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Summary. The aim of this study was to establish a mathematical model of the infiltration
of sodium chloride solution into cadaveric liver tissue.
Methods. The time law of the flow of the infiltrated fluid at every node of the finite

element model was obtained in terms of Darcy’s velocity, pressure, and volumetric saturation
fraction. The model equations interpret the liver tissue as a porous medium taking into account
the hydraulic conductivity, capacity, and absorption mechanisms. Capability of the cadaveric
liver tissue to absorb the fluid is taken into account by means of the nonlinear relationship
of hydraulic capacity and absorption coefficients against the volumetric saturation fraction.
To explain certain inadequacies between the computational model and experiment, the
idealized models of empty blood vessels in the vicinity of the injection probe have been
used. The model has been implemented in computational environment COMSOL Multiphysics.
Experimental procedures were performed to analyze fluid infiltration and to calculate volume
of fluid, which might be injected into certain volume of nonviable liver tissue.

Results. The necessary physical constants of hydraulic conductivity, capacity, and absorp-
tion of liver tissue have been determined by comparing the simulation results against the
experimental data. The congruence of the modeling results against the experiment may be
regarded as satisfactory.

Conclusion. The established model analyses distribution of injected solution taking into
account the hydraulic conductivity, capacity, and absorption mechanisms of liver tissue.
The obtained results are of importance developing complex models of electro-thermal heating

coupled with heat advection by means of infiltrated sodium chloride solution.

Introduction

Performing liver tissue radiofrequency ablation
(RFA) with cool-tip needle in experimental as well as
in clinical setting is accompanied by continuous injec-
tion of sodium chloride solution through the active part
of the ablation probe in order to prevent carbonization
of tissues, which may impede or even block the heat
transfer into the tissue. The infiltrating flow of the saline
makes significant influence on the overall heat transfer
process taking place during RFA due to certain amount
of heating energy transferred into the tissue by ad-
vection, which is the transport of heat in a vector field
of solution flow velocities (1). Together with the ther-
mal conductivity of tissues, the two heat transfer mech-
anisms complete the full physical view of thermal
processes to be taken into account in the mathematical
description of RFA ex vivo experiments. As a result,

advection determines enlargement of the thermal
ablation zone and simultaneously influences restrained
character of the temperature peak values in the nearest
vicinity to the electrode, as opposed to purely con-
ductive heat exchange mechanism. The latter phe-
nomena should also be regarded in order to obtain clear
margins of an ablated zone and to reduce the possibility
oflocal recurrence following thermal ablation procedure.

During in vivo RFA processes, in addition to the
heat conductance and heat advection by the flow of
infiltrated solution, the advection-governed heat trans-
fer takes place due to heat transport by the blood flow
in liver tissue. The latter heat transfer mechanism is
very complex due to nonuniform blood velocity field in
the tissue and due to the presence of a dense network
of tubular structures with varying calibers, which may
sewer considerable amount of heating energy when
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the RFA probe is located in the vicinity of them.

Most of the research works published up to now
employ simplified approaches for taking into account
heat losses in the thermal ablation zone due to advec-
tion. Chang and Nguyen (2, 3) have employed the
perfusion coefficient for taking into account volumetric
heat losses due to thermal power absorbed by the blood.
Moreover, cadaveric liver tissue contains a net of emp-
ty blood vessels of various calibers, which serve as
channels for sewing the liquid. Neither blood nor the
sodium chloride solution flow velocities were employed
in the equations explicitly. Proper evaluation of fluid
infiltration might give better insight into processes of
heat distribution and might facilitate better RFA plan-
ning and improvement of clinical results.
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This study presents a further effort to evaluate the
flow velocity field caused by infiltration of sodium chlo-
ride solution injected through the holes of the RFA
probe. In addition, in this work the model containing
wells able to drain away the fluid from the injection
zone has been presented and investigated.

