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Abstract

Finite element model of radiofrequency ablation (RFA) with cooled-tip probe in liver has been developed by employing COMSOL Multiphysics
software. It describes coupled electric, thermal and sodium chloride solution infiltration flow phenomena taking place during ablation processes.
Features of hydraulic capacity, saturation of the tissue by infiltration, and dependency of electrical conductivity on the damage integral of the
tissue have been supplied to the model. RFA experiments have validated the model. Physical parameters describing hydraulic capacity and
hydraulic conductivity in the tissue, as well as, the relation of electrical conductivity against the value of damage integral have been determined.
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1. Introduction

The substantial proportion of patients with primary or
metastatic malignancies confined to the liver are not candidates
for resection because of tumor size, location, multifocal char-
acter or inadequate functional hepatic reserve [1]. Radiofre-
quency ablation (RFA), a local thermal ablative technique
for the treatment of unresectable hepatic tumors including
hepatocellular carcinoma, proved to be tumoricidal [2].

RFA takes place at frequencies 460-550 kHz. Electrical volt-
age is being applied to the ablation zone by means of an elec-
trically active probe. The flow of electrical current transfers the
energy to the tissue, and the temperature there reaches 100°C
during time interval of 10-15 min [3,4]. The basic physical pro-
cesses taking place during RFA are the electrical current flow-
ing in the tissue and causing volumetric heat generation, as well
as, the heat exchange due to thermal conductance of tissues.

* The study was sponsored by the Lithuanian Science and Studies Foun-
dation.
* Corresponding author. Tel.: +370 686525 96; fax: +37037326 824.
E-mail addresses: rimantas barauskas@ktu.lt (R. Barauskas),
gulbanta@gmail.com (A. Gulbinas), giedrius.barauskas@gmail.com
(G. Barauskas).

0010-4825/% - see front matter © 2008 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.compbiomed.2008.03.007

The electrical conductivity is dependent on the temperature of
the tissue, therefore a coupled electro-thermal problem can be
formulated [6]. RFA processes performed by using cooled-tip
ablation probes are physically more complex because of the
flow of sodium chloride (NaCl) solution injected through the
active part of the ablation probe in order to prevent tissue car-
bonization, which may impede or even block the heat transfer
into the tissue.

The infiltration flow of the injected solution makes a signif-
icant influence on the overall heat transfer process of RFA due
to marked amount of heat energy transferred into the tissue by
advection, which is the transport of heat by means of moving
fluid. The heat power transferred by the fluid flow at each point
of the tissue depends on the velocity of the fluid, therefore
it has to be calculated by solving the hydraulic conductiv-
ity partial differential equations and further employed in the
advection—diffusion equation, which describes the combined
process of heat transfer. As a final result, the advection makes
the heated zone wider spread and simultaneously the peak tem-
perature in the nearest vicinity of the electrode is lower than
in the case of purely conductive heat exchange. The heating
of the tissue by high frequency electrical current together with
the heat conductivity and advection mechanisms complete the
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full physical view of thermal processes to be taken into ac-
count in the mathematical description of RFA. In this way a
fully coupled electrical, thermal and infiltration flow mathe-
matical problem can be formulated. It is known that at 500 kHz
frequency the electrical conductivity of liver tissue is approx-
imately 0.148 1/Qm [5], and it is determined mostly by the
active electrical conductance. Therefore the analysis can be rea-
sonably simplified by assuming the equations of electric phe-
nomena formulated in terms of steady amplitudes of electric
voltage and current, subsequently the electric power being ex-
pressed as the product of the effective values of voltage and
current. This implies the consideration of alternating voltage
and electrical current in terms of their effective values ob-
tained by solving the equations of direct current in conductive
media. Models of such type have been employed during RFA
processes modeling in [6,7]. The lesion of the tissue as a con-
sequence of heating can be evaluated by using the Arrhenius
formula [7].

During RFA processes in vivo, in addition to the heat con-
ductance and heat advection by the flow of infiltrated solution,
the heat advection takes place due to heat transport by the blood
flow in liver tissue. The latter heat transfer mechanism is very
complex due to non-uniform blood velocity field in the tissue
and due to the presence of a dense net of blood vessels of vary-
ing calibers, which may sewer considerable amount of heating
energy. Most of the research works published up to now employ
simplified approaches for taking into account heat losses in the
RFA zone due to advection. Chang and Nguyen [6,7] have em-
ployed a perfusion coefficient to take into account volumetric
heat losses due to thermal power absorbed by the blood. Nei-
ther blood nor the NaCl solution velocities were employed in
the equations explicitly.

Extensive experimental work and adjustment of RFA proce-
dures are often performed on ex vive biological tissues. A basic
distinguishing feature of RFA process performed on an ex vive
tissue is the absence of blood perfusion and smaller amount of
interstitial fluid. Though cadaveric liver tissue contains ~ 77%
of water [8], significant extra volume of fluid can be infiltrated
and absorbed by intercellular space.

In this study mathematical model of RFA ablation in liver
tissues has been developed. As a novel feature of the model, the
coupling of the electrical-thermal conductivity problem with
the heat advection by means of the infiltrated flow velocity
field, which is caused by the injection of NaCl solution through
the RFA probe, has been described. The infiltration process is
modeled by employing the approach presented recently by our
group [9] assuming the flow being similar to Darcy’s flow of
the fluid through porous media. The role of the “pores” in the
liver tissue is played by intercellular spaces and small empty
blood vessels. The model is supplemented with the nonlinear
hydraulic capacity term, which evaluates the possibility of ca-
daveric tissue to accommodate certain volume of fluid within its
intercellular volume until the saturation point is reached. The
amount of accommodated fluid volume is expressed in terms
of volumetric saturation fraction (VSF). The overall model is
enhanced by introducing the nonlinear relationship of electri-
cal conductivity of the tissue against its damage integral. The

computations are followed by experimental validation of the
model in cadaveric porcine liver.

