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Abstract

Ablative therapies such as radio-frequency (RF) ablation are increasingly used
for treatment of tumours in liver and other organs. Often large vessels
limit the extent of the thermal lesion, and cancer cells close to the vessel
survive resulting in local tumour recurrence. Accurate estimates of the heat
convection coefficient / for large vessels will help improve ablation techniques,
and are required for estimation of thermal lesion dimensions in simulations.
Previous estimates of 4 did not consider that only part of the vessel is
heated, and assumed uniform temperature distribution at the vessel wall. An
analytical relationship between the heat convection coefficient, blood velocity
and temperature is formulated. The heat convection coefficient evaluated will
assist both simulations and design of proper protocols for in vivo measurements.
The mathematical model developed in this work describes the exchange of heat
between a solid surface and a moving fluid and it is based on energy and motion
equations for Navier—Stokes fluids. A particular case of a laminar blood flow
in the portal vein is studied when a portion of its surface is heated. The results
show that heating a larger portion of the vessels reduces convective heat loss,
which may result in more effective ablation strategies.

1. Introduction

Different ablative therapies are clinically used to treat liver cancer, as well as tumours in
kidney, bone and lung (Goldberg et al 1998a, Vanderschueren et al 2002, Gervais et al 2003,
Dupuy et al 2000). Microwave, laser and ultrasound are used to heat tissue, but worldwide
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the most widely used method is radio-frequency (RF) ablation. Therefore, this work will
concentrate on RF ablation, even though this study is applicable to other thermal ablative
therapies. During RF ablation a thin electrode is placed directly into the tumour using
ultrasound, computed tomography or magnetic resonance imaging guidance. A RF generator
creates electric current in the tissues through the electrodes. The tumour is heated due to the
Joule effect causing necrosis of the malignant cells once tissue temperature exceeds around
50 °C. Consequently, if the technique is successful it might cure the patient.

One limitation of thermal ablative therapies is the heat sink effect caused by large vessels.
Radio-frequency ablation coagulates vessels up to 3 mm diameter, but larger vessels remain
perfused. Cancer cells close to these vessels may not reach required temperatures, survive,
and result in local tumour recurrences.

It has been shown that tumour recurrence occurs more frequently when the hepatic tumour
is localized next to a vessel (Goldberg et al 1998a). So far strategies to alleviate the heat sink
effect of large vessels have concentrated on reducing blood flow by either pharmacologic
agents (Goldberg et al 1998b) or by occluding hepatic inflow (i.e. occlusion of the blood in
the portal vein, celiac artery or hepatic artery) (Chinn ef al 2001). The temperature profile
in the liver tissue and, hence, the size of the lesion is very dependent on the heat convection
coefficient /4 in these vessels, which describes the heat sink effect (Haemmerich et al 2003).
Since h is the parameter that has a significant impact on the shape of the lesion obtained
during hepatic RF ablation, an important step towards the improvement of the RF ablation is
the prediction of /. The overall objective of this work is to study and theoretically predict the
values of % in the hepatic vessels during RF ablation. A better understanding of the behaviour
of h will help guide experiments, improve numerical simulations and design better protocols
for the hepatic RF ablation.

In order to predict /4, a correlation equation is developed. The equation presented here
describes the convective heat transfer when only a portion of the surface of a vessel is heated.
As will be shown, this is a more realistic situation for ablation techniques than correlation
equations used in previous work where a fully thermally developed condition is assumed.
Furthermore, the results of this study can be applied to any organ where large vessels limit the
extent of thermal lesion formation, e.g., for liver and kidney cancer treatment.

2. Estimate of h that has been used in previous work

A number of previous studies examine heat transfer in blood vessels. Charm et al (1968)
experimentally investigated heat transfer in small tubes (0.6 mm diameter) in a water bath.

Victor and Shah calculated heat transfer for uniform heat flux and uniform wall
temperature cases for fully developed flow (Victor and Shah 1975), and in the entrance region
(Victor and Shah 1976).

Lagendijk (1982) calculated temperature distributions in the entrance region around large
vessels during hyperthermia, assuming laminar and fully thermally developed flow.

Chato (1980) developed correlation equations for estimating the heat transfer under
different configurations and diameters of blood vessels.

Barozzi and Dumas (1991) calculated heat transfer in the entrance region considering the
rheological blood properties, and a cell-depleted plasma layer at the vessel wall.

Kolios et al (1995) used conservation of energy equations for calculating temperature
profiles around large vessels, since heat transfer coefficients change during temperature
changes, and may vary circumferentially.

