2.2: Illustration of the Strahler quantification method when the highest Strahler order 
equals order 3 

Step 2: Next, the zo-values of the main-nodes are determined. First, a linear relation between 
the highest Strahler order in a main-node (hstranod) and the zo-value is applied by: 

hstratree + 1) - ( h s t r a n o d )  
(2.9) xo = ( hstratree hstratree 

where hstratree denotes the highest Strahler order in the tree. This relation is depicted in 
Figure 2.2 with hstratree = 7. This zo-definition is further referred t o  as the linear Strahler 
definition. 
Also a quadratic relation between hstranod and xo was used t o  optimize the pressure-zo-relation, 
as will be explained later, and to  obtain this, the following formula was used: 

(hstranod) 
(hstratree + 20 = 1.0- (2.10) 

See also Figure 2.2. With this quadratic formula, further called the quadratic Strahler defi- 
nition, the zo-values in the main-nodes are different, resulting in other FE flow and pressure 
distributi9ns. 
Step 3: After fixing all the zo-values of the terminal nodes (S tep  1) and the main-nodes (S tep  2), 
the zo-values of all the other nodes are determined by linear interpolation: first, all the adjacent 
segments with the same Strahler order are called an element, that  means for example that an 
element of order 3 can contain one or more adjacent segments of order 3, with the restriction 
that these segments are coupled in series. Next, all the zo-values of the nodes of one specific 
element are calculated step by step using linear interpolation, starting with the highest order 
elements. 
At the beginning, one node of the highest order elements is picked, let’s assume tha t  this is node 
j .  Then a search for the neighbouring nodes begins from node j in two opposite directions along 
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the element towards its neighbouring nodes j 1  and j2. The neighbouring nodes of node j are the 
nodes which already have an zo-value and are attached t o  the same element as node j with the 
most nearby positions. These neighbouring nodes can be main-nodes or terminal nodes, but also 
other nodes which zo-values are already calculated. The two zo-values of these neighbouring 
nodes are determined and in the same time the distance from node j t o  node jl and node j2 
are calculated ( I 1  and l 2  respectively). With the following expression (linear interpolation) the 
zo-value of node j can be calculated: 

.o(j) = (zo(j2) * 11 + zo(j1) * Z 2 ) / ( l l  + 22)  (2.11) 

This expression is applied t o  node j and after this, the whole procedure will be repeated, 
continuing with all the other nodes on the highest order element. When all the zo-values of the 
highest order element are determined, this procedure is repeated for all the nodes on the second 
highest elements, except for these nodes which already have an zo-value. When this is finished 
too, the procedure is continued for the third highest order elements and so on, till all the nodes 
of the lowest order elements have an zo-value. 
When the whole process of calculating the zo-values of all the nodes of the tree is finished, the 
hierarchical positions of a!! the  vessels are quantified. By cemparing the FE resclts with the 
NW calculations, the quality of the zo-definition can be judged. 

2.5 Arterial tree model 

The computer-generated arterial tree model which is used in this study is depicted in Figure 2.3. 

Figure 2.3: Model for the arterial tree 

This model of the vascular tree contains 7999 segments, 4000 of which are capillaries, and is 
embedded in a square piece of tissue of 7.854-10-3 m2 weighing 100 g. The blood is modeled by a 
Newtonian fluid with a dynamic viscosity of 3 . 6 . 1 0 ~ ~  Pa s. According t o  the network analysis, it 
conveys a total blood flow of 1.133.10-5 m 3 / s ,  which results from the network pressure boundary 
conditions of 13.3 K P a  arterial pressure and 8.0 K P a  capillary pressure. 
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2.6 Finite Element analysis 

The blood perfused, square piece of tissue is modeled by a FE mesh of 12 * 12 equal, square 
linear elements, each containing 5 fluid compartments of 6x0 = 0.2. 
Permeability tensors are calculated according t o  Eq. 2.6 for each compartment of each FE. As a 
result of this calculation, a three-dimensional field of permeability tensors is created, each of them 
constant per FE and per compartment. A circular averaging volume with a diameter of three 
times the element edge size is used t o  achieve smooth variation of the element permeabiiity 
tensors. Volume averages of the network pressure (Eq. 2.12) at the lowest and the highest 
hierarchical level of the tree (artery and capillary level respectively) are prescribed as boundary 
conditions in the nodal points of the FE model (Figure 2.4). 

