EREMAE $£24% F4H 2009458 A
Joumal of Medical Biomechanics, Vol. 24 No4, Aug. 2009 263

E 4R S :1004-7220(2009)04-0263-07

Numerical analysis of the effect of capillary geometry on oxygen
fransport in the microcirculation by MATLAB

ZHU Kai, HE Ying(Depariment of Modern Mechanics, University of Science and Technology of China Mail
Box 4, Hefei 230027)

Abstract: Objective Delivery of oxygen in tissues is limited in the space where oxygen must diffuse between
the vascular and the surrounding tissues. Normal capillaries are relatively straight and well spaced, in contrast,
the tumor vascular networks usually display more irregularity and the vessel wall shows higher permeability
and less elasticity. The purpose of this study was to investigate the effect of capillary elasticity and tortuosity on
the oxygen distribution and make further investigation on the mechanism of the formation of hypoxic regions in
tumor. Method One-dimensional capillary model was coupled with the oxygen diffusion model. Oxygen trans-
port was investigated in a Krogh and tortuous tissue model. The capillary geometry was obtained by the one-di-
mensional model and transferred to the tissue model. Finite element method was employed in the analysis.
Result The capillary radii along the flow direction under pressures were obtained for different initial radii and
the oxygen distribution in the Krogh cylinder tissue model and the model with a tortuous capillary were compu-
ted. Conclusions when the capillary radius is small, the effect of vessel elasticity may have not significant
effect on the oxygen distribution. However, with the capillary radius increasing, the effect on the oxygen transport
becomes obvious. Moreowver, with the tortuosity of the capillary increasing, the oxygen distribution becomes
more heterogeneous, which is in agreement with the result in available reference. This work will be helpful to
the investigation of oxygen transport within tumor.
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The microcirculation is the blood circulation
between arterioles and venules, which nurtures va-
rious tissues by providing oxygen and nutrients,
and removing waste products. Hence, the physiolo-
gy of the microcirculation has profound impact on
transport phenomena and nutrient exchange, and
consequently on human health and disease.

Blood flow in microcirculation has been stud-
ied in detail by Charm and Kurland '’ and an origi-
nal model was proposed. They regarded the blood
flow as one-dimension flow in an elastic capillary.
It is considered that in a capillary (its radius is
close to red blood cell radius), the influence of red
blood cell cannot be neglected. They obtained the
relationship between pressure, deformation of red
blood cell and flow rate basing on the equations of
fluid and solid mechanics, and employed these re-
lationships to calculate the variation of the blood
vessel and flow rate.

The tissue oxygen transport is of physiological
importance and is closely related to the growth and
treatment of tumor. The growth of tumor may con-
sume a large quantity of oxygen. On the other hand,
when the tumor cells are in the hypoxic state, they
may have more resistance to radiotherapy and
chemotherapy. Therefore, a lot of relative resear-
ches have been carried out to investigate physical
mechanism of oxygen transport and formation of
hypoxic regions in tumor**7

The Krogh tissue cylinder model™ of oxygen
transport between blood capillaries and tissue has
served as the foundation and starting point for
many theoretical studies'®'. It has also been broad-
ly used in physiological studies for estimating oxy-
gen distribution in tissue. The essence of Krogh
models lie in the assumption that the tissue can
be subdivided into circular cylindrical units and the
units do not exchange oxygen with each other. De-
spite the simplifications of the Krogh model, it can
provide useful insight into the dependence of tis-
sue hypoxc fraction on blood flow rate and oxygen
content, and vascular density.

A Green's function method was later intro-
duced for analysis of oxygen delivery by Secomb!”’.

|[5]

Compared with Krogh Model, this model requires
no prior assumptions concerning the extent of the
tissue region supplied with oxygen by each vessel
segment. A computational efficient Green's function
approach was used, in which the tissue oxygen
field was expressed in terms of the distribution of
source strengths along each segment. This meth-
od was introduced to analyze an actual vascular
networks based on in vivo observations of vascular
geometry and blood flow in the tumor microcircula-
tion. It is found that the estimates of the maximum
oxygen consumption rate were substantially lower
than those obtained from the Krogh's model, and
the heterogeneous structure of tumor microcircula-
tion have a substantial effect on the occurrence of
hypoxic micro-regions.