Material and methods

Mathematical equations

The infiltration of sodium chloride solution into the
liver tissue during RFA process is described by using
the hydraulic conductivity model based on Darcy’s law
(4). In axisymmetric formulation, the partial differen-
tial equation (PDE), which describes the infiltration
process in each finite element V reads as:

=2 7TS,p+2 mch%, A [1]

where: p — pressure presented as hydraulic head, measured in terms of height of equivalent water column [m],

k — qh
grad(p)

volumetric rate across unit surface), [m/s]; ¢, —

velocity as the fluid fills in the pores at

medium. It is equal to Darcy’s velocity as the fluid fills in the pores at p=1, [1/(ms)]; 7

coordinates of axially symmetric problem.

op
— =1, [1/m];
P [1/m]; s,

— hydraulic conductivity coefficient of the tissue, Sr:E, g, — flux density (Darcy’s velocity or

hydraulic capacity of the porous medium. It is equal to Darcy’s

— hydraulic absorption coefficient of the porous

7, z — radial and axial

Two types of boundary conditions can be imposed (Fig. 1):

— Cauchy boundary conditions defining the flux density at infusion eyeholes;

op op
n2nmrk—+n2mk— =-2mq,,, U
r a aZ th S

r

2]

q b

— Dirichlet boundary conditions defining the prescribed pressure at the boundary of the investigated domain as;
p=0 US, . [3]

Nonlinear model of hydraulic capacity and absorption.
The saturation of the pores of dead liver tissue by ﬂuid is measured in terms of dimensionless quantity:

y(,r,2) = ZITJ'Bsqrp+chr H [4]

which determines the volumetric saturation fraction (VSF) of the liver tissue (here the volume of the tissue is
assumed to include the volume of pores) at point (7, z) filled by the fluid during time interval[Q, ] because of
hydraulic capacity and absorption properties of the tissue.

Let y be the maximum VSF of the tissue, which may be filled in by the fluid. We model the tissue saturation
effect by assuming that coefficients ¢ , s, are nonlinear and depend on VSF yas follows:

I]yEP I]yDb
e o OO o =g @ 0O
Ch = Cno® v S TS5e€® [5]

Two possible choices of coefficient values a and b give the relationships presented in Fig. 2.
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Fig. 1. Scheme of the investigated domain
a— geometry of investigated axisymmetric domain; b — boundary conditions.
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Fig. 2. Dependency of relative hydraulic capacity coefficient on the volumetric fraction of tissue

filled in by the fluid (saturation point )fj=0.47)

General form of equations in COMSOL Multiphysics computational environment

In COMSOL Multiphysics finite element analysis environment the partial differential equations [1] along
with relation [4] with boundary conditions [2], [3] are presented in the “general” form as:

with boundary conditions

where:

d,@8+mr= F, Ov [10]
O]
D—ﬁ[l]':G; DS’ [11]
B=R 0s
0 o O
U |
1 2mre,0 0 i 3 [F-2mrs, i
1 Z2mre, ap _OF2mrs, @1d.
=~ = Q
Ho 2mey Koy’ -2mrs, pY [12]
%
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Sh = She® )

q,, — prescribed flux density at the part of the probe
supplied with infusion eyeholes or g, =0 at the inactive
zone of the probe.

The Dirichlet boundary condition

P-p
is applied at distant edges of the investigated domain
with p =0.

[15]

Experimental setup

Experimental model of fluid infiltration into nonvia-
ble tissue was designed utilizing cadaveric porcine liver
(average weight 2300 g) and 0.9% sodium chloride
solution, generally used in RFA procedures in clinical
and experimental settings. Normal saline was colored
by adding methylene blue to obtain well-marked trace
of infiltrated liquid in cadaveric porcine liver. Infiltration
procedure was performed at room temperature.

The 16-gauge RFA cooled-tip electrode needle with
a 2-cm-exposed tip was used. After placement of the
RFA needle in a randomly selected part of liver at a
depth of 4 cm, infiltration was started. The solution
was infused by means of automatic syringe at a con-
stant speed of 90 mL/h for 10 min. The experiment
was repeated five times in different cadaveric livers.

