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Abstract

Purpose: To determine the effect of background tissue thermal conductivity on RF ablation heating
using ex vivo agar phantoms and computer modelling.

Method: Two-compartment cylindrical agar phantom models (5% agar, 5% NaCl, 3% sucrose) were
constructed. These included a standardized inner compartment (2 cm diameter, 4 cm length, 0.25%
agar) representing a tumour, surrounded by an outer compartment representing background tissue.
The thermal conductivity of the outer compartment was varied from 0.48 Wm ™ '°C (normal liver) to
0.23Wm ™ °C (fat) by adding a fat-saturated oil-based solute (10-90%) to the agar. RF ablation was
applied at 2000 mA current for 2 min. Temperatures were recorded up to 4 cm from the electrode
tip at 1cm intervals. Subsequently, a 2-D finite element computer model was used to simulate
RF ablation of 2-24 min duration for tumours measuring 2—4 cm in diameter surrounded by tissues
of different thermal conductivity with the presence or absence of perfusion (0-5kgm >s™ ') (n=44).
A comparison of results was performed.

Results: In agar phantoms, the amount of fat in the background tissue correlated with thermal
conductivity as a negative exponential function (**=0.98). Significantly increased temperatures were
observed at the edge of the inner compartment (1 cm from the electrode tip) as the fat content of the
outer compartment increased (p<0.01). Thus, temperatures at 2min measured 31.5+2.2°C vs
45.143.1°C for thermal conductivities of 0.46 Wm ™ '°C (10% fat) and 0.23Wm '°C (90% fat),
respectively. On the other hand, higher levels of fat led to lower temperature increases in the
background compartment (0.2 + 0.3°C for 90% fat vs. 1.1 +£0.05°C for 10% fat, p <0.05). Phantom
thermal heating patterns correlated extremely well with computer modelling (+* = 0.93), demonstrat-
ing that background tissues with low thermal conductivity increase heating within the central tumour,
particularly for longer durations of RF ablation and in smaller tumours. Furthermore, computer
modelling demonstrated that increases in temperature at the tumour margin for background tissues
of lower thermal conductivity persisted in the presence of perfusion, with a clinically relevant 4.5°C
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difference between background thermal conductivities of fat and soft tissue for a 3 cm tumour with
perfusion of 2kgm>s~ !, treated for 12 min.

Conclusion: Lower thermal conductivity of background tissues significantly increases temperatures
within a defined ablation target. These findings provide insight into the ‘oven effect’ (i.e. increased
heating efficacy for tumours surrounded by cirrhotic liver or fat) and highlight the importance of both
the tumour and the surrounding tissue characteristics when contemplating RF ablation efficacy.

Keywords: Radiofrequency, tumour ablation, hyperthermia, minimally-invasive therapy, oven effect, thermal
conductiviry, mathematical modelling, computer simulation, electrical conductiviry, phantom modelling

Introduction

While RF has served as an effective therapeutic alternative to standard surgical treatment for
focal liver neoplasms [1-3], an increasing number of investigators are extending its use to
other sites including the kidney [4-6], lung [7, 8], bone [9, 10], adrenal glands [11, 12] and
breast [13]. Due to different tissue characteristics, such as blood flow and electrical
and thermal conductivity [14], the effect of surrounding tissue needs to be considered while
performing RF ablation on these various tissues, if predictable ablation is to be achieved.
However, insufficient fundamental knowledge about tissue—energy interactions and incom-
plete system optimization and characterization has resulted in the clinical reality of
investigators being unable to consistently achieve the desired goal of complete and/or
predictable ablation. As such, even with multiple treatment sessions, depending on
the tumour type and organ, complete ablation is only achieved in 60-90% of tumours
3-5cm in diameter [15-17].

