
  

  

Abstract — Radiofrequency ablation is increasingly being 
used for liver cancer because it is a minimally invasive treatment 
method. However, it is difficult for the operators to precisely 
control the formation of coagulation zones because of the cooling 
effect of capillary vessels. To overcome this limitation, we have 
proposed a model-based robotic ablation system using a 
real-time numerical simulation to analyze temperature 
distributions in the target organ. This robot can determine the 
adequate amount of electric power supplied to the organ based 
on real-time temperature information reflecting the cooling 
effect provided by the simulator. The objective of this study was 
to develop a method to estimate the intraoperative rate of blood 
flow in the target organ to determine temperature distribution. 
In this paper, we propose a simulation-based method to estimate 
the rate of blood flow. We also performed an in vitro study to 
validate the proposed method by estimating the rate of blood 
flow in a hog liver. The experimental results revealed that the 
proposed method can be used to estimate the rate of blood flow 
in an organ. 

I. INTRODUCTION 
adiofrequency ablation (RFA) is an important method for 
treating liver tumors, and has seen increasing use in 
recent years. RFA involves percutaneous introduction of 

an electrode into the tumor and application of radiofrequency 
energy, which increases the temperature of the tissue because 
of ionic agitation generated by the microwaves. Tissue 
coagulation occurs when the tissue around the electrode 
reaches a temperature of around 60°C. Moisture evaporation 
then occurs and the tissue becomes completely necrotic at 
about 90°C. This percutaneous procedure offers proven 
effectiveness and safety, and also has the advantage of being 
minimally invasive. 
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A. Practical limitations of RFA 
Although RFA is a minimally invasive procedure, it does 

have some limitations, such as: 1) imaging modalities such as 
ultrasonography can only display a monochromatic image of 
the ablation area; 2) the power supply is not optimized for the 
formation of an adequate ablation area; and 3) it is not 
possible to generate an adequate ablation area for large tumors 
because of the cooling effect of capillary vessels. These 
limitations mean it is difficult to precisely control the 
formation of the coagulation zones, which may allow tumors 
to recur in areas that have not been fully cauterized. 

B. Robot-assisted RFA 
In recent years, considerable research has been undertaken 

to develop surgical robots and navigation systems for 
minimally invasive and precise surgery [1]-[3]. We have also 
proposed a robot-assisted RFA therapeutic system (Fig. 1) 
[4]–[7]. This robotic system is based on a thermophysical 
model of the organ, which predicts the temperature 
distribution of the organ during RFA in real time to calculate 
and supply the adequate amount of electrical power to the RF 
electrode for precise intraoperative surgical control. 

C. Thermophysical model of organs 
The thermophysical model of an organ, such as the liver, is 

constructed from two essential components, the first being a 
database of the thermophysical properties of the organ, which 
includes data such as specific heat, thermal conductivity and 
the rate of blood flow. The other is an accurate temperature 
distribution simulator developed using the finite element 
method (FEM). An accurate simulator requires the 
thermophysical properties of the organ. However, creating an 
accurate thermophysical model is a challenge, given the 
complex thermophysical properties of organs.  
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Fig. 1.  Robot-assisted RFA therapy. 
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There are two complexities of the thermophysical 
properties of the organ.  

The first is that the specific heat and thermal conductivity, 
essential thermophysical properties of the organ, change 
according to tissue temperature during RFA. It is possible that 
these two properties change significantly because of protein 
denaturation as tissue temperature rises. In fact, Webster et al. 
and Wolf et al. indicated that there is a possibility that the 
tissue temperature dependence of the thermophysical 
properties affects the accuracy of temperature distribution 
simulators for RFA [8], [9]. However, those studies did not 
describe whether these temperature-dependent properties 
affect the results of simulations in quantitative experiments. 
We have already measured and reported the temperature 
dependence of specific heat and thermal conductivity of the 
liver in experiments. In addition, we have validated the effect 
of the temperature dependence of liver on the spatial and 
temporal tissue temperature changes during RFA [10], [11]. 

The other complexity is that the temperature at the affected 
area does not increase to the temperature required for 
coagulation regions with extensive capillary blood flow 
[12]-[16]. Indeed, it is accepted that the size of the coagulated 
area varies according to the rate of blood flow in capillary 
vessels in the target area because the heat generated by the RF 
needle is absorbed by the capillary vessels. This phenomenon 
is called the cooling effect. It is also known that the amount of 
heat absorbed by the capillary vessels is affected by the 
physiological state of patient and the surgical procedure 
because the rate of blood flow is significantly different due to 
the physiological state of patient and surgical situation.  