Tungjitkusolmun et a/ (2002) modelled the influence of a large vessel on thermal lesion
formation during RF ablation, and assumed constant vessel wall temperature.
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Figure 1. Laminar flow inside the hepatic vessel. The boundary conditions are indicated.

Haemmerich et al (2003) improved the model used by Tungjitkusolmun et a/ and used
estimates of the heat transfer coefficient to model the effect of a large vessel on thermal lesion
formation during RF ablation, assuming fully thermally developed flow. However, only a small
region of the vessel is heated during ablative procedures, and the fully thermally developed
condition is not attained.

For application to thermally ablative therapies, partial heating of the vessel must be
considered, which has not been done in previous work. Furthermore, constant heat flux,
constant wall temperature or fully thermally developed flow cannot be assumed as was done
in previous work. In this work the heat transfer coefficient is calculated, considering heating
of a large vessel in part of its surface, and part of its circumference. Later a non-uniform
temperature profile along the heated vessel region is considered. Section 3 presents in detail
the development of the analytical expression for the prediction of 4.

3. The analytical model

In this section, using the classical theory of fluid mechanics and heat transfer, a relationship
between the heat convection coefficient, fluid velocity and temperature in the boundaries is
formulated. When investigating heat transfer in blood vessels, typically the non-Newtonian
rheological behaviour of blood, as well as a cell-depleted plasma layer at the vessel wall
must be considered. The rheological behaviour of blood enhances heat transfer, but only
significantly for vessels smaller than 0.5 mm diameter (Barozzi and Dumas 1991). Similarly,
the plasma layer must be only considered for small vessels (Charm ez al/ 1968). This work
investigates large vessels and assumes Newtonian fluid behaviour.

A domain Q C R" (n = 2 or 3) representing the portal vein (figure 1) is considered. The
boundary is 3Q = 'y U T U T, UT}3, where I'g, ', T'» and I's are open subsets of 32, not
intersecting each other, which represent fictional walls where the blood flow begins and ends,
the zone of contact with the ablated zone and the surrounding boundary where it is assumed
that the flow is adherent to the surface, respectively.

The blood flow can be described as an incompressible Navier—Stokes fluid governed by
its equation of motion

p(z—‘t’ﬂu-V)u) — V- (u(T)Vu) = Vp inQ (1)
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and the incompressibility condition

n

vou=Y 2 g @)

0x;
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where u = (u;);—;,.., represents the blood velocity, p is the density, T is the temperature,
is the viscosity and p is the pressure. The boundary conditions are

u=up on Iy 3)
u=1u on I’y (€]
u=0 onT, UT; (5

where uy and u; are known. The initial condition is u(0) = uy.
The temperature satisfies the energy equation and initial and boundary conditions

aT
pe, (E +u- VT) — V- (k(T)VT) = u(T)|Vu* in (©6)
T(x, 0) = TblO x € (7)
T = Tb[() on Fo (8)
T = Ty on T ©))
aT
k(T)a_ =h(T; =T) on I’ (10)
n
aT
kK(T)— =0 on I's (11)
on

where ¢, is the specific heat, k is the thermal conductivity of the blood, 73 is a constant
blood temperature, 7j;; is the temperature at the vessel outlet (and could be experimentally
determined), % is the convective heat transfer coefficient and 7 is the temperature of the heated
region at the vessel wall.

Equation (10) is the so-called Newton law of cooling.

Multiplying (1) by the blood velocity u, and integrating in space, it follows that

,o/ a—u-udx+,o/(UoV)u-udx—/V-(,u(T)Vu)-udx:/Vp~udx. (12)
Q Ot Q Q Q

Considering the incompressibility condition (2) and the boundary condition (5),
integrating by parts the convective term as well as the right-hand side of the last equation, both
these terms vanish. Then equation (12) implies

du 2
p | — -udx+ [ w(M)|Vul"dx =
Q Q

! 814,‘
T —u;n;drl. 13
o ( )-,-Zzl i (13)

[oUT;

On the other hand, integrating (6) in space, it follows that

aT
pc,,/ m dx +,oc,,/ u-V7Tdx — f V- (k(T)VT)dx = [ ,u(T)|Vu|2dx. (14)
Q Q Q Q
Recalling the divergence theorem

/ V. (k(T)VT)dx = k(T)g dr
Q aQ n
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Figure 2. Representation of the simulated vessel. The length a is the portion of the vessel that is
heated during the RF hepatic ablation.

and using the boundary conditions (8)—(11), equation (14) becomes

oT
pcp/ —+u-VT dx:/ h(TS—T)dF+'/. [L(T)|Vl,l|2 dx. (15)
o \ ot T, Q

At the steady-state case, taking into account equation (13) equation (15) leads to