2. Mathematical model
2.1. Problem formulation

The RFA process is initiated by the high frequency alternat-
ing voltage applied to the electrically conductive ablation probe
inserted into tumor tissue. We investigate the RFA process ini-
tiated by a probe, the geometry of which resembles a hollow
needle of diameter 0.002m inserted into liver tissue 0.06 m
deep. Only the tip of the probe of length 0.02 m is electrically
active and serves as a conductor of electric current flowing into
the tissue. It causes the distributed electrical current to flow
through the tissue in the direction of the grounding electrode
attached elsewhere to the patient’s body. The distance between
the probe and the grounding electrode is usually much larger
than linear size of the probe, as well as, of the tumor. In order
to obtain a finite element model of reasonable dimensions we
investigate only a cylinder-shaped zone of the tissue of diam-
eter 0.12m in the vicinity of the probe insertion point, Fig. 1.
The size of the investigated zone is selected freely in order to
approximate the “nearly infinite” surrounding of the probe. To
make sure that the finite size of the investigation zone did not
introduce prohibitive errors of calculations, we may solve the
same problem at this and at a larger domain size and to com-
pare the obtained results. If the domain size is large enough,
the obtained results should be approximately the same in both
domains.

The electrical current flow through the tissue causes the
volumetric heat generation. The heat is redistributed through
the continua in time due to thermal conduction of the tis-
sue and the advection heat transfer by means of the infiltrated
NaCl solution. The NaCl solution is infiltrated into the tissue
through eyeholes of the hollow ablation probe, fills in the in-
tercellular spaces and spreads over the investigated liver zone.

F—

diameter of the probe

length of the electrically 0.002m

insulated part of the
probe 0.04m

length of electrically
conductive part of the

probe 0.02m Radius of investigated

o domain 0.06m

Fig. 1. Geometry of investigated axissymmetric domain.
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The velocities of the fluid at each point of the zone are calcu-
lated by solving the fluid flow equations.

Therefore the overall physical process is determined by
coupled electrical, thermal and hydraulic phenomena, most of
which are nonlinear. The following mathematical formulation
of the problem is presented for the axially symmetric domain,
where the liver tissue is considered as homogeneous continua.
In the following we discus all aspects of the model in more
detail.

2.2. Electrical current

Applying a quasi-static model of electrical conductance we
performed the analysis of distributed electrical current in liver
tissues during RFA. The alternating voltage and electrical cur-
rent in axially symmetric conductive continua are described in
terms of their effective values by means of the equation

G} do d dp\
= (Zmra-a?) i % (ZRraa) =0, €V, (1)

where ¢ is the electric potential (V), ¢ the electrical conduc-
tivity of the tissue (1/Qm), and r, z the radial and axial coor-
dinates, (m).

Multiplier term 277 appears in the equation due to axial sym-
metry of the domain and implies that integrals are calculated in
the cylindrical system of coordinates. Therefore we cancel out
neither multiplier 2z from Eq. (1) nor multiplier term 27r from
subsequent relations, which describe the boundary conditions.
The expression 2nro could be rather interpreted as equivalent
electrical conductivity coefficient used in axissymmetric for-
mulation. Usage of equivalent conductivity values enables to
calculate the integrals over flat triangle finite elements.

Cauchy (Neuman) boundary condition

an,aaa—‘f + 2nrn:ag—(§ =0, €S§ )
is used at the insulated boundary of the probe, at the free surface
of the tissue and at the line of axial symmetry inside the tissue.
The physical meaning of (2) is that no electrical field lines are
leaving the domain through this boundary.

Dirichlet boundary condition

¢=¢g, €S5p G

is applied to the surface at the electrically active part of the
probe (@g given) and to the external boundaries of the inves-
tigated domain situated “far enough” from the ablation probe
(¢g = 0), Fig. 2a.

2.3. Infiltration of fluid

During ablation processes in ex vivo tissues the only fluid
flow in the tissue is due to the infiltration of the fluid. Assume
that in the nearest vicinity of the ablation probe only small
blood vessels exist. It is extremely difficult to take into account
the influence of the blood vessels on the overall infiltration flow

a
MNeuman's boundary cendition for
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Fig. 2. Boundary conditions of the investigated domain: (a) infiltration flow;
and (b) b—electrical and thermal.

exactly, therefore we are basing ourselves on the assumption
that the infiltration flow can be approximately presented by
the mathematical model of flow through porous tissue able to
contain certain amount of fluid until the intercellular spaces
and small blood vessels are saturated. The values of physical
constants of the mathematical model were determined in our
earlier work [9] by comparing computational results with the
results of carefully planned experiments.