The novelty of our work lies in the development of a 
temperature distribution simulator to predict the temperature 
change during RFA reflecting the cooling effect of capillary 
vessels estimating the intraoperative rate of blood flow in the 
target organ. We propose a novel method to estimate the rate 
of blood flow in the liver in real time during RFA. This 
method decides the rate of blood flow intra-operatively by 
comparing the simulated temperature change of RF needle 
and measured temperature change of RF needle during RFA. 
The objective of this paper is to investigate the concept of our 
method with preliminary in vitro experiments.   

This report is organized as follows: Section II provides a 
detailed description of the method used to estimate the rate of 
blood flow in an organ during RFA. Section III describes the 
simulation used to estimate the rate of blood flow of the liver. 
Section IV presents the in vitro experiment performed to 
validate the estimation method using hog liver as an 
experimental model. Finally, section V presents our 
conclusions and plans for future work . 

II. METHOD TO ESTIMATE THE RATE OF BLOOD FLOW 
In general, the tissue temperature distribution during RFA 

can be simulated using Pennes bio-heat Eq. (1) [17].  
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where ρ is the density of the organ [kg/m3], c is its heat 
capacity [J/kgK], T is its temperature [°C], λ  is its thermal 
conductivity [W/mK], σ is its electrical conductivity [S/m], Ε 
is its electrical field [V/m], ρb is the density of blood, cb is the 
heat capacity of blood, F is the rate of blood flow of the organ 
[m3/kgs], Τb is the blood temperature, Qm is the metabolic heat 
source of the organ [W/m3]. 

In Eq. (1), the absorption of heat by the capillary vessels is 
described by the third term on the right hand side. To simulate 
the tissue temperature distribution reflecting the 
intraoperative cooling effect, it is necessary to determine the 
rate of blood flow F during RFA in real time. It is also 
necessary to assign the obtained value to the third term on the 
right hand side and hence solve Eq. (1) for temperature T. In 
this research, we propose a method to estimate F by applying 
the phenomenon that the rate of increase in temperature of the 
RF needle is correlated with F when inputting the step wave of 
constant heat into the tissue by the needle. This phenomenon 
is also used as the experimental principle of the unsteady hot 
wire method to measure the thermal conductivity of any 
material. The specific procedure used to estimate the rate of 
blood flow is described below. 

1) Estimation of the correlation between the rate of blood 
flow and the rate of increase in temperature of the RF needle. 
First, we determined the correlation between the rate of blood 
flow and the rate of increase in temperature of the RF needle 
when transferring the step wave of heat into the organ using a 
simulation. Based on the FEM, the rate of change in 
temperature of the needle is numerically calculated using Eq. 
(1) while changing the rate of blood flow in Eq. (1). 

2) Measurement of the actual increase in temperature of 
the RF needle during RFA. Next, the actual rate of increase in 
temperature of the RF needle is measured intraoperatively 
using the RF needle’s thermocouple, when transferring the 
step wave of constant heat into the organ. 

3) Determination of the actual rate of blood flow in the 
organ: Finally, the actual rate of blood flow was determined 
so that the measured increase in temperature is equal to the 
simulated increase in temperature. This means that parameter 
F in the simulation model is determined in a reverse manner so 
that the measured rate of increase in temperature of the needle 
matches that determined by the simulation.  

III. SIMULATION  
In this section, we describe the simulation used to 

determine the correlation between the rate of blood flow and 
the rate of increase in temperature of the RF needle during 
liver RFA. Using the FEM, this correlation was determined by 
calculating the temporal change in temperature of the needle 
while changing the value of F within a physiological range. In 
this simulation, the target organ was the liver and a step wave 
with a constant amount of heat was assumed to be transferred 
into the liver by the needle.  

A two-dimensional temperature distribution simulation 
based on the FEM Eq. (2), which was derived from Pennes 
bio-heat Eq. (1), was used in this simulation.  
 

7442



  

 

   }{}]{[
}{

][ QTK
t
T

C =+
∂

∂  (2) 

 
Where {T} is the temperature vector, [C] is the heat capacity 
matrix, including the specific heat of the liver, [K] is the heat 
conductivity matrix, including the thermal conductivity of the 
liver, and {Q} is a heat flux vector incorporating the heat flow 
supplied by the needle and that absorbed by capillary blood 
vessels, including the rate of blood flow F. 