COMPARTMENTS 
FINITE ELEMENT MESH 

Figure 2.4: Illustration of the FE problem definition 

Hierarchical fluid pressures on the boundaries (.o,) of the compartments are calculated in the 
nodal points of the mesh, where i represents an index belonging t o  a specific boundary of a 
compartment. The FE results for fluid pressure represent the real volume averages of the fluid 
pressure. 
The corresponding volume averaged NW pressures (pLw,) can be determined as follows (Eq. 2.12): 

(2.12) 

where EnSZ can be explained as the sum over all segments (nSz )  within the averaging volume 
Vavg that  surrounds nodal point I and within the zo-range [zk, - (Sz0)/2 , zk8 + (Sz0)/2]. Pseg 
represents the average pressure in a segment, vseg is the volume of a segment and vf is the total 
fluid volume within Vavg: 

Vf = vseg (2.13) 
nsz 

The nodal values of the F E  fluid flow are calculated by taking the integral over the  domain of 
the nodal shape function # I ,  where I represents a specific nodal point, multiplied by the fluid 
flow passing a compartment boundary zo, per unit of volume. 
The corresponding value of the NW flow (Qiw8) can be expressed by Eq. 2.14: 

(2.14) 
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This previous equation can be explained as a summation over nCt segments of the product of the 
nodal shape function value at the position of the segment ($'(Z)> and the segment flow passing 
the compartment boundary (Qse,(xO,>). 
To evaluate the effect of the hierarchical quantification on the FE results, different zo-definitions 
are used. First, the pressure definition and an alternative diameter definition, in which each of 
the terminal outflow nodes is assigned xo = 1.0, are applied. Next, the linear and quadratic 
Strahler definitions are used. In the vascular tree of Figure 2.3, Strahler order runs from 1 t o  7. 
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Chapter 3 

Results 

In this chapter, the results of the FE simulations will be compared with the results of the NW 
analysis. In the first part, the results for the pressure definition and the alternative diameter 
definition wiii be presented. After that ,  the correlation between the netwûïk pïessüïe and the 
zo-value at one specific hierarchical level will be dealt with. Finally, the results of the  linear and 
quadratic Strahler definitions are discussed. 
For the pressure definition, a total FE flow of 0.1089. lop4 m3/s was obtained, which is 96% of 
the total NW flow. For the alternative diameter definition, the FE simulations result in a total 
flow of 0.0738. m3/.s, which corresponds t o  65% of the total NW flow. 
The distributions of the fluid pressure at  the pre-capillary level (zo = 0.8) and the fluid flow at the 
capillary level (zo = 1.0) are considered inside the FE domain. At this level, the distributions of 
these quantities are the most dependent on the zo-definition. The pre-capillary pressure is used, 
because the capillary pressure is prescribed as a boundary condition. The distribution results 
for the pressure definition and the alternative diameter definition are presented in Figure 3.1 
and Figure 3.2 respectively. 

In case that  zo is based on the pressure definition, the results for the F E  and the NW simu- 
lations correspond well. The locations of the area where the NW capillary flows are large are 
well predicted by the FE simulations. The maximum NW flow is less than the maximum FE 
flow. The FE pre-capillary pressure distribution doesn't correspond well with the NW pressure 
distribution. 
For the alternative diameter definition, the prediction of the NW flow distributions by the FE 
simulation is worse, compared to  the results tha t  are obtained with the pressure definition. 
The correspondence between the FE and NW pressure distributions is better for the  alternative 
diameter definition, although the FE-pressures are lower. 
To optimize the correspondence between the NW and the F E  pressure and flow distributions, 
as well as the total flow values, the relation between the dimensionless network pressEres and 
the applied zo-definitions has to  be as good as possible. For the pressure definition and the 
diameter definition, the zo-values versus the NVV pressure vaiues are presented in Figure 3.3 
and Figure 3.4 respectively. 
The pressure definition results in a straight line, because the zo-values are directly related to  
the network pressure. For the alternative diameter definitions, a relatively wide range of fluid 
pressures exists at the higher zo-levels. 
For relatively small zo-values (zo 5 O . l ) ,  the relationship between the zo-values and the dimen- 
sionless network pressure is uniquely defined in all the cases. This means that in the proximal 
part of the tree (the larger vessels), the pressure differences between the vessels with the same 
hierarchical position is very small. The more the hierarchical parameter (zo) increases, the more 
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Pre-capillary pressure 
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I 