Further we assume that the infiltration of NaCl solution into
the liver tissue during RFA process is described by using the
hydraulic conductivity equation based on Darcy’s law [10]:

0 op 0 op
S0 oymaprlt e ¥ e £
or ( = ar) ks 0z (2”’( 6z)

G)
=2nrspp + 2nren a—f. €V, (4)
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where p is the pressure presented as hydraulic head, which is 1 T :
expressed in terms of the height of the water column, (m), k the 09
hydraulic conductivity coefficient of the tissue (m/s), c the Y 2i bevsojy Iebieyi® [lefovo bdi sholong
hydraulic capacity of the porous media. It is equal to Darcy’s os SRS ATTETO T R e T T T R S
velocity as the fluid fills in the pores at 3p /0t =1 (1/m), and sy 07
the hydraulic absorption coefficient of the porous media. It is ' 5 : ; : : ; . :
equal to Darcy’s velocity as the fluid fills in the pores at p =1 g : : : : : : :
1/(ms). Vero 05
Two types of boundary conditions are imposed (Fig. 2b). The P S0 et sy Mt oS i e B el SRR i
Cauchy boundary condition reads as oy A S o i I e T T
nﬂnrka—p + n:ZIrrkgE = —2arqn, €Sy, 5) 1B s e S T BN SR SRS 1 RS S S
or 0z B L il SR
1 o e et b bbbt Bet Tl It O Lottt & St by B
where gy is the prescribed fluid flux density (Darcy’s velocity, L 1 : : '
or volumetric flow rate across unit surface) at injection eyeholes . 0 01 02

(m/s).
Dirichlet boundary condition defines the prescribed pressure
at distant boundaries of the investigated domain as

p=0; €S, (6)

The saturation of the pores of dead liver tissue by infiltrated
fluid is measured in terms of dimensionless quantity

I

¥, 7, 2) = 21:[0 (shrp + chr %) dt, ™
which determines the VSF of the liver tissue (assuming that
the tissue volume includes the volume of empty pores) at point
(r, z) filled in by the fluid during time interval [0, 7] because of
hydraulic capacity and absorption properties of the tissue [9].

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 cp, sy are nonlinear and depend on
y as

s f ) —alv el
ch = Choe—a(}/ﬁu)’; Sh = Shoe a(y/70)” (8)

At coefficient values @ = 3.815 and b = 6 the relationship pre-
sented in Fig. 3 is obtained.

The presented fluid infiltration into the liver tissue model
does not pretend to be correct in the vicinity of large blood
vessels. In such cases the geometry and hydraulic capacities of
the particular blood vessels should be directly included into the
finite element model.

2.4. Thermal phenomena

Thermal field in the tissue is described by the heat diffusion-
advection equation as

0 or 0 orT dpdT
i s bt i Y % sl
or (2””1 or ) hi%z (2m,1 oz ) TPt ar
oT
+ 211::".:',03'{d—PE + 2nrb(r, z) =2nrpc—, €V, 9)
dz dz ot

where T is the temperature of the tissue (K), b the volumet-
ric density of heat source (W}m3), A the thermal conductivity

Fig. 3. Relationship of relative hydraulic capacity coefficient against the
volumetric fraction of tissue filled in by the fluid (saturation point 3, =0.84,
a=3815, b=6).

(W/(Km), ¢ the mass thermal capacity (J/(Kkg)), and p the
mass density {kg;‘m3), terms —k,(dp/dx); —ky(dp/dy) are
the components of Darcy’s velocity of NaCl solution injected
through the eyeholes of the ablation probe and flowing into the
intercellular spaces of the tissue.

Cauchy boundary condition defines the thermal exchange
with the environment of the investigated domain as

oT
Zm'n,,lg— +2nrn,A— % + 2nrq

+2mra(T — Too) =0, € Sc, (10)

where « is the film coefficient (W /K m?), T, the temperature
of the environment (K), and ¢ the prescribed heat flux den-
sity across the surface (W/m?). Eq. (10) includes two phys-
ically different boundary conditions. Term 27mrg indicates a
prescribed thermal flux density across the boundary, and term
2nro(T — T) describes thermal flux density across the bound-
ary surface due to heat exchange across the interface between
two environments. Therefore g and « cannot be non-zero at the
same part of the surface.

In our model the last term of (10) is never used as practically
heat exchange across the outer interface between the tissue and
air may be assumed as negligible. Value ¢ = 0 in (10), which
means the thermal isolation of the investigated domain at the
boundary, is used instead at the boundaries with the air and
with the ablation probe, as well as, at the boundary of the axial
symmetry.

Expression ¢ =cpk(n,(@p/0r)+n.(0p/0z)) in (10), which
means the heat flux transported out of the domain by the fluid
flow, is used at the distant boundaries (Fig. 2a):
or

T
2nrn,12—x + Zerzla

) d
= —2nrcpk (n,—p +n. ap) L Sg. (10")
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As an alternative, the Dirichlet boundary condition

T=%: €355 (11)
may be used for defining the known temperature of the tissue
at distant boundaries, where 7, = 310K = 37 °C. However, as
observed in our calculations, the performance of the nonlin-
ear model was more robust when we used boundary condition
(10) at distant boundaries rather than boundary condition (11).
Practically, in some situations the global solution process even
failed to converge if boundary condition (11) was employed.
Both boundary conditions alternatives (10)" and (11) physically
do not contradict to each other. As only one of them is neces-
sary to use, we chose an easier way and carried out our analyses
by using (10)'.

2.5. Damage of the tissue

The damage of the tissue due to heating is obtained by
Arhenius formula [7], which defines the value of the “damage
integral” as

T
Q(r)=In 40 Af e AE/RTR) g, (12)
c(r) 0

where ¢(t) is the concentration of live cells, R the universal
gas constant, A the “frequency” coefficient (s~'), and AE the
energy of initiation of irreversible ablation reaction (J/mol).

Parameters A and AE have been characterized for liver tis-
sues [11]. Damage integral value 2 = 1 corresponds to 63%
probability of cell death at a specific point, and value 2 = 4.6
corresponds to 99% probability of cell death at a point in the
model. The significance of =1 has been reported as the point
at which tissue coagulation first occurs [12].