A. Simulation conditions 
Fig. 2 shows the liver model used for the simulation. The 

model used a 70 mm × 70 mm square shape. The needle was 
considered to be inserted from the top surface of the liver into 
the center of the model. The model comprised 2144 and 1168 
elements and nodes, respectively. The amount of step wave 
heat supplied to the liver by the needle was 15.6 W/m, which 
matched the in vitro validation experiment described in 
section IV. The initial thermal condition of 20°C was applied 
for all elements, and the thermal boundary condition for the 
surface of the square was 20°C. The temperature of the 
capillary vessel was kept at 19°C. These temperatures 
matched those of the in vitro validation experiment described 
in section IV. 
 

TABLE I  
THERMAL PROPERTIES USED IN THE SIMULATION 

Density ρLiver kg/m3 1060 
Specific heat cLiver J/kgK 3.2TLiver + 3.2×103 
Thermal conductivity 
λLiver W/mK 

3.0 × 10–4TLiver + 5.2 × 10–1 (0≤TLiver≤70)
2.1exp(–2.0 × 10–2TLiver) (70<TLiver) 

Density ρBlood kg/m3 1000 
Specific heat cBlood J/kgK 4180 
Heat quantity Qneedle W/m   15.6 
Blood perfusion F m3/kgs 0–15.0 
  

Fig. 2.  Analytical liver model. 

B. Thermophysical properties 
Table I shows the thermophysical properties used in the 

simulation. The density of the liver ρLiver, the density of 
capillary vessels ρblood and the specific heat of capillary 
vessels cblood were determined based on the work by Duck [17] 
and Tungjitkusolmun [18]. The effective specific heat of the 
liver cLiver and the effective thermal conductivity of the liver 
λLiver were the temperature-dependent values obtained in our 
previous work using isolated hog liver without blood flow 
[10],[11]. We repeated the simulation by changing F from 0 to 
21.7 × 10–6 m3/kgs at intervals of 1.70 × 10–6 m3/kgs. The 
minimum value of 0 m3/kgs represents the absence of blood 
flow in vitro while the maximum value of 21.7 × 10–6 m3/kgs 
represents the theoretical maximum value of liver RFA. 

C. Simulation results 
Figs. 3 and 4 show the simulated temperature distributions 

at 5.0 s and 30.0 s when F is 0 and 21.7 × 10-6 as representative 
examples of the simulation. These two figures show that the 
heated area was confined to the immediate vicinity of the 
needle. Fig. 5 shows the temporal change in temperature on 
the surface of the needle at point A and that the temperature at 
this point increases logarithmically over time for all rates of 
blood flow. The rate of increases in temperature also gradually 
decreases as the rate of blood flow is increased. The 
correlation between the rate of blood flow and the logarithmic 
rate of increase in temperature is shown in Fig. 6. This figure 
shows that the logarithmic rate of increase in temperature 
ΔT/Δlnt decreases exponentially as F increases. This 
relationship can be described using Eq. (3). 
 

    bFae
t

T
=

lnΔ
Δ

 (3) 

 
Where a is 1.99 [K] and b is –3.68 × 104 [1/s]. 
 

 19.0

25.5 C°

C°19.0

25.5 C°

C°

(a) 5.0 s (b) 30.0 s  

Fig. 3.  Simulation result at F = 0 m3/kgs.  

 19.0

25.5 C°

C°19.0

25.5 C°

C°

(a) 5.0 sec (b) 30.0 sec  

Fig. 4.  Simulation result at F = 21.7 × 10–6 m3/kgs. 
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Fig. 5.  Temporal change in temperature at point A. 
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Fig. 6.  Relation between the rate of blood flow and the temperature rise. 

IV. IN VITRO EXPERIMENT  
Next, we carried out an in vitro experiment to estimate the 

rate of blood flow in a hog liver to validate our method.  