I 

Figure 3.1: Comparison between NW and FE pre-capillary pressure (left) and NW and FE - 
capillary flow (right) in the case tha t  20 is calculated with the pressure definition 

- 

FE 

NW 

Pre-capillarv pressure capillary flow 

Figure 3.2: Comparison between NW and FE pre-capillary pressure (left) and NW and F E  
capillary flow (right) in the case tha t  xo is calculated with the alternative diameter definition 
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,". xo-orersure delinnion 

02 03 04 05  O 8  
1-1 

1 
. . .  

O 0.1 0.2 0.3 0.4 0.5 0.5 0.7 0.8 0.9 
07' " ' " ' ' " 2 08 O9 I xo 1-1 

Figure 3.3: zo versus NW pressure, with 
zo based on the pressure definition 

Figure 3.4: zo  versus NW pressure, with 
zo based on the alternative diameter defi- 
nition 

the pressures range of all the vessels at the s a ~ e  hierarchical leve! increases, and this hcrease ir, 
the pressure range is probably caused by the small capillaries which are attached t o  the larger 
arteries, in other words, small capillaries with relatively high pressure values. A large pressure 
range at one specific hierarchical level can affect the FE calculations. 
This is one of the reasons to try another quantification method, the Strahler method, which is 
not based on the diameter of the vessels, but purely on the hierarchical positions of these vessels. 
As a first trial, the linear Strahler definition was applied. For this definition, the zo-values versus 
the NW pressure values are presented in Figure 3.5. 

O O 1  O2 0.3 O 4  OS 0.5 0.7 0.8 09 I 
0.7' " ' " " ' " 

*) 1-1 

. . . . . .  

. , . . .  

O O 1 O2 0.3 O4 0.5 0.6 0.7 0.8 0.9 
07  " " " ' " 

*I 1-1 

Figure 3.5: zo versus NW pressure, with 
zo based on the linear Strahler definition 

Figure 3.6: zo versus NW pressure, with 
zo based on the quadratic Strahler defini- 
tion 

The wide range of fluid pressures at one hierarchical level is reduced compared to the results 
of the alternative diameter definition. The difference between the mean pressure value in a 
specific hierarchical range decreases with an increasing hierarchical position. This phenomenon 
is clearly visible in Figure 3.5 (zo versus NW pressure) and in Figure 3.7 (Strahler order versus 
NW pressure). A low Strahler order corresponds to a high zo-value. The relationship between 
the NW pressure and the Strahler order can not be changed. The only way to improve the 
correlation between the NW pressure and the hierarchical parameter zo is the introduction of a 
non-linear dependence of the zo-values on the Strahler order. A quadratic dependence is chosen 
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in quadratic Strahler definition. In this zo-definition, the boundary conditions z o  = O at the 
arterial inflow and zo = 1 at the capillary outflows were taken into account. 

zo-definition NW flow (*10-4 m3/4 FE flow (*io-4 m3/4 
pressure 0.1133 0.1089 

alternative diameter 0.1133 0.0738 
linear Strahler 0.1133 0.0708 

quadratic Strahler 0.1133 0.0961 

NW pressure vs. Strahier order 

FE/NW *loo% 
96% 
65% 
63% 
85% 

4 5 
Strahler order [-I 

Figure 3.7: Strahler order versus mean value (o) and standard deviation (-) of the NW pressure 
values for each Strahler order 

The best total flow agreements between NW and FE simulations can be obtained by taking 
the pressure definition. The alternative diameter definition gives larger differences in the total 
flow values. The linear Strahler definition seems t o  result in approximately the same total flow 
as the alternative diameter definition does. The quadratic Strahler definition shows a better 
correspondence between the FE total flow and the NW total flow, which is probably caused 
by the improved relationship between the hierarchical parameter zo and the network pressure. 
The pre-capillary pressure and capillary flow distributions for the linear and quadratic Strahler 
definition are presented in Figure 3.8 and Figure 3.9. 