2.6. Coupling of multiphysical phenomena

The coupling of the electric and thermal fields takes place
due to the dependency of the electrical conductivity ¢ in
Eq. (1) on the temperature of the tissue and due to the vol-
umetric heat generation rate the magnitude of which is de-
pendent on the electric current strength. Values of electrical
conductivity of liver tissues at different temperatures are not
comprehensively investigated at the time being. In practical
calculations the electrical conductivity of the tissue is usually
identified with the electrical conductivity ¢(T, N) of NaCl so-
lution of normality N and temperature T (°C), which has been
expressed by Strogyn [13] as

o(T, N) = 0(25, N) % (1.000 — 1.962e — 2 % (25 — T)
#8.08e — Sy =) 0.
x N % (25— T). % (3.020e — 5 + 3.922¢
—5%x(25-T)+Nx*(1.721e—5%x(25—T)
— 6.584e — 6 % (25 — T)))), (13)

where (25, N) = N % (10.394 —2.3776 % N + 0.68258 % N —
9.13538+N3+41.0086e—2N*) is the electrical conductivity of

35 T : T : : :

electrical conductivity (S/m))

0 40 50 60 70 B0 a0 100

temperature (DC )]

Fig. 4. Electrical conductivity of N = 0.105 physiological solution against
temperature plotted in accordance with relation (12).

the normality N solution at temperature 25 °C. The normality
of physiological NaCl solution is N = 0.105. At such normal-
ity value relationship (13) is very close to linear as presented
in Fig. 4.

The expression of the volumetric heat generation rate reads
as

b=0|Vol* = pyeraX(T — Tp) + Om, (14)

where |V |? is the power generated by the flow of electric
current through the tissue, p,cpw(T —T},) the heat power losses
due to blood flow perfusion, ¢y, p;, the mass thermal capacity
and mass density of the blood, w the perfusion coefficient, and
Om the heat power generated due to metabolic processes [6].
The second and third terms in (13) are used only for modeling
the RFA processes in live tissue.

Our investigations demonstrated that the dependence of elec-
trical conductivity of the tissue against its damage integral Q
has to be taken into account by scaling tissue electrical con-
ductivity as
& =0 x 1.1/300000 (15)
where ¢ is obtained from (13).

Relationship (15) is graphically presented in Fig. 5. As di-
rect experimental measurement data were not available, the pa-
rameters of the relationship ¢ against £ have been adjusted in
order to ensure the best match of computed and experimental
time laws of tissue temperature. A thorough discussion on this
point is presented in Section 3 of this paper.

The coupling of the thermal and fluid flow fields is ensured
by advection terms in Eq. (9). In addition, the fluid flow has
the influence upon the coefficients used in both electrical and
thermal equations because of the following considerations. As
the research is concentrated upon RFA processes taking place
in ex vivo setting, the partial dehydration of tissue has to be
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Fig. 5. Relationship of electrical conductivity of the tissue against the damage
integral.

Table 1
The values of physical constants

Temperature of surrounding tissues I, =310K

Mass density of tissues p = 1060 kg/m?
Thermal conductance of tissues A=0.5020W/Km
Thermal capacity of tissues c=3600]/kgK
Electrical conductivity of tissues 6=0.148 1/Qm
Mass density of blood pp = 1000kg/m?
Thermal capacity of blood cp =4180J/kgK
Perfusion coefficient w=06.4e — 357!

A=1739 x10¥s!
AE =2.577 x 10° J/mol

“Frequency” coefficient
Energy of initiation of irreversible
ablation reaction

Universal gas constant R =8.314 472(15) J/(mol K)

taken into account. Though the cadaveric tissue still contains ~
77% of water [8], our experiments demonstrated that additional
content of the solution comprising ~ 48% of cadaveric tissue
volume can be infiltrated. Naturally, the process is followed
by enlargement of the tissue volume subject to infiltration of
appropriate volume of fluid. As in our model the process is
investigated in the finite element mesh of fixed dimensions, it
appears reasonable to treat the mesh as presenting the maximum
possible volume of the tissue. At the same time the existence of
empty “pores” is assumed, which are filled in by the solution
as it is infiltrated into the tissue. Basing on the obtained data,
the initial VSF of the fluid infiltrated into cadaveric tissue is
y = 0.521, and the maximum possible value of the VSF is
70 = 0.84. The influence of the VSF of filling in the pores
upon conductivity coefficients, as well as, the mass density of
the tissue should be considered. As a rough approximation, the
coefficients k, 4 and p are scaled by the quantity 1 — y,+ 7 in
Egs. (1)-(5), (9) and (10).

The values of physical constants listed in Table 1 have been
taken from [6]. Values of some other necessary but not available

constants have been determined in the course of the model
validation.

2.7. “General” form of equations in COMSOL Multiphysics
computational environment

The computational realization of the full and complex cou-
pling of the three fields in the considered multifield physical
problem is hardly implementable in most general-purpose finite
element software systems. The COMSOL Multiphysics is prob-
ably the best-suited software available today for implementing
the task required in this investigation. It enables to generate a fi-
nite model of arbitrary complexity and coherency starting from
the formulation posed in terms of partial differential equations.
In COMSOL Multiphysics the partial differential Eqgs. (1), (4),
and (9) with boundary conditions Egs. (2), (3), (5), (6), (10)’,
(11), (2), and (3) relations (7) and (14) along with all above-
discussed coupling terms are presented in the “general” form
[14,15] as

7
p
dgd ¢t +V-I'=F, €V, (16)
i
Q
with boundary conditions
-n-'=G, €8,
I (17)
0=R, € S,
where
—1 2mrey 0 0 07
0 2mrep, 0 0 0
e Siclold 0 0 0 01;
0 0 0 2mrpc(l—7y+7y) 0
L O 0 0 0 1
0
Lo
0
2nrka—f
G}
Zﬁrka—‘z
2nra(l —yo + y)a_qo x 1.152/300000
r=- or .
2nra(l —yy + y)%gi x 1.1€/300000
2rnrA(1 — o + ?)?:
ar