After termination of infusion with colored saline,
the liver tissue was incised longitudinally along the
needle and, afterwards, along the needle channel to
disclose the central portion of the colored liver volume.
The colored oval of liver tissue was then measured to
obtain transverse half-width and longitudinal half-width
of the infiltrated zone. Individual values were recorded
accordingly. Average values were calculated as me-
dian and mean with standard deviation.

Experimental model to calculate peak volume of
fluid, which might be injected into certain volume of
nonviable tissue (volumetric saturation fraction, VSF),
was designed utilizing cadaveric porcine liver and 0.9%
sodium chloride solution at room temperature. Liver

a=125 b=6;, (a=1.1 b=16)

preparations at an average volume of 23.6+2.0 mL
were excised out of cadaveric porcine liver (average
weight 2300 g). Volume of excised liver tissue was
measured by displacement of normal saline in
calibrated flask (Archimedes principle).

The 16-gauge RFA cooled-tip electrode needle with
a 2-cm-exposed tip was used. After placement of the
RFA needle in the liver tissue preparation at a depth
of 4 cm, infiltration was started. The solution was
infused by means of automatic syringe at a constant
speed of 90 mL/h for 30 min. The experiments were
repeated five times with different cadaveric liver prep-
arations. After termination of infusion, volume of
infiltrated liver tissue preparation was measured by
displacement of normal saline in the same calibrated
flask. Individual values of liver preparation volume and
infiltrated liver preparation volume were recorded.
Volumetric saturation fraction, expressed as proportion
of'infiltrated fluid to liver preparation volume, was cal-
culated accordingly.

Results

Experimental results

Experimental model of fluid infiltration in cadaveric
porcine liver produced an oval-shaped zone saturated
with methylene blue-colored saline (Fig. 3). Mean half-
widths of longitudinal and transversal dimensions of
ovals, produced in the experimental setting, were 3.5+
0.1 and 1.6+0.6, respectively. Detailed results of expe-
riments on tissue infiltration are presented in Table 1.

Experimental model to calculate volume of fluid,
which might be injected into certain volume of nonvi-
able tissue, utilized liver preparation with a mean vol-
ume of 23.6 mL. The mean infiltrated fluid volume
was 11.2 mL. Analysis of obtained results revealed
that VSF varied among experiments from 0.454 to
0.500 with a mean value of 0.475 (Table 2).

Numerical results
The modeling results, such as the time law of the

Table 1. Experimental data of cadaveric porcine liver tissue infiltration by methylene
blue colored saline

Measurement Experiment No. Mean+SD
1 2 3 4 5
Longitudinal half-width of the oval, cm 35 34 34 3.5 3.6 3.5+¢0.1
Transversal half-width of the oval, cm 1.1 2.3 1.4 1.2 2.2 1.6+0.6

Medicina (Kaunas) 2007; 43(5)
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Fig. 3. Experimentally obtained zone of the liver
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tissue filled with the colored sodium chloride

solution after 10 min of injection at a rate of 90 mL/h
(a) and (b) correspond to experiments carried out at two different portions of the liver.

Table 2. Volume of fluid injected into certain volume of nonviable liver tissue preparations
in experimental setting with calculated volumetric saturation fraction (VSF)

Measurement Experiment No. Mean+SD

1 2 3 4 5
Volume of excised tissue, mL 21 22 26 24 25 23.6+2.07
Volume of injected saline, mL 10 10 12 12 12 11.2+1.14
Volumetric saturation fraction 0.476 | 0.454 | 0462 | 0.500 [ 0.480 | VSF=0.47

saturation fraction of pores in the tissue in the vicinity
of the probe, the pressure in the tissue, as well as the
velocity field of the injected fluid in terms of the Darcy’s
velocity are obtained at all nodes of the finite element
mesh presented in Fig. 4. Along with contour plots,
the graph relationships are presented along four se-
lected lines (Fig. 5).

The tissue saturation model based on nonlinear
dependences of hydraulic capacity and/or absorption
coefficients based on relation [14] has been used. The
coefficient values a=1.1; b=16 and experimentally
measured maximum VSF of the cadaveric liver tissue

as y=0.47 were employed. The material parameters
such as hydraulic conductivity coefficient &, hydraulic
capacity coefficient ¢,, and absorption coefficient s,
have been found by comparing the computed results
against the experimental ones.

