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Abstract
Purpose: To determine the effects of applied current, distance from an RF electrode and baseline tissue temperature
upon thermal dosimetry requirements to induce coagulation in ex vivo bovine liver and in vivo porcine muscle models.
Materials and methods: RF ablation was performed in ex vivo liver at varying baseline temperatures – 19–21�C (n¼ 114),
8–10�C (n¼ 27), and 27–28�C (n¼ 27) – using a 3-cm tip electrode and systematically varied current 400–1,300 mA,
to achieve defined diameters of coagulation (20, 30 and 40� 2 mm), and in in vivo muscle (n¼ 18) to achieve 35 mm� 2 mm
of coagulation. Thermal dose required for coagulation was calculated as the area under the curve and cumulative equivalent
minutes at 43�C.
Results: Thermal dose correlated with current in a negative exponential fashion for all three diameters of coagulation
in ex vivo experiments ( p< 0.001). The temperatures at the end of RF heating at the ablation margin were not reproducible,
but varied 38�C–74.7�C, for 30 mm coagulation in ex vivo liver, and 59.8�C–68.4�C in the in vivo experiment.
CEM43 correlated with current as a family of positive exponential functions (r2

¼ 0.76). However, a very wide range of
CEM43 values (on the order of 1015) was noted. Although baseline temperatures in the ex vivo experiment did not change
required thermal dose, the relationships between end temperature at the ablation margin and RF current were statistically
different ( p< 0.001) as analysed at the 400 mA intercept.
Conclusions: In both models, thermal dosimetry required to achieve coagulation was not constant, but current and distance
dependent. Hence, other formulas for thermal dose equivalence may be needed to predict conditions for thermal ablation.

Keywords: Radiofrequency tumor ablation, thermal ablation, thermal dose, image-guided intervention, hyperthermia

Introduction

Image-guided percutaneous procedures, such as

radiofrequency, microwave and cryoablation have

in recent years become viable treatment options for

solid focal malignancies in multiple organ sites, like

liver [1–3], kidney [4] or lung [5] yielding favorable

clinical outcomes and cost effectiveness [6]. Among

these options RF ablation is by far the most widely

used and well studied. However, completeness of

ablation and predictability of coagulation at the

tumor periphery, which is of critical clinical

importance for reducing probability for local failure,

is still challenging to achieve, particularly for tumors

over 3–5 cm [7]. Although combining RF with

various adjuvants, such as liposomal doxorubicin

preparations [8] or intratumor saline [9] or ethanol
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injection [10] has mitigated this problem somewhat

by enabling gains in volume of coagulation, lack of

predictability of the amount of coagulation that will

be achieved from a single RF application still remains

a barrier to more effective therapy. Indeed, reducing

variability of ablation outcome, particularly for larger

tumors, is challenging given the complexity of

potentially influencing parameters including tissue

thermal sensitivity [11], electrical and thermal

conductivity [12], and perfusion [13] of both

tumor and surrounding background tissue [14].

Thus, further gains in increasing coagulation size

and improving completeness and predictability

of ablation could likely be achieved via a better

understanding of how heat interacts with tissue to

cause ablation and by applying these principles to

clinical practice.

In the field of hyperthermia it has been shown that

isoeffects of tissue damage, such as thresholds for

necrosis, can be related to a normalized parameter

of thermal history, which includes time and

temperature. For temperatures up to 48�C, there is

a well defined relationship between the rate of cell

killing or rate of tissue damage and temperature [10].

In particular, one can normalize thermal history data

to an equivalent number of minutes at a standard

temperature; usually 43�C. For temperatures above

43�C, the rate of cell killing doubles for each 1.0�C

increase in temperature. For temperatures below

43�C, the rate may be somewhat slower, but this

point is controversial. In rodent tissues it has been

shown that the rate of cell killing drops by a factor of

4 for each 1�C temperature drop below 43�C [15].

Data from human tumor cells suggest that there

is not really a change in slope below 43�C; that

it remains a slope of 2. The fact that there is a

well-defined relationship between rate of tissue

damage and temperature gave rise to the idea that

any time–temperature history could be converted to

an equivalent number of minutes at 43�C. The dose

equivalent unit has classically been referred to as

cumulative equivalent minutes at 43�C, or CEM43.