J

n a .
,Ocp/ u- VT dx =/ h(TS—T)dF+/ W)Y iy, dr. (16)
Q r IoUT, = 0x;
Moreover, taking into account the relation
/u-Vde: u-anF—/V-qux
Q a0 Q

and recalling the incompressibility condition (2) and the boundary conditions (3)—(5),
equation (16) yields

" Bu,-
h(T, — T)dI' = pc / u-n7dl" — / u(T) —u;n;drl. 17
/Fz ! ToUT, oUT, Z 0x; J

ij=1 "7

Note that the last term on the right-hand side of equation (17) vanishes, when a laminar
flow is considered. Consequently, this relationship allows the calculation of /4 or at least the
mean value of 4 in relation to the values of velocity and temperature of the blood appearing
only on the boundaries. Since these values on the boundaries can be determined, the relation
allows a more accurate evaluation of /.

Section 4 shows how to apply equation (17) in order to evaluate / in a large vessel. Three
cases are considered in detail.

4. Heat transfer in the portal vein

In this section, equation (17) is used for qualitatively and quantitatively studying the heat flux
behaviour in some particular cases in the portal vein.

4.1. Case 1

Consider a laminar Navier—Stokes fluid u(x) = (u(x3, x3), 0, 0) as in figure 2, which has a
constant mean value i of the fluid velocity on I'y and T';.
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Figure 3. Laminar Navier—Stokes fluid in the plane.

In order to calculate A, equation (17) can be reduced to
pCp frourl u-n7dl’ pe iW(Tpy — Tpio)b
(T; = T,)IT| " AT, = Ta

where £ is the average heat convection coefficient, T}, is % and |I"| is the measure of I".
In this case, it is assumed that one quarter of the circumference is heated by the RF catheter,
that is, |To| = |I'y| = nb*/4 and |T'| = anb/4.

In this case, in the integral equation (17) constant average temperatures are considered
before calculation. It will be shown later in section 5 that this simplification causes virtually
no error in the evaluation of 4. On the other hand, this simplification reduces computational
calculations, which facilitates the implementation of real-time data acquisition systems based
on microcontrollers.

h=

(18)

4.2. Case 2

In order to compare results from equation (17) with the pointwise Newton law of cooling (10),
the problem is formulated in a two-dimensional cross-section perpendicular to x3. Considering
a laminar Navier—Stokes fluid u(x) = (u(x;, x»), 0) in the plane (figure 3), equations (2) and
(17) are reduced to
ou
—— =0 ulx;, x) =ulx) (19)
0x 1
b
pcp Jo ()T (a, x2) — ug(x2)T (0, x2)) dxy

h= -
Tsa —]0 T(xl,O)dx1

(20)

For both viscosity p and thermal conductivity k constants, the coupled system of
differential equations (1) and (6) in the steady-state case
0%u

g =P @
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can be calculated. From equation (21) the flow becomes the well-known Poiseuille flow
(Landau and Lifshitz 1987)
u
u(xy) = —6ﬁx2(x2 —b).
Since the effect of friction is very small when compared to the other heat transfer
mechanisms during the RF ablation procedure, the energy dissipation term in equation (22)

is negligible. Furthermore, it is assumed that gj; is small with respect to 2T Taking into
1

3x§
account that 7'(0, 0) = Ty, T (a, 0) = Tj;; and %(xl, b) = 0, a solution of equation (22) is

Ty — T, it Tyt — Tyio (X3 i(Tpr1 — Tpio)b
T(x1,x2) = Thio + ——Cx AL ( 2 bxg) - sz
a

T g X ax
where x = k/(pc,). Consequently, the mean value of the heat convection coefficient can be
calculated from (20) resulting as

B pcpu(Thll - Thzo)b. 23)
(Ts — Typa
Although this formula is calculated from explicit solutions, note that this result coincides to
(18) which is obtained taking into account the averages Ty, on ['g, T;; on I'y and 7, on I'.
In this case, since there are explicit solutions, 4 can be determined pointwise. Using (10),
it follows

pcpit(Tpir — Tpio)b
(Ty — Tpio)a — (Tpn — Trio)x1
For this pointwise result, the mean value of 4 is

o e b T, —T,
h:-/hmmm=—“”1%‘ b (24)
a o a Ts — Tyio

h(x1) =

4.3. Case 3

During thermal ablation the vessel is not heated uniformly along its length. Regions close to
the tip of the probe reach a higher temperature than other regions. Equation (17) can account
for this behaviour. In order to exemplify the use of this equation, the temperature profile
described in (25) is used

T.00) = Tyi0 + 2(Ts — Tyio)x1/a it 0<x <a/2 25)
T T +2(T ~ Tu@ —xja i a/2<x <a.