Baish et al.”®’ constructed a percolation-based
model of tumor vascular growth that can predict the
effects of network architecture on transport. They
found that the number of avascular spaces in
tumors scaled with the size of spaces and the tor-
tuosity of the vessels produced locally flow-limited
transport and reduced flow through the tumor as a
whole. The advantage of this method is that it can
reproduce the large variability observed experimen-
tally in tumor networks.

He et al'® investigated the effect of blood per-
fusion on oxygen fransport in the tumor tissue by
coupling one-dimensional blood flow model and fi-
nite element model of breast. They tried to reveal
the relationship between blood flow, temperature,
and oxygen transport. Zhang et a/ ''°' simulated ox-
ygen transfer in human carotid artery bifurcation
with a sinus. They found that the oxygen supply to
the arterial wall would be decreased due to the for-
mation of slow eddies in the carotid sinus. They
further concluded that this might lead to an athero-
genic response of the arterial wall.

MATLAB is well known as its powerful func-
tions in computation and image processing and it
has been introduced to analyze blood flow in cere-
bral artery’""’ and the cardiovascular system'™’,
however, few studies have been carried out in the
microcirculation by using MATLAB.
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The objective of the work presented here is to
investigate blood flow through a capillary and to an-
alyze oxygen distribution in a vessel and its sur-
rounding tissue by coupling the capillary model and
tissue model. All the analysis programs were de-
veloped on the platform of MATLAB. It is found that
the capillary elasticity and tortuosity can significantly
affect the oxygen distribution in the tissue.

Analysis Model

The model for flow through capillaries was
employed, which was deweloped by Charm & Kur-
land™. This model can describe the shape of cap-
illaries under pressures. The deviations of the e-
quations are briefly explained in the following. La-
Place's equation is frequently employed to express
the relationship between pressure and radius of a
curved surface.lt is written as

t=P.R, 1)
Where t is tension force per unit length, P, is trans-
mural pressure difference. The blood vessels are
not simple Hookian material, however, for small
stress ranges, they may expressed as Hookie's
law:

S=E,e )
The stress acting in the wall of a thin cylindrical
vessel under pressure is

t

S=+ @)
Where T is the wall thickness. Since the wall thick-
ness varies with the change in circumference, the
relationship between the wall thickness and radius

is given by
4T 2mdR,  dR,
7~ VY2zr, T VR, @)

Where vis Poisson ratio of vessel wall. For materi-
als of isofropic materials, v=0.25. Substituting Eq.
(1)and (4) in Eq. (3), and further substituting Eq. (3)
in Eq. (2), the relationship between transmural
pressure in the vessel and the vessel radius is
therefore written as

R, PR, /R,\"

r7ET (R) 1 ©
Where R, is radius of wessel at given pressure, R,

is radius of vessel at rest, E, is elastic modulus of
vessel wall, v is Poisson ratio of vessel wall, and
T, is thickness of wall at "rest". It is noted that the
equation is suitable for small changes in radius.

The red cell can be considered as a torus en-
circling a disc membrane. The circumferential
stress in the torus is considered to be main stress
to cause the radial contraction of the torus. The cir-
cumferential strain can be expressed as

Ar r.Fcos 6

r_c= 1TECaZ ©)
Where a is the radius of the torus, r, is the radius
of the cell, and F is the force per unit of a circum-
ference exerted on the torus. Because it is know
that the red cell deforms in the shape of parabo-
loid, there is an expression aboutd as the following

Pt.(r. - Ar)

b= "2rF @)
Where t, is the average thickness of cell which is a
function of Ar. F can be related to the applied pres-
sure, which is written as
E.(r, - Arf(P/L)? 1™ @)

24(1-v,)
Where Ec is elastic modulus of cell and v, is Pois-
son ratio of cell. Substituting Eq. (7) and Eq. (8) in
Eq. (6), we can obtain the change in cell radius

F=t]

3V,r, PL @
Ar=-i [(rc - Arf24E.(1 - \/)2]
cos[%{Ele(rc - AN[24(1 - v,)] }m] ©)

According to Poiseuille equation, the plasma flow
rate through a capillary slightly larger than the cell
is

AP
8upAL

Where r, is the radius of cell at rest, Ar is the
change in radius of cell due to deformation under
pressure, and u, is plasma viscosity. Using Egs.
(5), (9), and (10), the capillary geometry under pres-
sure can be determined.