The model equations based on PDE [1] and the
“forcing” term given in the form of boundary condition
[2] imply that the value of integral [4] providing the
VSF values at a point of the model is dependent only

G,

on the ratios ? and % Fig. 6 presents the results
of VSF distribution in the vicinity of the probe after

Medicina (Kaunas) 2007; 43(5)
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Fig. 4. Finite element mesh containing 19 700 nodes, 38 640 elements

Only the right-hand side represents the computational domain, the other side being geometrically reflected
for visualization purposes.

10 min of injection of colored sodium chloride solution
at an injection rate of 90 mL/h. Tissue saturation mech-
anism based purely on tissue hydraulic capacity has

S,

been assumed by taking — = Q. Different values of

G,

— correspond to situations in which the hydraulic

conductance (a) or hydraulic capacity (d) infiltration
mechanism was prevailing as well as when both of
them were significant simultaneously (b, ¢).

Fig. 7a presents the VSF values obtained in the
model along line /ink2 (horizontal line in the middle of
the active zone of the probe, directed outwards to the
surface of the probe, see Fig. 5). Fig. 7b presents the
VSF values obtained in the model along line /inh2
obtained by assuming hydraulic absorption mechanism
rather than the hydraulic capacity, where the relative
absorption coefficient is nonlinear versus the VSF
value as presented in Fig. 2. In further calculations,
we restrict ourselves with hydraulic capacity model
by assuming s, =0 everywhere. The choice is based
on the fact that the hydraulic capacity model provides
more strictly defined boundaries of the infiltrated zone,
compare curves Fig. 7a and b where in case (a) the
slope descends down practically to zero value, and is

Medicina (Kaunas) 2007; 43(5)

closer to reality observed in our experiments. As a
checkpoint, the measurements of the oval form of the
saturated tissue zone were compared in calculations
and in the experiment.

In the model, the half-width of the ovals was
determined by analyzing the curves in Fig. 6a. We
assumed that the zone reached by the infiltrating fluid
was where the VSF value y=>0.01.

Values of equivalent hydraulic conductivity and/or
absorption coefficients may be found, which enable to
represent the overall injection and infiltration process

G _

satisfactorily. As an example, values — =1x10" and
S =5x10" provide the computation results close to

real measured situations presented in Fig. 3a and b,
respectively, and may be used for modeling the
infiltration processes in liver tissues.

Fig. 8 presents the values of the pressure in terms
of pxk along reference lines linv, linhl, linh2, and
linh3 after 10 min of injection at a rate of 90 mL/h.

Discussion
The presented flow model is similar to that of
Darcy’s flow of the fluid through porous medium (4),
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linv — line along electrically active part of the probe; linhl, linh2, linh3 — horizontal radial segments
of the axisymmetric domain directed outwards from the surface of the probe.

which is assumed as governed by the hydraulic con-
ductivity model and is widely used in many engineering
applications. Hydraulic conductivity is a property of
porous medium that describes the ease with which
fluid can move through pore spaces. We assume that
the role of the “pores” in the liver tissue is played by
intercellular spaces and empty blood vessels of small
caliber. Hydraulic conductivity is the proportionality
constant in Darcy’s law, which relates the amount of
fluid, which will flow through a unit cross-sectional area
of aquifer under a unit gradient of hydraulic head. It is
analogous to the thermal conductivity of materials. It
depends on the intrinsic permeability of the material
and on the degree of saturation. The model is supple-
mented with the nonlinear hydraulic capacity term
evaluating the possibility of a nonviable tissue to accom-
modate certain volume of a fluid within its intercellular
space until the saturation point is reached. The amount
of accommodated fluid volume is expressed in terms
of VSF, defined by relation [4]. To our knowledge, no
values of the hydraulic conductivity, capacity, and ab-
sorption coefficients of the liver tissue have been

reported in the literature so far. The presented model
of the sodium chloride infiltration process is a simplifi-
cation of the real process in the sense that it assumes
the liver tissue as a homogeneous porous material. In
reality, nonviable liver tissue contains a lot of empty
blood vessels of various calibers, which serve as chan-
nels for sewing the liquid. Actually, their influence can
be approximately evaluated by assuming equivalent
hydraulic conductivity and capacity coefficients integ-
rally representing the behavior of the real tissue.