27r A1 — yo + 9
ar A( fo+z)az

0
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—2nrsyp
—27rsyp
0

r

2nr (a(a—w) + a(a—(zp) = ppcb@(T — Tp) + Om +cp

Ae—AE/RT

G and R present five different boundary condition sets as

0 0
0 0
cV=10 R g :
0 0
L0 0
= 0 "
0
= Po
G? = ZRGCk(n,d—p+nzd—p) : R® = (pEp :
dr dz 0
0
0 0
i 0 0
0 27r gpo
GY = 0 i RO=|op—og |
2nrcpgno(T — Tin) 0
L 0 0
Bl = 0
0 0
GY=10|; RY=| og—op |;
0 0
Eipl L 0
-0 0
G¥=10}; R®= g , (19)
g 0
O

which are applied to boundaries of the domain as indicated in
Fig. 6,

cn = cpoe 20/’
Y0=0.84; a=3.815; b=6,

sh = spoe 20710,

qno is the prescribed fluid flux density at the part of the probe
supplied with infusion eyeholes; Ti, the temperature of the
fluid entering the domain through the eyeholes of the active
part of the ablation probe; T}, the ambient temperature; pg the
pressure prescribed on distant boundaries of the domain; and
¢@go the electrical potential prescribed on the boundary at the
electrically conductive part of the ablation probe.

3. Experimental setup
3.1. Experimental model of RF ablation in ex vivo tissue

Six cadaveric porcine livers (average weight 2300g) were
used for the experiment in room temperature. The RF delivery
system was an ELEKTROTOM HiTT 106 generator system
(Berchtold, Tuttlingen, Germany) in mono-polar mode, used in
conjunction with a single needle 16-gauge cooled-tip ablation

dr dpdT\ (> €% (18)
ke —~h ekt
dr dr dz dz
G[’) R[S)
G[‘],R(i)
G[3) R[3]
G(ﬂ R[4) G[?), R(!!
G[U,R[U
GI?J,RPJ

Fig. 6. Boundary conditions applied to the domain.

electrode. The 12 cm long probe was used. The distal 2 cm of the
probe is an electrically conductive metal and the remaining part
of the probe is covered with an electrically insulating material
to prevent cauterization along the shaft. A grounding pad was
applied to the cadaveric liver.

The RF generator supplies voltage at a frequency of 375 kHz.
Ablation treatments were sequentially performed in five pre-
determined locations in each porcine liver. The probe, inserted
into the liver under direct vision to a depth of approximately
4-5 cm, was flushed with normal saline. After insertion of the
probe RFA was started while saline at the room temperature
(21 °C) was infused at a constant speed of 105 ml/h (as spec-
ified by RFA generator manufacturer) using integrated auto-
matic syringe maintaining low tip temperature. Commensurate
amount of 35 ml of saline was infused into the liver tissue dur-
ing every repetitive experiment. After maintaining the baseline
power output at 20 W for 1 min, the output was increased to
50W and RFA was continued for 20 min.

Both the temperature and tissue impedance were monitored
during ablation. Temperature data was acquired by type K ther-
mocouple. Two thermocouples were inserted perpendicular to
the liver surface. A guiding device that was graduated every
5mm was used allowing precise placing of the thermocouples.
The depth of insertion, reaching the central part of the active
probe as calculated according to the length markers of the RFA
needle, was controlled using the thermocouple length markers.
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The active tips of thermocouples were placed at 5 and 10 mm
distance from exposed part of the probe. Temperatures were ac-
quired repeatedly every 1 min using TC-08 thermocouple data
logger connected to PC supplied with PicoLog data acquisition
software (Pico Technology Limited, Cambridgeshire, UK). All
the experiments were repeated at least five times with identical
results obtained.

3.2. Experimental model of fluid infiltration into non-viable
tissue

The experiment was designed utilizing three cadaveric
porcine livers (average weight 2300g) and 0.9% NaCl solu-
tion. Normal saline was stained by adding methylene blue
to obtain well-marked trace of infiltrated liquid in cadaveric
porcine liver. Infiltration procedure was performed at the room
temperature.

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

After termination of infusion the liver tissue was incised lon-
gitudinally along the needle and, afterwards, along the needle
channel to disclose the whole portion of the colored liver tissue.
The colored liver tissue was then measured to obtain transverse
half-width and longitudinal half-width of the stained zone. Indi-
vidual values were recorded accordingly. Average values were
calculated as mean with standard deviation.

3.3. Estimation of VSF

Experimental model to determine volume of fluid, which
might be injected into certain volume of non-viable tissue, was
designed utilizing cadaveric porcine liver and 0.9% NaCl solu-
tion at the room temperature. Five liver preparations were ex-
cised out of cadaveric porcine liver. Volume of liver preparation
was measured by displacement of normal saline in calibrated
flask (Archimedes principle).

The 16-gauge RFA cooled-tip electrode needle with a 2cm-
exposed tip was used. After placement of the RFA needle in
the liver tissue preparation at a depth of 3—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 preparations.
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 infiltrated liver
preparation volume were recorded. VSF, expressed as propor-
tion of infiltrated fluid to liver preparation volume, was calcu-
lated accordingly.

3.4. Subsequent experimental validation of the mathematical
model of RFA procedure

Further validation of the mathematical model of RFA proce-
dure was accomplished performing 30 additional experiments

on cadaveric porcine liver. Local ablations of liver tissue were
performed strictly pursuing the protocol, described in Section
3.1. Temperatures were acquired repeatedly every 1min and
were expressed as mean £SD. All the RFA validation exper-
iments were carried on by an independent researcher (T.V.),
who was not involved in the initial experiments.