Recently, Ahmed et al. [18] have substantiated the importance of not only the tissue
characteristics of the tumours but also the background tumour environment by demon-
strating significant differences in tumour destruction when performing RF ablation in the
same tumour type in the kidney, lung and breast, using the canine venereal sarcoma (CVS)
model. An earlier observation about tissue effects concerned thermal conductivity, as
Livraghi et al. [19] described an ‘oven effect’ based upon a clinical observation in which RF
induced necrosis conformed to the size and shape of the tumour. They hypothesized that
the fibrous cirrhotic liver functions as a thermal insulator that concentrates heating in the
tumour tissue. Lobo et al. [20] have also shown the importance of thermal conductivity in
altering RF outcome for a uniform tissue with computer modelling. Based on these findings,
it was hypothesized that RF-induced heating is directly correlated with background tissue
thermal conductivity. However, the extent of the effect of the thermal conductivity on
RF efficacy is unknown. Thus, the purpose of this study was to quantify and establish
a relationship between the effects of background tissue thermal conductivity and
RF-induced heating in a controlled experimental phantom environment simulating different
background tissue thermal conductivities and to determine the potential thermal and
physical basis for such a correlation using computer modelling with and without simulated
tissue perfusion.

Materials and methods
Overview of experimental design

The effect of background tissue thermal conductivity on RF-induced heating was studied in
a controlled system of agar phantoms measuring 12 cm in height and 10 cm in diameter.
Two compartment agar phantoms of different background thermal conductivity were
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created by forming an inner compartment measuring 2 cm in diameter and 4 cm in length
surrounded by background agar of differing thermal conductivities. The relationship
between different background tissue thermal conductivities and RF heating at a defined
1cm, 2cm, 3 cm, 4cm from the electrode (Ticms T2ems 13cms 1 acm) Was established. Next,
computer simulation of RF heating was performed using a two-dimensional finite element
analysis program (ETherm). Parameters were selected to most closely approximate the
model system. Computer generated temperature values were then compared with
experimentally, empirically derived data. Once validated, computer modelling was then
used to assess the effects of background thermal conductivity for fat and soft tissue of
different sizes (2—4cm) and different durations of heating (2-24 min), with and without
simulated tissue perfusion (0-5kgm s~ ') (z=44 simulations).

Phantom experiments
Phantom construction

Two compartment agar phantoms were constructed to simulate an inner tumour
surrounded by background tissue, as previously reported (Figure 1) [20]. Briefly, agar
phantoms were made by heating a solution of 5% agar, 3% sucrose, 5.0% NaCl (all from
Fisher Scientific, Fairlawn, NJ) and a designated concentration of hydrogen-saturated fat
solution (Crisco, J.M.Smucker Company; Orrville, OH; at 10, 25, 40 and 90%), in 11 of
distilled deionized water (resistivity >1.8¢~ ' ohm-cm at 25°C) at 90°C. This solution was
allowed to solidify in standardized 1.51 cylindrical Pyrex® beakers to a temperature of 8°C
for at least 6 h prior to use to ensure solidification. To form an inner well compartment,
a cylindrical rod with a diameter of 2 cm was inserted to a depth of 4 cm within the phantom
prior to refrigeration. After refrigeration, the cylindrical rod was removed and well
depth measured. The phantoms were allowed to sit until they were at room temperature
(16-18°C) to ensure that they were at the same baseline temperature as the water bath.

Figure 1. Experimental apparatus: An internally-cooled RF electrode (white arrow) has been inserted
into an NaCl gel filled well within an Agar phantom, placed in a saline bath at a fixed distance from the
grounding pad (G). Thermocouple probes (white curved arrow) have been inserted to measure
temperature. An acrylic guide (open arrow) ensures proper positioning of the thermocouple. The RF
generator and a temperature measurement device can be seen in the background.
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The central well of the agar phantoms were then filled with a solution of 0.25% agar,
3% sucrose and 5% NaCl (all from Fisher Scientific, Fairlawn, NJ) in 11 of distilled
deionized water (resistivity >1.8 ¢~ ohm-cm at 25°C) at 90°C. The solution was allowed to
cool to room temperature prior to use. To ensure experimental validity, at least three trials
were performed for different outer concentrations (four outer concentrations x three
trials = 12).

Thermal conductivity measurement

The cylindrical, hot-wire technique has been shown to be a simple and accurate method
for measuring thermal conductivity of biomaterials [21, 22]. For this study, a novel
thermal conductivity device was constructed consisting of a combination heater probe/
thermocouple connected to a data acquisition system (FP-1000 and FP-TC-120 from
National Instruments). Initial measurements were made on sponge, gelatin and styrofoam
insulation to test the accuracy of the probe. Excellent agreement was reported between
the measured and known standard values of thermal conductivity of these materials [21].
Using the same probe, thermal conductivity measurements were subsequently performed
upon the Agar phantom materials described above.