We investigated the infiltration process of fluid into
the tissue following injection of normal saline through
the eyeholes of the active part of the probe. The re-
sults provided by pure hydraulic capacity and hydrau-
lic absorption models enable to conclude that there
are no essential differences between the two models
when the full saturation effect is taken into account
by means of nonlinearly varying coefficients, ¢, and
S .
' The analysis indicated that the liver tissue contains
adense net of blood vessels, and therefore in reality is
not a homogeneous porous medium. The blood vessels

Medicina (Kaunas) 2007; 43(5)
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Fig. 6. Distribution of volumetric saturation factor in the vicinity of the probe after 10 min

of injection of colored sodium chloride solution at an injection rate of 90 mL/h and ?=0:

a - &-1000 p - & =o5x07
k k

are empty in the cadaveric liver and serve as natural
“wells” able to absorb certain amounts of the injected
sodium chloride solution. The Darcy’s flow with sat-
uration model can serve only as the first and quite
rough approximation of the real infiltration process in
the liver tissue. Nevertheless, values of equivalent
hydraulic conductivity and/or absorption coefficients
may be found, which enable to represent the overall
injection and infiltration process satisfactorily.

An alternative approach to the tissue saturation
model is to evaluate the influence of empty blood
vessels explicitly by presenting them as empty wells

Medicina (Kaunas) 2007; 43(5)
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S -1 0%
k

d - % 4.5 A0°.

in the tissue able to accept the fluid. Mathematically
the boundary condition at well edges is assumed as
zero-pressure (p=0), Fig. 9. In axisymmetric formula-
tion, the presented “blood vessels” are rather hypo-
thetical, as each of them is modeled as an empty torus.
In full volumetric presentation, real geometry of blood
vessels could be presented; however, difficulties may
appear because of complexity and varying density of
tubular net in liver tissue.

A non-guided placement of the RFA needle may
possibly result in drainage of the injected fluid to some
vascular structures. In clinical settings, RFA is mainly
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S

G,

obtained at =0 and different values of

Kk

disposed within the tumor tissue, which is a more solid
structure, not intersected with tubular structures of
significant calibers, thus fluid distribution within the
tumor might be different. However, the most clinically
important result of RFA is to obtain a zone of total
necrosis in liver tissue surrounding the tumor. Thus,
the pattern of fluid distribution within the liver tissue
seems to be of utmost significance. As it is seen in
the experimental images (Fig. 3) compared against
computational results (Fig. 6), the obtained shape of
the zone saturated with the colored sodium chloride
solution in the vicinity of the probe may be distorted
as the solution is sewed away through empty blood
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after 10 min of injection at a rate of 90 mL/h

vessels. The maximum VSF value is still governed by
the ratio of the hydraulic capacity to hydraulic
conductivity coefficient. Much more detailed and
precise experiments would be necessary in order to
determine the VSF distribution in the tissues near the
ablation probe. Such information enables to find real
values of hydraulic capacity and conductivity coeffi-
cients and the distribution of “wells” in the model
ensuring good conformity with the real physical situation.
However, it may be reasonably assumed that even
without exact knowledge of real geometry of blood
vessels, the principal effects can be approximately
modeled. Practically, during experimental injections with
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k

a non-guided placement of the probe, it is hardly
possible to know the true geometry of blood vessel
net. Therefore, the characteristics of infiltration veloc-
ities and saturation level can always provide only
approximate information. Supporting the proposition
obtained experimental data show close saturation level
results in different liver tissue preparations, while the
existing variations may accordingly be attributed to
differences in distribution of major vascular structures.
The influence of smaller blood vessels can be modeled
by the tissue hydraulic capacity mechanism.