In order to analyse the oxygen transport, the
Krogh tissue cylinder model is employed. In Krogh'
s models, it is assumed that the tissue can be
subdivided into circular cylindrical units each of

Q=

(R~ (r,- Ar)'] (10)
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which has a capillary oriented along the axs. The
concentration of dissolved free oxygen is propor-
tional to the partial pressure of oxygen, and the par-
tial pressure of oxygen (PO, ) distribution in the tis-
sue cylinder is assumed to be axisynmetric. Thus,
the convection and diffusion transfer of oxygen can
be expressed as the following™’!

aPO, aPO,
o + Ua =
ot )4
9’PO, a PO,
D, ) 11
( oxt oy (1)

Where a denotes oxygen solubility, D ; denotes
effective diffusion coefficient. We assume o =3 x
10°° em®*0,em™® mmHg ™" and D =1.5 x 10°°
cm?/s™®. M denotes oxygen consumption and is
assumed to be constant. u is the blood welocity
which is calculated from the capillary model.

Numerical Methods

Eq. (6), 9), and (10) for the capillary can not be
solved alone and it should be calculated simulta-
neously. Supposing that we knew the physical
properties through the capillary including entrance
pressure, exit pressure, and osmotic pressure
difference across the wall, hence, the capillary radi-
us, flow rate and pressure could be solved simulta-
neously by iterative method. Through adjusting the
node pressure difference and computing R,, Ar
and Q iteratively, the radii and pressure drop in dif-
ferent place of capillary could be determined. Fig. 1
gives the flow chart for the computation of capillary
parameters. The specific procedures are as the fol-
lows.

1. Assume AP, for the first segment of the cap-
illary and calculate the vessel radius R, and the ra-
dius change of the cell Ar, for the same segment
according to Eq. (6) and Eq. (9).

2. Compute the hydrostatic and transmural
pressures in different segment and calculate R,
and Ar for the corresponded capillary segments.

3. Compare the sum of AP, with the pressure
difference P, -P,,. If these two wvalues agree, the
calculated R and r in different segment are correct.
If they do not, a new AP, will be assumed until the
agreement is reached.

Estimate AP,

[ Calculate Ry, 4r,.Q |
y =2

P=P;_\-AP;,
P—P -P,

[ Calculate R A AP [i=i1]

=t

[Calculate EAP(AP +AP, -+ +APy)|

Fig.1 Flow chart for the computation of the capillary parameters
B1 tEEHAnENNERIFMESHHRE

After the blood flow rate and deformation of
vascular were obtained, the radii of the vascular
and velocity of blood flow might be transferred to
the Krogh tissue cylinder model. Therefore, the dis-
tribution of oxygen in the capillary and tissue could
be calculated numerically by combining Eq. 11 and
suitable boundary conditions. Eq. 11 was dis-
cretized by Galerkin finite element method. All the
work was implemented by MATLAB. Fig. 2 is the
schematic diagram of the Krogh model for the a-
nalysis of oxygen transport.

PO,
ax

Fig2 The analysis model of oxygen transport
B2 EHANERAZANITHENTRERBRAEZG

Results and discussion

When blood flows into the capillary, the vessel
radii will not remain uniform and it will be tapered
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under transmural pressures. Figure 3 (a)-(c) show
the vessel radii along the flow direction under the
constant pressure. The radii of vessel at rest are 3
pwm,5 pm, and 8 um. It can be seen that the radii
decrease along the flow direction non-linearly and
the non-linearity becomes greater when the radius
at rest state increases. When the initial radius is 3

wm, the capillary radii under pressure decrease
gradually and the non-linearity is not obvious (Fig.
3a). When the initial radius becomes 8 um, the
shape of the capillary under pressure becomes dif-
ferent from that with smaller capillary diameters
and the variation rate of the radii becomes greater
(fig. 3¢)
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Variation profiles of capillary radius under pressure for different initial capillaryradius (a) Ry =3 um, (b) Ry =5 um, (¢) Ry =8 pm

B3 ARAMKOLEEET,MEETEHNERNEEFERDARHEL Ry =3 um, (b) Ry =5 um, (¢) R, =8 pm

After the parameters for the capillary were ob-
tained, the data of capillary radii was transferred to
the tissue model for computing the oxygen distribu-
tion. Fig4(a)4 (b) give the oxygen distribution con-
tour in the cylinder tissue model for different capil-
lary radii with the surrounding tissues. The area
from the x axis to the white line is referred to the
vessel area and other area is referred to the tissue.
The number in the solid lines and the color are the
partial pressure of the oxygen. It can be seen that
for the vessel of 8 um, the partial pressure of oxy-
gen (oxygen tension) along the flow direction de-
creases slowly, however it decreases quickly out-
ward from the vessel to tissue. This implies that
with the capillary radius increasing, the partial pres-
sure of oxygen far from the vessel will be far less
than that near the vessel. The same tendency can
also be seen in Fig5.