4. Analysis of results

After performing finite element computational procedure on
the model described in Section 2 in COMSOL Multiphysics
the values of electric potential, electric field strength, tempera-
tures, pressures and other quantities describing the RFA process
are obtained at all nodes of the finite element mesh presented
in Fig. 7a. Along with contour plots, graph relationships are
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Fig. 7. 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 (a) and reference lines for
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Fig. 8. Distribution of volumetric saturation fraction in the vicinity of the probe after 10 min of injection of colored sodium chloride solution at injection rate
90 ml/h; sy /k = 105; 7, = 0.84; Yinitial = 0-521; (@) (cp/k) = 108; (b) (cn/k) =5 x 107; (c) (ch/k) = 4.5 x 108; (d)—experimentally determined zone.

Table 2

Experimental data of porcine liver tissue infiltration by methylene-blue stained saline

Measurement\ Experiment 1 2 3 B 5
Longitudinal half-width of the oval (cm) 35 34 34 35 3.6 Mean 3.5; SD 0.1
Transversal half-width of the oval (cm) 1.1 23 1.4 1.2 22 Mean 1.6; SD 0.6

presented along two selected lines linv (line along the electri-
cally active part of the probe) and linh (horizontal radial line
directed outwards from the surface of the probe), Fig. 7b.

The physical constants of the tissue are used as presented in
Table 1. The unavailable at the moment constants have been
determined by performing reasonably planned physical and nu-
merical experiments.

A physical experiment has been performed, in which
methylene-blue stained NaCl solution has been infiltrated into

the liver tissue during 10 min time at 90 ml/h injection rate.
Fluid infiltration in cadaveric porcine liver produced an irregu-
larly shaped stained zone (Fig. 8d). Mean half-width of longi-
tudinal and transversal dimensions of stained areas, produced
in the experimental setting was 3.5 = 0.1 and 1.6 % 0.6, re-
spectively. Detailed results of experiments on tissue infiltration
are presented in Table 2.

Obtained results enabled us to analyze the geometrical di-
mensions of stained zone of the tissue, which was reached
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Table 3
Volume of fluid injected into certain volume of non-viable liver tissue preparations in experimental setting with calculated volumetric saturation fraction

Measurement\ Experiments 1 2 ] Bl 5

Volume of excised tissue (ml) 21 22 26 24 25
Volume of injected saline (ml) 10 10 12 12 12
Proportion of volume of injected saline to volume of liver preparations 0.476 0.454 0.462 0.500 0.480

Mean 23.6; SD 2.07
Mean 11.2; SD 1.14
VSF =0.47

by the infiltrating fluid. A non-guided placement of the RFA
needle may possibly result in drainage of the injected fluid
to vascular structures. In clinical setting RFA is mainly dis-
posed within the tumor tissue, which is a more solid structure
and not intersected with tubular structures of significant cal-
ibers, thus fluid distribution within the tumor might be differ-
ent. However the most clinically important result of RFA is to
obtain “clear margins”—a zone of total necrosis of liver tissue
surrounding the tumor. Hence the pattern of fluid distribution
within the liver tissue should be considered. As it is seen in the
experimental images compared against computational results
(Fig. 8), the obtained shape of the zone saturated with the col-
ored NaCl solution may be distorted as the solution is sewed
away through empty blood vessels.

Real liver tissue contains a dense net of blood vessels and
therefore it is a non-homogeneous porous media. The blood
vessels are empty in post-mortem liver and serve as natural
“wells” able to absorb certain amounts of the injected solu-
tion. Experimental model to calculate volume of fluid, which
might be absorbed by certain volume of non-viable tissue, uti-
lized cadaveric liver preparations. Mean volume of liver prepa-
rations was 23.6 ml. The mean volume of absorbed fluid was
11.2 ml. Analysis of results revealed that mean VSF was 0.475
(Table 3).

The model equations imply that the value of integral (7)
providing the VSF values at a point of the model is dependent
only on the ratios ¢ /k and sy / k. Fig. 8 presents the results of
distribution of VSF in the vicinity of the probe after 10 min of
injection.

Tissue saturation mechanism based purely on tissue hy-
draulic capacity has been assumed by taking sp/k = 0. A
deeper consideration and background on this choice may be
found in our recent publication [9]. Different values of c,/k
correspond to situations, in which the hydraulic conductance
(Fig. 8a) or hydraulic capacity (Fig. 8c) infiltration mechanism
was prevailing, as well as, when both of them were significant
simultaneously, (Fig. 8b). Results presented in Fig. 8 imply the
choice of value cp/k & 5 x 107, which ensures the geomet-
rical dimensions of the computed oval zone of the absorbed
solution (Fig. 8b) very close to those obtained experimentally
(Fig. 8d). In numerical experiments we determined the zone
reached by the infiltrating fluid by fixing VSF values y>0.01.

The Darcy’s flow with saturation model can serve only as
first and quite rough approximation of the real infiltration pro-
cess. Nevertheless, the obtained value of equivalent hydraulic
conductivity enabled to represent the overall injection and in-
filtration process satisfactorily.
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Fig. 9. Temperatures reached during RFA on post-mortem liver tissue at dif-
ferent values of hydraulic capacity of the tissue (no dependence of electrical
conductivity against the tissue damage integral taken into account): (a) tem-
perature along line linh at time moment 10min; and (b) temperature time
law at reference point B during first 10 min of RFA process.