The F E  pre-capillary pressure and capillary flow distributions for the linear Strahler definition 
does not differ much from the FE results of the alternative diameter definition. The positions 
and the values of the maximum FE flows are approximately the same for both zo-definitions. 
The quadratic Strahler definition obviously gives better F E  pre-capillary pressure and capillary 
flow distributions than the other zo-definitions. The FE pressure distributions and their maxi- 
mum values correspond well with the NW distributions, as well as the maximum values of the 
capillary flow and their positions. 
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NW 

Pre-capillary pressure capillary flow 
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Figure 3.8: Comparison between NW and FE pre-capillary pressure (left) and NW and F E  
capillary flow (right) in the case that 20 is calculated with the linear Strahler definition 

Pre-caDillarv Dressure capillary flow 

Figure 3.9: Comparison between NW and F E  pre-capillary pressure (left) and NW and FE 
capillary flow (right) in the case that ZO is calculated with the quadratic Strahler definition 
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Summarizing, the best comparison between network and FE results can be obtained by using 
the quadratic Strahler definition for the hierarchical quantification, in the case of a vascular 
geometry which corresponds t o  the geometry of the vascular model. 
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Chapter 4 

Discussion and conclusions 

The hierarchical mixture model has been used for quantitative analysis of fluid flow through 
vascular tree models. The Darcy permeabilities are derived from the micro-structure of the 
vascuiature. Therefore, the hierarchy and the spatial geometry of the vasculature have to be 
quantified. For the hierarchical quantification, a hierarchical parameter (zo) is used. 
The hierarchical parameter has to correlate t o  the fluid pressure as good as possible in order 
to be able t o  calculate the fluid flows in the vasculature accurately. To evaluate the influence 
of the hierarchical quantification on the F E  calculations, several zo-definitions are applied on a 
model of a vascular tree. 
The results of the F E  calculation with the pressure definition correspond well with the results 
of the NW analysis. Although, to  apply this definition on the vascular tree, the pressure values 
in the whole tree have to  be available, which is generally not the case. Therefore it is necessary 
to  base the zo-definition on structural data of the vasculature. For the alternative diameter 
definition, the correlation between the fluid pressure and the segment diameter is very poor, 
mainly in the arteriolar and capillary range, which causes a worse correspondence between the 
FE and NW total flows and pressure and flow distributions. 
In order to obtain a better correlation between the zo-value and the fluid pressure, a different 
approach of the hierarchical parameter definition is applied in this study: the Strahler ordering 
method. The advantage of this method is the capability t o  take the connectivity of the successive 
vessels into account. 
The correspondence between the FE simulation and the NW analysis is not improved with 
the linear Strahler definition, compared t o  the results of the alternative diameter definition, 
although the correlation between 20 and the fluid pressure is increased. In order t o  increase 
this correlation further, the quadratic Strahler is applied. The results for both the FE total 
in- and outflows, as well the FE flow and pressure distributions at capillary and pre-capillary 
level respectively, show an increased correspondence with the NW results. This is caused by the 
improved correspondence between the hierarchical parameter and the fluid pressure. The range 
of fluid pressures at the capillary level is reduced. 
In case of the Strahler quantification method, the dependence of the hierarchical parameter zo 
on the Strahler order at the main-nodes has a great influence on the FE pressure and flow results 
Therefore, other (non-linear) relations between 20 and the Strahler order may be derived which 
are even better than the quadratic Strahler definition. 
In literature, a modified Strahler method is described, and this method is called the diameter- 
defined Strahler method. The only differences are several restrictions, that  take the diameters 
of the vessels into account. Previous studies [Jiang et al (1994)l showed that the pressure range 
at one specific level of the capillaries can be further reduced by the diameter-defined Strahler 
ordering method in comparison t o  the conventional Strahler method. For this reason it would 
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be interesting to  use this method as another trial t o  improve the results of the FE calculations. 
In order t o  be able to  evaluate the influence of the hierarchical parameter on the FE pressure 
and flow results better, it is recommendable t o  carry out FE simulations on other vascular trees. 
The FE model of the vascular tree predicts the pressure and flow distributions in this vascular 
tree. The results of the simulations with this FE model depend on the method that  is used 
t o  quantify the hierarchy of these trees. The Strahler ordering method offers a good point of 
departure for a further improvement of the quantification of vascular trees. 
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