RF application

RF was applied by a single author (Y.W.) using a 500 kHz, monopolar radiofrequency
generator (CC-1, Valleylab Inc., Boulder, CO) capable of delivering 2000 mA (into 35-65 Q2
load impedances). Phantoms were placed on their base in room-temperature water (16°C)
so that normal saline bathed the lower 7 cm of the phantom. The RF electrode was inserted
to a depth of 3 cm vertically in the centre of the well. The electrical circuit was completed by
submerging a standardized metal grounding pad (12.5 x 8 cm; Valleylab) into the saline
water bath. To standardize background conductivity, the water was titrated accordingly
with NaCl until reaching an impedance of 70 Q2. Internally-cooled, 17 gauge RF electrodes
(CC-1020, Valleylab Inc., Boulder, CO) with 2cm tip exposure delivered RF for
12 min [23]. Electrode tip temperatures were maintained at 10-15°C during RF application
by perfusing the electrode with 0°C water.

RF current was rapidly ramped to 2000 mA, the generator output current limit. The
current limit of 2000 mA was chosen based upon the actual limitations of commercial
generators, including the generator used in the agar phantom experiments. RF current
remained at 2000 mA for the duration of the 2 min experiment. The amount of RF power
deposited, as well as impedance was recorded every minute.

Temperature measurement

Phantom temperatures were measured (Y.W.) at 1cm (i.e. in the well abutting the
background materials), 2cm, 3cm and 4 cm distances from the RF electrode (i.e. in the
background phantom material) using a series fluoroptic thermometer (Model 3100 Luxtron,
Santa Clara, CA) with fibre diameter of 250 um and total diameter of 0.5 mm placed to a
depth of 2 cm (i.e. at the level of the mid-point of the RF electrode). Temperature sensor
distance from the electrode was maintained by an acrylic-stabilizing block placed above
the phantom. Baseline measurements of temperature, current, power and overall system
impedance were recorded every 60s.
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Computer modeling

Finite element analysis was performed (Z.L..) over analytic solutions, given the complexity
of the family of numeric solutions needed to solve the electrostatic equations [24-26].
Comparative temperature profiles were created using computer simulation of Pennes’
Bio-Heat equation (ETherm, Field Precision, Albuquerque, NM) [24, 27]. To allow for
comparison with phantom data, profiles were created assuming zero perfusion and
parameter values were chosen to reflect the experimental conditions. These include:
electrical conductivity 7Sm™! for the outer compartment and 2Sm™' for inner
compartment and a specific heat of 3400Jkg '°C. Thermal conductivity was varied as
measured for both compartments and were in keeping with prior published reports [20].
Computer simulated profiles were created for a distance of 1 cm, 2 cm, 3 cm and 4 cm away
from electrode, with a maximum current output of 2000 mA. The current limit was chosen
based upon the actual limitations of commercial generators, including the generator used in
the agar phantom experiments. For these studies, seven thermal conductivities ranging
from 0.1-0.6 Wm '°C were studied. Initial simulations had an inner compartment
geometry (i.e. a well of 2 x4cm) and duration of RF application (2min) similar to
that of the phantom studies. Subsequent simulations compared background thermal
conductivity of 0.46 Wm ™ '°C (i.e. surrounding liver) to 0.23Wm™'°C (i.e. surrounding
fat) for a 3cm well at 6, 12 and 24min and background thermal conductivity of
0.46 Wm~!°C and 0.23 Wm ™ !°C for 2, 3 and 4 cm tumours at 12 min. Finally, simulations
were performed for two different background thermal conductivities, fat and soft tissue for
different RF application times (6—24 min) and tumour sizes (2—4 cm) over a range of tissue
perfusion. Five blood flow values representing the range of clinically relevant perfusion were
studied including: Okgm s~ ! for a no flow state; 1 and 2kgm >s~ ' for hypoperfused
tissue (equivalent to colorectal tumours and cirrhotic liver); 3.34 kgm>s ™' for normal liver;
and 5kgm s~ for hypervascular tumours were studied.