The prospective research intends to use the ob-
tained results for the development of complex models
of electro-thermal heating coupled with heat advection

b - %:5x107; c - %:1408; d

- C—kh =4.5 10’

by means of infiltrated sodium chloride solution.

Conclusion

The Darcy’s flow with saturation model can serve
only as an approximation of the real infiltration process
in the liver tissue.

Idealized models of empty blood vessels in the
vicinity of the injection probe have been used, presented
as wells able to divert the injected solution far away
from the injection zone.

The values of the hydraulic conductivity, capacity,
and absorption coefficients of the liver tissue have been
determined representing the overall injection and
infiltration process. The congruence of the modeling
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results against the experiment may be regarded as frequency ablation.

satisfactory.
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and might be associated with heat distribution, thus it The Lithuanian Science and Studies Foundation

should be regarded in computational models of radio-  sponsored the study.

Natrio chlorido tirpalo infiltracijos | negyva kepeny audinj matematiniai ir
eksperimentiniai tyrinéjimai

Rimantas Barauskas, Antanas Gulbinas', Giedrius Barauskas?
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RaktaZodziai: radijo dazniné abliacija, matematinis modeliavimas, hidraulinis laidumas, eksperimentiniai
tyrimai.

Santrauka. Tyrimo tikslas. Sukurti infiltruojamo i kepeny audinj radijo dazninés abliacijos metu skyscio
plitimo matematini model;.

Metodai. Sukiiréme baigtiniy elementy skai¢iuojamaji modelj, imituojanti radijo dazninés abliacijos metu
infiltruojamo skyscio plitima kepeny audinyje, atsizvelgdami | Darcy’s greiti, slégi bei tiiring audinio isotinimo
frakcija. Modelio lygtyse kepenys traktuojamos kaip porétoji terpé, pasiZyminti tam tikru injekuojamo skyscio
hidrauliniu laidumu, talpa bei absorbcijos mechanizmais. Remiantis netiesine tiirinés jsotinimo frakcijos
priklausomybe nuo hidraulinio talpumo ir absorbcijos koeficiento, {vertinta negyvo kepeny audinio geba sukaupti
tam tikra skyscio kieki.

Siekdami jvertinti tam tikrus neatitikimus tarp skai¢iuojamuyjuy ir eksperimentiniy duomeny, panaudojome
idealizuota ,,tus¢iy kraujagysliy*, esanciy injekcinés adatos aplinkoje ir galin¢iy nukreipti tam tikra skyscio kieki
tolyn nuo destrukcijos zonos, modelj. Sis modelis buvo realizuotas ,,COMSOL Multiphysics“ skaitmeninio
modeliavimo terpéje. Atlikome eksperimentinius negyvo kepeny audinio tyrinéjimus, siekdami nustatyti skyscio
infiltracijos ypatybes ir apskai¢iuoti maksimaly kepeny tiirio padidéjima injekavus skysti i tam tikro tiirio negyvuy
kepeny audinio preparata.

Rezultatai. Lygindami skai¢iuojamojo modelio ir eksperimentinius duomenis, nustatéme reikalingas hidrau-
linio laidumo, talpos bei audiniy absorbcijos fizikines konstantas. Gautas patenkinamas skai¢iuojamojo modelio
ir eksperimentiniy duomeny atitikimas.

I$vada. Sukurtas modelis analizuoja injekuojamo skyscio pasiskirstyma kepeny audinyje atsizvelgiant i kepeny
audinio hidraulinj laiduma, talpa bei absorbcijos mechanizmus. Gauti duomenys bus taikomi kuriant sudétingesnius
radijo dazninés destrukcijos modelius, kuriais bus jvertinami ir §ilumos pernasos procesai, salygoti injekuojamo
skyscio pasiskirstymo kepeny audinyje.

Adresas susirasinéti: G. Barauskas, KMU Chirurgijos klinika, Eiveniy 2, 50009 Kaunas
El pastas: giedrius.barauskas@gmail.com
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