Figure 4 is a graphical representation of this temperature profile.
Then, the mean value of the heat convection coefficient is
u(Tpi1 — Thio)b

a ( Tpo+Ty T+Tpn ) _ :
(Mg + 25) — Tha

h= oC) (26)

Numerical simulations based on the expressions obtained in this section and using
experimental data obtained elsewhere are performed in section 5.
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Figure 4. Simulated temperature profile of the heated region.

Table 1. Simulation parameters.

Tpio Thi 15 b P Cp

37°C  37.05°C 50°C lcm 1000Kgm™ 4180JKg~!°C™!

5. Numerical simulations and discussion

In the simulation, the diameter of the vessel is 10 mm, which is a typical diameter of the portal
vein (Gray et al 1990). The inlet temperature of the vessel is the normal blood temperature,
i.e., 37 °C. The simulated temperature in the heated region of the vessel is 50 °C because
temperatures above 50 °C result in necrosis (Lounsberry et al 1995). As the primary concern
is with areas close to the vessel not being destroyed and resulting in local tumour recurrence,
the highest sublethal temperature is chosen as vessel wall temperature. During the ablation,
only a small region of the vessel is heated. In the simulations, lengths of 2 cm and 3
cm of the vessel are heated (see figure 2). Later, different flow velocities are considered.
A range of velocities from normal mean flow velocity in the portal vein (approximately
0.2 m s~! (Cioni et al 1992)) to almost total occlusion of the vein (0.01 m s~') are simulated.
To estimate the temperature difference between inlet and outlet flow (I'g and I';, respectively)
the work of Torrel and Nilson (1978) is used. In that work a graphical solution of the
heat transfer equation is presented. This solution allows estimation of the fluid temperature
along the tube axis, while part of the tube length is heated. When the whole circumference
of the vein is heated the estimated temperature difference T;;; — Ty is around 0.1 °C. In
this work, only a quarter of the circumference (;r/2 rad) is heated. Therefore, a conservative
estimate of 0.05 °C is used for this temperature difference.

A word of caution is necessary here. In the work of Torrel and Nilson (1978), neither the
velocity nor the thermal boundary layer is developed, which is a valid assumption for thermal
ablation. However, in their work the tube is uniformly heated, whereas in this study only part
of the circumference is heated. Due to these limitations the temperature difference 7j;; — Tpi0
used in the following calculations is a crude estimate. For a more accurate calculation of &
using the results presented in this work, further experimental measurements of the temperature
difference Ty — Tpj0 are required.

Numerical simulations for cases 1 and 2 are presented (equations (18) and (24)). Recall
that equations for 7 in cases 1 and 2 differ when calculated directly from explicit solutions of
motion and energy equations. The simulation parameters are shown in table 1. For the range
of temperature and flow simulated here, equations (18) and (24) yield to virtually the same
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Table 2. Simulation of cases 1 and 2.

Velocity h(Wm=2K™2) h(Wm2K™?)

(ms~ (a=2cm) (a=3cm)
0.01 81 54
0.05 403 268
0.10 805 537
0.15 1208 805
0.20 1611 1074

values of h. Therefore, there is no error in considering / as a constant average convective heat
transfer for this case. Hence, table 2 shows the results for both cases. Furthermore, due to
the lack of experimental measurements for the temperature difference, case 3 is not presented
here.

The simulation shows three important results. The first result is the fact that /& varies
considerably with both the flow rate and the length of the heated vessel region. This result
may lead to improved ablation strategies for tumours located next to large vessels. Different
catheter types that heat a longer region next to the vessel could be used. For ablative therapies
where multiple probes can be used (e.g., microwave ablation, laser ablation), one could place
another probe upstream from the tumour and thereby reduce the heat sink effect facilitated by
the vessel.

The second result deals with measurement protocols. If direct measurements of / are
necessary due to uncertainties in the flow and temperature profiles, one must either heat a
region that has the size of the lesion to be achieved or calibrate the instrumentation to account
for this behaviour.

Finally, the third result has consequences for mathematical modelling of RF ablation and
other thermally ablative therapies. In order to accurately model thermal ablation, different
values of / should be used as boundary conditions for different thermal lesion sizes.

6. Conclusion

Analytical equations for estimating the behaviour of / in vessels during thermally ablative
therapies were developed. The heat transfer coefficient was estimated under the assumption of
laminar flow. Numerical simulations were performed based on these equations, which showed
that not only the flow rate in the vessel but also the size of the heated vessel region have a
major impact in the heat convection coefficient. The results found here may help develop more
accurate mathematical models of ablative therapies, measurement techniques, and improve
clinical ablation procedures.
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