Stauistical analysis

All data is presented as the mean = standard deviation. To compare thermal conductivity of
phantom and fat content, regression analysis between thermal conductivity and fat content
of phantom was performed (Z.L., S.N.G.). Non-linear curve-fitting including logarithmic,
exponential, Boltzman sigmoidal distributions of both agar phantom and computer
simulated data was performed (Origin 6.1, Microcal Software Inc., Northampton, MA)
to determine best fit, goodness of fit. Comparison of specified heating parameters was
performed using student’s 7-test. For simulations involving tissue perfusion, regression
analysis was performed for different RF ablation durations and simulated tumour sizes over
a range of tissue perfusion.

Results
Phantom studies

Thermal conductiviry. In agar phantoms, increasing the amount of fat in the background
tissue correlated with lower thermal conductivity. A negative exponential relationship was
established between increased background fat concentration and the thermal conductivity
(*=0.98) (Figure 2). The thermal conductivity of the inner well was 0.48 Wm '°C.
Thermal conductivity of 10% fat was 0.46 Wm '°C (approximately that of liver) and
of 90% fat was 0.23 Wm™'°C (approximately that of fat) [28].
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Figure 2. Thermal conductivity as a function of hydrogenated fat concentration. A negative
exponential correlation between hydrogenated fat and thermal conductivity (*=0.98) is
demonstrated.

RF hearing. For all phantom trials, baseline impedance measured 52.6 4+ 6.2 2, generator
output achieved a maximum of 2000 mA without pulsing. Significantly increased temper-
atures were observed at the edge of the inner compartment (1 cm from the electrode tip) as
the fat content of the outer compartment increased (p<0.01). Thus, temperatures at
the edge at 2min measured 31.5+2.2°C for thermal conductivities of 0.46 Wm ™ '°C
(10% fat) vs. 45.1 + 3.1°C for thermal conductivities of 0.23 W m ™' °C (90% fat) (»<0.01).
On the other hand, higher levels of fat in the outer compartment led to lower temperature
increases (i.e. less heat penetration) in the background compartment. Thus, temperature
at 2cm from probe at 2min measured 18.24+0.3°C (A=0.2+£0.3°C) for 90% fat vs.
19.4£0.05°C (A=1.1+0.05°C) for 10% fat (p<0.05). Accordingly, highest inner
temperatures and lowest outer temperatures were achieved with 90% fat phantoms,
resulting in a ‘flip’ in the temperature profiles for the inner compartment compared to the
outer compartment (Figure 3).

Computer simulation

The increased temperature at the edge of the inner compartment seen in the setting of
decreased background thermal conductivity in the phantoms was also observed in computer
simulation (Figure 4). Additionally, computer simulation further demonstrated increased
temperatures throughout the inner well. Furthermore, the lower temperature increases in
the background (2 cm from electrode) seen in decreased background thermal conductivity
setting and resultant ‘flip’ in temperature were also observed in the computer simulations.
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Distance vs Temperature for Different Fat %
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Figure 3. Temperature distribution in agar phantoms subject to RF heating. Temperatures recorded
at 1cm, 2cm, 3cm, 4cm from the electrode show significantly increased temperature at 1 cm (the
interface between the 0% fat inner compartment and the background tissue), but slightly lower
temperature increase at 2 cm for 90% fat background.

Correlation berween computer and experimental studies

Good correlation between computer simulations and experimentally generated data was
observed. Indeed, the correlation between the computer and experimental data was > = 0.93
(Figure 5). The average error of temperature was 1.8 +2.4°C with a maximum error of
7.6°C. On a percentage basis, average error was 5.7 +5.6%.

Temperature profiles of over time and for varied tumour sizes

Plotting the temperature profiles of a 3cm tumour in two different background thermal
conductivity surroundings (0.23Wm '°C, 0.46Wm '°C) over different time periods
demonstrated that both temperatures and gradient between high and low thermal
conductivity background tissues with increases over time (Figure 6). Specifically, the
temperature difference at the edge of tumour between two different backgrounds increases
from 3.9°C at 6min to 7.8°C at 24min (Figure 6). Plotting temperature profiles of
computer simulations of different tumour sizes (2cm, 3cm, 4cm in diameter) in two
different thermal conductivity backgrounds (0.23 W ~'°C, 0.46 W ~!°C) at 12 min likewise
demonstrated substantial difference in thermal gradient particularly between 1-2 cm from
the electrode (i.e. the range of the radii of the 2-4 cm tumours). Temperature differences
were 8.6°C at the 2 cm tumour margin and 2.7°C at the 4 cm tumour margin (Figure 7).