On the other hand, the value cy/k ~ 5 x 107 provides a
good match of temperature values along line linh (see Fig. 7) at
time moment 10 min (Fig. 9a), as well as, during all the time of
heating (Fig. 9b). Fig. 10 presents the temperature distribution
along line linv at the edge of the ablation probe at different
values of cn/k. It can be seen that value cn/k ~ 5 x 107 again
provides realistic results while lower value ¢, /k=1x 10’ causes
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Fig. 11. Lesion zones evaluated according to macroscopic appearance and temperature distribution: (a) macroscopic image of RFA lesion zones; and (b) filtered
view of complete (inner elliptic line) and relative (outer elliptic line) lesion zones.

unduly high temperature of the tissue just below the tip of the
probe. The temperature of the NaCl solution entering the tissue
through the eyeholes of the ablation probe has been assumed
as T, = 100°C and the ambient temperature of cadaveric liver
tissue was Tymp = 22 °C.

Obtaining value ¢y, / k could be referred to as parameter iden-
tification procedure of the model on the base of measured val-
ues of temperature at several points over the investigated zone
(e.g., as points B and D in Fig. 9a), as well as, on measured time
laws of the temperature at selected points during the 10 min in-
terval characteristic for ablation procedures, see Fig. 9b. Practi-
cally, we needed to find the model parameters ensuring a good
approximation of reference data obtained by measurement.
Practical applications of parameter identification procedures
sometimes may provide misleading results, if an accidental

“mix of model parameters” is found, which enables the mod-
eling results to resemble more or less the results obtained
by some particular set of measurements. Fortunately, we can
reasonably state that it is not the case here. The computed
relationships over space and in time were matched satisfac-
torily by corresponding measurement results by adjusting the
value of single (!) parameter c},/k during 10 min measurement,
where all other model parameters have been taken from known
reference sources.

During experimental RFA two oval-shaped zones of tissue
destruction were developed: the inner zone of complete le-
sion and the external zone of relative lesion (Fig. 11a and b)
[16]. Temperature rapidly increased for 5min and stabilized
thereafter 5 mm apart from the probe (complete lesion zone)
reaching the average temperature of 89.7 °C, whereas it was
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gradually increasing to reach the average temperature of 58.2 °C
after 20 min at the distance of 10 mm (Figs. 9 and 12).

In case the advective heat transfer process is disregarded,
the results are very different from the reality, as demonstrated
by the dashed line in Fig. 9a. Good coincidence of numerical
and experimental results provides satisfactory background for

temperature ( °C)
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Fig. 12. Temperatures time laws at reference points B and D during 20 min
of RFA process at value cp/k =5 x 107 of hydraulic capacity of the tissue.

Table 4

regarding the obtained c/k value as validated for models of
cooled-tip RFA experiments on cadaveric liver tissues.

The results illustrated in Figs. 9 and 10 have been obtained
without taking into account dependence (15), which relates the
tissue electrical conductivity against the damage integral. The
necessity of taking into account a relationship of type (15) is
not obvious for RFA processes of 10 min duration because of
good coincidence of computed and measured temperatures.
However, during the next 10min of RFA procedure the com-
puted results exhibit further increase of tissue temperature at
reference point B situated 5 mm from the midpoint of the active
zone of the ablation probe, whereas experimentally no further
temperature increase has been observed (Fig. 12, curves 1 and
3). Similar inadequacy can be seen regarding the results at
point D (Fig. 12, curves 4 and 6). Our analysis demonstrated
that the inadequacy of the model could be quite simply repaired
by introducing relationship (15) into consideration. As direct
electrical conductivity measurement data were not available,
the exponential form of the relation has been assumed. The
values of numerical parameters of the relationship as 1.1 and
300000 have been selected in order to provide the best match
of numerically obtained and experimental results (see Fig. 12,
curves 2 and 3 for point B and curves 5 and 6 for point D).
The introduced relation (15) is not “artificial” as the decrease
of tissue electrical conductivity because of the lesion growth
is well-known phenomena observed experimentally. Direct

Temperatures obtained after 20 min at the points B and D during validation procedures on cadaveric porcine liver

Distance from active probe (mm)

Computed temperature (°C)

Experimental results (n = 30) Mean £ SD (°C)

Point B 3 89.1
Point D 10 60.2

898 +5.6
593482

Computed temperatures at the points B and D were acquired from calculations, presented in Fig. 12.
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Fig. 13. Distribution of electric potential over the tissue domain in the vicinity of the ablation probe at the start of the RFA process (a) and after 10 min (b) of
injection of colored sodium chloride solution at injection rate 90mb/h. cp/k =5 x 107: Yo = 0.84; Yiniiial = 0.521; dependence (15) of electrical conductivity

against damage integral taken into account.
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measurement of the dependency would be complicated as in
reality the electrical conductivity is determined not only by
damaged tissue but also by the infiltrated solution. The selected
simple form of relationship is able to present an integral es-
timation of the conductivity change during RFA on the base
of available temperature measurements data and the modeling
results.

Subsequent 30 ablated zones of liver tissue were produced
to validate the computational model. Temperatures at the
point B were gradually increasing to reach the mean value of
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Fig. 14. Distribution of temperature over the tissue domain in the vicinity of

the ablation probe at the start of the RFA process and after 10 min of injection

of colored sodium chloride solution at injection rate 90ml/h. ¢ /k=35 x 107;

Yo = 0.84; Vinia = 0.521; dependence (15) of electrical conductivity against

damage integral taken into account.
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89.8 + 5.6 °C, whereas the mean value of temperatures at the
point D was 59.3 & 8.2°C (Table 4). The results obtained re-
vealed good coincidence of numerical and experimental data
as standard deviation in the series was less than 15%.