A. Method 
Fig. 7 shows the experimental setup. We supplied water 

instead of blood to the inferior vena cava of the isolated hog 
liver via a tube connected to a water pump to mimic blood 
flow in the liver in vivo. Then, the step wave of constant heat 
was transferred via a needle inserted into the hog liver using a 
heating device. The rate of blood flow of the hog liver was 
determined by referring to the measured rate of increase in 
temperature of the needle and the derived correlation between 
the rate of blood flow and the rate of increase in needle 
temperature shown in Eq. (3). The temperature of the liver and 
water were 20°C and 19°C, respectively, as used in the 
simulation described in Section III. We believe it is unlikely 
that differences in the shape or size of the liver between the 
simulation and the experiment will affect the temperature of 
the needle. This is because the heating area was limited to the 
immediate vicinity of the needle and the boundary condition 
did not affect the temperature around the needle. In addition, 
the needle used in this experiment included a thin wire to 
generate the heat and a thermocouple to measure the 
temperature of the needle. The current I = 0.625 A flowed 
through the thin wire with a resistance R = 25.0 Ω/m. As a 
result, the heat output Q = 15.6 W/m (=I2R) was generated and 
transferred into the liver. This heat value was the same as that 
used in the simulation in section III.  

We also estimated the rate of blood flow under the 
condition that water was not pumped into the liver to 
determine the difference in the estimated rate of blood flow 
between the presence and absence of water flow. The 
experiments were performed at different two points, A and B, 
to compare the estimated rates of blood flow between different 
areas of the liver (Fig. 8). Therefore, four conditions were 
used, as follows: 
(a) Point A without water flow. 
(b) Point A with water flow.  
(c) Point B without water flow. 
(d) Point B with water flow. 

We carried out two trials in each condition using a hog 
liver. 

B.  Results 
Table II shows the experimental results obtained from both 

trials in all four conditions. Fig. 9 shows the estimated rate of 
blood flow of the hog liver. Based on Fig. 9, the experimental 
results can be summarized as follows. First, the rate of blood 
flow at points A and B in the absence of water flow is almost 0. 
In the presence of water flow, the rate of blood flow at point A 
was about 1.8 times greater than that at point B. 
 

 
Fig. 7.  In vitro experimental setup. 

 

 
Fig. 8.  Isolated hog liver used in the experiment. 

 
TABLE II 

RATE OF INCREASE IN TEMPERATURE OF THE NEEDLE ΔT/Δlnt 

 Condition 
(a) 

Condition 
(b) 

Condition 
(c) 

Condition 
(d) 

Trial 1 1.989 1.341 1.977 1.566 
Trial 2 1.985 1.410 1.965 1.586 
Mean 1.987 1.375 1.971 1.576 
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Fig. 9.  Estimated rates of blood flow in a hog liver. 

C.  Discussion 
In this experiment, all of the estimated rates of blood flow 

determined in conditions (a) to (d) were within the expected 
ranges for the liver. This suggests that the rates of blood flow 
estimated by our method are reasonable and consistent with 
those of physiological tissue. We suspect that the higher rate 
of blood flow at point A was due to the greater number of 
capillary vessels neighboring point A compared with that at 
point B, because point A is closer to the inferior vena cava 
than is point B.  

These experimental results support the feasibility of the 
proposed intraoperative method to estimate the rate of blood 
flow. In the future, we will need to carry out detailed 
experiments to validate the accuracy of our proposed method 
by measuring the rate of blood flow using laser blood flow 
meters or electromagnetic blood flow meter. Moreover, we 
need to validate the proposed method in vivo.  

V.   CONCLUSION AND FUTURE WORK 
This paper presented a method to estimate the rate of blood 

flow in an organ intraoperatively using a FEM-based 
simulation. This method simulates the temperature 
distribution associated with the cooling effect to help plan and 
control the electric power supplied to a RF needle for robotic 
RFA. First, we described a method that can be used to estimate 
the rate of blood flow. Next, we determined the correlation 
between the rate of blood flow and the rate of increase in 
temperature of the RF needle when the step wave of heat was 
transferred into the target organ (liver) using the RF needle. 
Finally, we performed in vitro experiments to estimate the 
actual rate of blood flow in a hog liver to which we supplied 
water instead of real blood. The results of the experiment 
support the feasibility of the proposed method to estimate the 
intraoperative rate of blood flow in an organ.  

In the future, in vitro and in vivo experiments will be needed 
to validate the accuracy of the rate of blood flow estimated 
using this method. Moreover, a method to control the amount 
of electric power supplied to the needle will need to be 
developed. The amount of electric power is determined based 
on the real-time temperature distribution around the affected 
area. The information is provided in real time by a numerical 

simulator, which also estimates the rate of blood flow at the 
affected area using the proposed method. Using this method, it 
will be possible to determine the appropriate coagulation area, 
even if the affected area receives much blood flow during 
RFA.  
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