334 Z. Liu et al.

Distance vs Temperature for Different Thermal Conductivity
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Figure 4. Computer generated temperature profiles of RF heating for varied thermal conductivities.
Over a wide range of background tissue thermal conductivities, increased temperatures are observed
throughout the 1cm inner compartment possessing a thermal conductivity of normal tissue
(0.5Wm !°C). For the background tissues, lower temperatures are seen in the presence of lower
thermal conductivity. These thermal profiles are similar to those experimentally derived and presented
in Figure 3.

Effect of tissue perfusion

The simulated temperature difference (AT°C) observed at the tumour margin between
tumours surrounded by tissues with different background thermal conductivity persisted in
the presence of underlying tissue perfusion. For simulated 3 cm tumours, this decreased
in linear fashion with increasing tissue perfusion for all RF application times (+*=0.99,
Figure 6). Additionally, the negative slope of AT°C relative to perfusion increased with RF
duration (624 min) denoting greater AT°C for longer RF duration at lower perfusion
states. Temperature differences at the tumour margin persisted in the presence of underlying
tissue perfusion for tumours of 2—4 cm in diameter, but also decreased in a linear manner
with increasing tissue perfusion rates (> =0.94-0.99, Figure 7). Nevertheless, the AT°C
was dependent on and decreased with tumour size, as the average AT°C was 8.6, 4.5 and
1.6°C for 2, 3 and 4 cm tumours, respectively (Figure 7).

Discussion

As RF ablation is increasingly applied in a wide range of tumour and tissue types [6, 11,
29, 30], further characterization and understanding of the role of intrinsic tumour and tissue
characteristics will be required to optimize RF energy delivery paradigms and tumour
coagulation. Several studies have demonstrated that differences in tumour and surrounding
tissue characteristics including blood flow [31, 32], electrical [18, 20, 33] and thermal
conductivity [19, 34] can significantly influence RF energy deposition and tumour
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Figure 5. Comparison of experimental and computer generated temperature profiles. Scatter plots of
the measured temperatures for the four phantoms (squares) are compared to computer generated
simulation data (diamonds). Overall, a tight linear correlation between computer simulations and
experimentally generated data was observed (> =0.93).

coagulation in both i vivo and clinical settings. For example, Livraghi et al. [19] observed
increased RF heating at the margins of hepatic tumours surrounded by cirrhotic liver and
postulated that differences in thermal conductivity, an ‘oven effect’ of insulation, resulted
in differences in overall coagulation.

This study isolates the effect of altered thermal conductivities in the surrounding
environment on RF-induced heating in an ex-vivo experimental system and confirms these
results with computer modelling. The results demonstrate that maximum heating within the
inner ‘tumour’ compartment occurs at lower outer thermal conductivities, which impede
heat transmission into the surrounding outer compartment. By the same token, increasing
thermal conductivity in the outer surrounding compartment permitted greater heat
transmission or ‘loss’ from the inner well, thus decreasing the maximum temperature
achieved, but resulting in greater peripheral heating. This pattern, observed in ex-vivo
studies with strong correlation to computer modelling studies, suggests that modifying the
relationship of inner and outer thermal tissue conductivity, either by increasing the inner
thermal conductivity or decreasing the outer, may permit more focused RF heating within
the targeted area.

These results have several important implications for RF application in a clinical setting.
The observation of lower thermal conductivity of background tissue leading to lower
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Figure 6. Computer-modelled effect of perfusion on temperatures at the ‘tumour’ margin for
tissues with different thermal conductivities with different RF application times. (a) Decreased
thermal conductivity within background tissue (i.e. increased lipid content—0.23 W m~'°C for fat
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temperature increases in the background tissue correlates well with and indeed proves the
hypothesis proposed by Dupuy et al. [35], during RF ablation of the vertebral body, that
the insulating effect of lower thermal conductivity cortical bone prevented thermal damage
to nerve tissue in the spinal canal. Indeed, an appreciation of different thermal conductivities
at these interfaces may allow more tailored RF application to both maximize heating within
the tumour while minimizing damage to adjacent structures.