The dependency of electrical conductivity against the dam-
age integral causes the distribution of electrical potential over
the tissue to change in time. Fig. 13 presents the electrical po-
tential distribution contour plots at the beginning of RFA pro-
cess, as well as, at the end of first 10 min RFA time interval.
Fig. 14 presents the temperature distribution contour plots at
time moment 10 min.

It is known that at temperatures of greater than 60 °C, there
is denaturation of intracellular protein and lipid bilayers, which
lead to irreversible cell death [17]. At lower temperatures intra-
cellular enzyme inactivation, mitochondrial injury, leading to
increased apoptosis occur, however no physical tissue damage
is present [18]. Fig. 15a illustrates 99% and 63% dead cells
lesion zones in the vicinity of the ablation probe after 10 min
of RFA. The 99% dead cells lesion zone is determined by the
damage integral value 2> 4.6. In Fig. 14a it can be seen as
a dark elliptic zone encircling the active part of the ablation
probe. 63% dead cells lesion zone is determined by the damage
integral value 1 < 2 <4.6. In Fig. 14a it can be observed as a
clearer elliptic ring encircling the 99% zone. Fig. 15b presents
the time law of change of half-width of 99% dead cells lesion
zone during the 10 min time interval.

5. Conclusion

In this study a finite element model of cooled-tip probe RFA
in liver tissues has been developed and investigated. The liver
tissue was treated as homogeneous continua. The model de-
scribes coupled electric, thermal and NaCl solution infiltration
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Fig. 15. Lesion zones of 99% and 63% dead cells in the vicinity of the ablation probe after 10 min of RFA (a) and time law of the half-width of 99% dead

cells lesion zone (b).
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flow phenomena taking place during real RFA processes by
assuming that the active electrical conductivity mechanism is
dominating in electrical processes. The mutual coupling of elec-
trical, thermal and hydraulic phenomena takes place due to heat
generation by means of the electric current flow, due to depen-
dency of electrical conductivity of tissues on their temperature
and on the damage integral of the tissue, as well as, the diffusive
and advection heat transfer into the tissue. At the same time,
an inherent capability of the cadaveric liver tissue to absorb the
fluid is taken into account by means of the nonlinear relation-
ship of hydraulic capacity and absorption coefficients against
the VSF of the fluid residing in the tissue. The model has been
implemented in computational environment COMSOL Multi-
physics. REFA experiments on porcine liver tissue have validated
the model. Based on experimental data unknown physical pa-
rameters describing the hydraulic capacity and conductivity in
post-mortem liver tissue, as well as, a relation of electrical con-
ductivity of the tissue against the value of damage integral have
been determined.

The model demonstrates satisfactory coincidence of com-
puted results against the experimentally obtained data both in
space and in time. Observed zones of tissue destruction are in
satisfactory correlation with theoretically obtained temperature
distribution characteristics. Comprehension and definiteness of
the zones is necessary for proper planning of RDA in clinical
setting. Modeling of the process in 3D space enables to estab-
lish most appropriate points for probe insertion ensuring that all
volume of the tumor is inside of the thermal destruction zone.

Directions for future improvement of the models should in-
clude better estimation of real structure and inhomogeneity of
liver tissue. Another point of interest would be more thorough
study of fluid flow process and heat exchange inside of the
ablation probe in order to obtain reliable estimations of in-
jected NaCl temperatures at the injection eyeholes of the ab-
lation probe. In this work we also did not take into account
the dependence of the VSF from temperature explicitly as our
experimental data did not provide sufficient background to de-
termine the necessary relationship. More refined experiments
should be designed to clarify the problem, possibly analyzing
the dependence of VSF not only on the temperature, but on the
extent of damage of the cells as well.

6. Summary

In this study a finite element model of cooled-tip probe ra-
diofrequency ablation (RFA) in liver tissues has been developed
and investigated. The liver tissue was treated as a homogeneous
continua. The model describes coupled electric, thermal and
NaCl solution infiltration flow phenomena taking place during
real RFA processes by assuming that the active electrical con-
ductivity mechanism is dominating in electrical processes. The
mutual coupling of electrical, thermal and hydraulic phenom-
ena takes place due to heat generation by means of the electric
current flow, due to dependency of electrical conductivity of
tissues on their temperature and on the damage integral of the
tissue, as well as, the diffusive and advective heat transfer into
the tissue. At the same time, an inherent capability of the ca-

daveric liver tissue to absorb the fluid is taken into account by
means of the nonlinear relationship of hydraulic capacity and
absorption coefficients against the VSF of the fluid residing in
the tissue. The model has been implemented in computational
environment COMSOL Multiphysics.

Comparing numerical results and physical RFA experiments
in ex vivo liver tissues has validated the model. Unknown phys-
ical parameters describing hydraulic capacity and hydraulic
conductivity in the tissue, as well as, the relation of electrical
conductivity against the value of damage integral have been
determined.

The model demonstrates satisfactory coincidence of com-
puted results against the experimentally obtained data both in
space and in time. Obtained absolute and relative zones of tis-
sue destruction are in satisfactory correlation with theoretically
obtained temperature distribution characteristics. Existence of
such zones is reported and characterized in the literature and
is of primary clinical importance. Comprehension and definite-
ness of the zones is necessary for proper planning of clinical
treatment. Modeling of the process in 3D space enables to es-
tablish most appropriate points for insertion of the probe en-
suring that all volume of the tumor is inside of the thermal
destruction zone.

It may be supposed that directions of future improvement of
the models should include better estimation of real structure
and inhomogeneity of liver tissue. Another point of interest
would be more thorough study of fluid flow process and heat
exchange inside of the ablation probe in order to obtain reli-
able estimations of injected NaCl temperatures at the injection
eyeholes of the ablation probe.
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