Fig. 5(a)-(b) give the radial oxygen tension pro-
files for considering capillary elasticity, where the
solid lines denote the profiles without consideration
of the deformation of vessel, and the broken lines

800

(b)
Fig4 Oxygen distribution for different radil of capillary (a) r=3
pwm, (b) r=8 um
EH4 EAOELEYTR OERELAANEIEFREEHEE
(@) r=3 um, (b) r=8 pm
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denote the profiles considering the deformation of
vessel. It is seen that there are almost no differ-
ence in the oxygen tension profiles for the two con-
ditions when the capillary radius at rest is 5 um,
whereas the oxygen profiles at the entrance and ex-
it appear differ-ence when the initial capillary radius
is 8 wm, which reveals that when the capillary radi-
us is small, the effect of vessel elasticity on the oxy-
gen transfer is negligible, however, with the radius
increasing, the effect becomes important.
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Fig.5 Radial oxygen profile for considering vessel elasticity
(@) r=5 um, (b) r=8 pm
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The experimental results'™ showed that the
tumor vascular is more tortuous than the normal
capillary, therefore, the effect of the tortuosity of the
vessels on oxygen transport was also investigated.
Fig.6 (a) shows the generated mesh in the compu-
tational domain, where the red curved lines are re-
ferred to the area of the vessel. The distribution of
partial pressure of oxygen with the same size of
vessel but with different curvature was computed.
Fig.6(b) gives the oxygen tension distribution with a
less tortuous vessel and Fig. 6(c) is the oxygen ten-
sion distribution with a more tortuous wvessel
whose curvature is greater. The colors are the
scale of oxygen partial pressure and the blue
curved lines are referred to the vessel boundaries.
It can be seen that, due to the tortuosity of the ves-
sel, the oxygen distribution becomes asymmetrical.
In one side, the oxygen tension is higher, and in
another side, the oxygen tension is lower. Further-
more, with the tortuosity increasing, the oxygen dis-
tribution becomes more heterogeneous.

200 400 600 800 1000
X
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Fig.6 Oxygen distribution in tissue with tortuous vessels (a) Finite element mesh for computational domain, (b) oxygen distribution for

small vessel tortuosity, (c) oxygen distribution for large vessel tortuosity
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Concluding remarks

In this study, a model for blood flow through a
capillary is coupled with the tissue model to investi-
gate the effect of capillary on the oxygen transport.
The computed results show that with the vessel ra-
dius increasing, the oxygen profiles appear different
from those when the deformation of the vessel is

considered. Moreover, when the vessel is spaced
tortuously, the oxygen distribution becomes non-u-
niform.

31 about microvascular

In Less's experiment'
architecture in a mammary carcinoma, they found
that the mean diameter of the tumor capillary was
10 pm which was greater than that in most normal

tissues. Our results show that when the vessel di-
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ameter is 8 um, the partial pressure of oxygen is
different from that when the wall elasticity is not
considered. These results suggest that the wall e-
lasticity of the tumor capillaries can affect oxygen
transfer in tissues. Furthermore, tumors are known
to contain many tortuous vessels, which is one rea-
son to form avascular area. The present study im-
plies that the tortorsity can lead to the formation of
hypoxic region, and thus lead to the heterogeneous
distribution of oxygen distribution. People wonder
why tumor vasculature has a higher resistance
than normal vasculature although tumor diameter
is greater. Our results may provide an insight into
explaining the paradox Greater diameter can in-
crease the gradient of oxygen partial pressure,
howevwer it is not helpful to increase the oxygen par-
tial pressure in tissue. It may be more useful to let
the tortuous vessels become regular. The same o-
pinion was given by Baish et a/'®’ who used an in-
vasion percolation-based network model of tumor.

The work may be extended further by including
the permeability of capillary vessel and considering
the real geometry of tumor vasculature.
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