During RF ablation of primary hepatic tumours within cirrhotic liver, Livraghi et al. [19]
described an ‘oven effect’ in which increased heating was observed within the tumour
secondary to postulated decreased thermal transmission of heat into surrounding cirrhotic
liver compared (an insulatory effect) to normal liver tissue. These ‘oven effects’ likely hold
true for other tumours surrounded by poor thermal conductivity include tumours
surrounded by fat [34, 36] and bone [35]. This is of particular clinical significance in
solid organ tumours, where studies document the importance of achieving a 1 cm ‘ablative
margin’ to target microscopic metastatic foci in peripheral tissue [37]. These results suggest
that differences in thermal conductivity and decreased peripheral tissue heating may restrict
the achievable ‘ablative margin’ and, indeed, overall tumour coagulation efficacy.
Alternatively, a greater understanding of thermal conductivity relationships may permit
more tailored RF applications, and predict those situations which may require closer
follow-up or repeated treatments. Additionally, these results will likely vary from patient to
patient and, therefore, a non-invasive or minimally-invasive method for measuring thermal
conductivity potentially become quite useful in clinical settings.

This study also underscores the role and potential of incorporating computer modelling
in further characterization of complex RF-tissue characteristics. Several studies to date,
including a recent study by Solazzo et al. [33], demonstrate that computer modelling of the
Bio-heat equation with mathematical correlation to ex-vivo studies provides a robust strategy
to delineate the role of specific tissue characteristics on RF heating [14, 33, 38]. Indeed,
once validated, computer simulations enabled one to gain additional information including
continuous thermal profiles, particularly for RF application at longer durations that were not
possible to achieve in the phantoms due to their low melting points. Continued use of this
strategy with ultimate application to i wvivo settings will ideally permit optimization of
RF application to suit a wide range of tumour types and tissue environments.

Additional computer modelling in this study of thermal conductivity in a two-
compartment model demonstrates that differences in temperature profiles at the interface
between the inner and outer compartment vary in a time-dependent fashion. Specifically,
temperature differences at the interface are even more pronounced at clinically relevant RF
ablation times (>12 min). This suggests that, while the RF heating patterns demonstrated
in the ex vivo experiments are likely predictive, they in fact likely under-estimate expected

and 0.46 W m™~'°C for normal soft tissue) can significantly increase the temperature at the margin of
tumour in the absence of perfusion. This ‘oven’ effect can be magnified by increased RF ablation time.
(b) The presence of perfusion reduces the ‘oven’ effect (i.e. the temperature difference, AT°C,
between fat and soft tissue background) and the temperature rise at the margin of the tumour, but the
range of variability of temperature at the margin of the tumour falls mostly within 50-65°C (depicted
by the gray zone), the range of threshold temperatures for inducing necrosis in various tissues [42].
(c) For all durations studied, there is a linear decrease in the AT°C at the tumour margin relative to
increasing tissue perfusion (**=0.99). Additionally, the negative slopes of AT°C for increasing
perfusion is greater for longer RF durations (6—24 min).
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Figure 7. Computer-modelled effect of perfusion on temperatures at the ‘tumour’ margin for tissues
with different thermal conductivities with different tumour sizes. Decreased thermal conductivity
within background tissue (i.e. increased lipid content—0.23 W m~'°C for fat and 0.46 W m~'°C for
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differences in heating in clinical settings. Computer modelling also shows that the effects of
background thermal conductivity play less of a role in larger tumours. This is logical as there
is both less overall heating at larger distances from the point source of heating and because
for larger tumours most of the overall heat transfer occurs in the tumour.

This study further confirms the importance of studying variables such as thermal
conductivity in conjunction with other tissue parameters known to effect heating, such as
perfusion [39—41]. Indeed, the presence of perfusion does effect the temperature difference
at the tumour margin (AT°C) induced by differences in inner and outer thermal
conductivity. However, even in the presence of perfusion, the simulations suggest that
differences in tissue thermal conductivity have clinically relevant effects on tissue heating
profiles, particularly when taking into account a wide range of potential thermal sensitivities
(50-65°C) to ablation [42]. The modelling shows that, for 3 cm tumours treated for 12 mins
(a common tumour size and treatment plan for the modelled electrode [15, 19]), a 4.5°C
temperature difference based upon differences in tissue thermal conductivity was observed
for a perfusion of 2kgm s~ ' between 0.23-0.46 W m™'°C, suggesting that some targets
would only be ablated when surrounded by tissues such as fat.

Increased RF duration times also magnified the thermal conductivity-induced temper-
ature differences at the tumour margins in lower perfusion states. This is relevant in clinical
settings, where heating to over 60°C results in decreased or eliminated blood flow secondary
to coagulation of vasculature [43]. Furthermore, there are many current clinical scenarios,
such as surrounding fat or cirrhotic liver, where surrounding background tissue will
demonstrate low-to-negligible blood flow, suggesting that increased RF duration times in
these specific scenarios may yield increased heating at the tumour margins secondary to
differences in tissue thermal conductivities.

When comparing the effect of different thermal conductivities on temperature differences
at the tumour margins, greater differences were observed for smaller tumours. This likely
reflects that the tumour-background tissue interface is positioned closer to the electrode for
smaller tumours, where higher temperatures are generated and, therefore, temperature
differences are more apparent. Although for some tumour sizes modelled for this electrode,
the differences observed are not likely to be clinically relevant (as temperatures exceeded
65°C at the margin for all 2cm tumours in both cases and the temperatures for 4 cm
tumours were too low to achieve ablation), as other electrodes and RF application strategies
are studied, scenarios where clinically relevant temperature differences are noted will likely
emerge.

The underlying principle demonstrated in the study of the effect of the relationship of
tissue thermal conductivities on RF tissue heating profiles, specifically at the tumour
margins will likely be an important consideration in clinical practice, especially as RF
ablation is applied in a wider and more diverse range of tissue and tumour types. There is a
continued need for greater study, with modelling and characterization of other electrode
systems. Additionally, the assumed perfusion in this study was equal for both the inner
tumour zone and outer surrounding background tissue. Future investigation will be required

normal soft tissue) can significantly increase the temperature difference (AT°C) at the margin of
tumour in the absence of perfusion (a) and with a perfusion of 2kgm>s~! (b). This ‘oven’ effect is
diminished as tumour diameter increases. (c) Furthermore, there is a decreasing linear relationship
between increasing perfusion and temperatures at the margin at the interface of tumour and
surrounding tissue for all tumour sizes (2-4 cm in diameter) (+*=0.94-0.99).
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to elucidate the effects of both perfusion and thermal conductivity in different tumour/
surrounding tissue perfusion states and potential interactions with electrical conductivity.

While these initial results shed further insight into the role of RF-tissue interactions
on RF-induced heating, further characterization of the effects of thermal conductivity is
required. This study was performed within a standardized ex-vivo system and character-
ization in in-vivo models is required. Examining the influence of thermal conductivity
combined with other parameters, such as electrical conductivity, may help in characterizing
how these factors influence tumour coagulation in conjunction with each other. Indeed, the
small discrepancies noted between the computer-modelling ex-vivo data suggests that
certain inhomogeneities in the ex-vivo system may be due to other factors influencing RF
energy deposition, including potential differences in specific heat that may be seen for tissues
of varied fat content [28]. Better appreciation of these changes may improve the modelling
accuracy which currently has approximately a 5% error.

In conclusion, the results of this study characterize the role of thermal conductivity, in
isolation, on RF ablation in a two-compartment model with excellent correlation to
computer modelling. The varying heating pattern and relationship of inner and outer
thermal conductivities explains observations of increased tumour heating noted in several
clinical studies. Thus, clearly, investigation of these properties is essential for further
understanding of how best to apply RF and other sources of thermal energy in different
tissues. Specifically, given altered thermal effects not only locally around an electrode, but at
tumour-tissue interfaces as well, this study also points to the importance of understanding
and conceptualizing thermal ablation in terms of a two-compartment system comprising
both the tumour and the surrounding background tissue.
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