The practical application for CEM43 would be

to permit normalization of prediction of thermal

injuries across quite variable thermal histories which

are often encountered clinically. In an exhaustive

analysis of data on tissue responses to thermal injury,

Dewhirst et al. [15] showed that CEM43 works

over a wide range of thermal histories to predict

everything from minor injuries, such as erythema, to

frank thermal injuries, such as burns. Virtually

all normal tissues were included in this analysis,

based on several hundred publications.

Based on these prior studies, we reasoned that

CEM43 could be used to prescribe the thermal

history needed to coagulate a tissue, irrespective of

how the thermal history was achieved. Thus, if this is

correct, the threshold for thermal coagulation for

a very high power over a short period of time

(as occurs for RF ablation) could be isoeffective of a

lower power over a longer period of time (as occurs

for hyperthermia) if both thermal histories were

converted to CEM43. Yet, thermal data from at least

one RF ablation study only partially followed the

classic equations derived for the hyperthermia field,

as exponential relationships between thermal dose

(represented by both AUC and CEM43) and

coagulation were noted – indicating that ablative

coagulation could potentially be achieved at

different CEM43s [17].

To account for the failure of classic thermal

dosimetry to predict for injury from thermal ablation,

we postulated that the threshold for thermal injury

may be influenced by a rate of heat transfer and

tissue thermal characteristics, in addition to the

thermal history [18]. This led us to perform a set

of experiments to determine thermal dosimetry for

fixed diameters of coagulation over a range of RF

currents. We hypothesized that the thermal history

to create ablation would depend upon the radial

distance from the electrode, but not the current of

RF applied, as opposed to classic hyperthermic

concepts that rely only on time–temperature

relationships.

Materials and methods

Overview of experimental methods and design

This study was divided into three phases.

Phase one examined the quantification of thermal

dosimetry in ex vivo bovine liver at room temperature

(baseline temperature 19–21�C) by creating ablation

zones of three specified diameters of coagulation

(DOC) of 20, 30 and 40� 2 mm using a wide

range of RF currents (Figure 1). Ten doses of RF

current (400–1,300 mA in 100 mA intervals) were

systematically applied using the CC-1 500 kHz

generator (Valleylab, Boulder, CO) and a 3 cm

internally cooled electrode. The duration of RF

application was varied from 3 to 60 minutes

to achieve defined diameters of coagulation.

This enabled us to construct sets of curves describing

the relationships between thermal parameters and

different RF currents to achieve coagulation at

specified, well-defined distances from the active

electrode from 114 zones of coagulation that

matched the specified DOC parameters.

Phase two investigated the effect of varying baseline

tissue temperatures on the outcome of RF ablation

and its thermal characteristics by constructing

two additional sets of curves (for a 30� 2 mm

diameter of coagulation), using the same range of
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RF currents as in phase one. Twenty-seven ablations

were created in tissue samples at baseline tempera-

ture of 8� to 10�C (achieved by performing RF in a

cold-room) and the same number of ablations were

created in tissue samples at baseline temperature

of 27� to 28�C (achieved by performing RF in a

water-bath) varying current from 400 to 1,200 mA,

in 100 mA intervals, and duration of RF application

from 2 to 70 min.

Phase three, in vivo studies were performed to

confirm our results. Approval of the Institutional

Animal Care and Use Committee was obtained

before the initiation of these studies. RF ablation

was applied to in vivo porcine paraspinal muscles

(baseline temperatures 34�C) in two Yorkshire pigs

using the CC-1 500 kHz generator and a 3.0 cm

internally cooled electrode (n¼ 18 trials). As in

previous phases, duration of RF energy application

was varied for the purpose of generating thermal

maps for a defined coagulation diameter of 35 mm �

2 mm. Currents ranging from 700 to 1,200 mA were

applied (in 100 mA intervals) with the duration of RF

application varied between 4.5 and 12 min.

RF energy deposition. The RF source used for the

experiments was a 500 kHz monopolar RF generator

(model CC-1; Radionics, Burlington, MA) capable

of delivering 2,000 mA. The tissue samples were

placed in a normal saline bath (0.9% NaCl

solution in distilled water) at: (1) room-temperature

(19�–21�C) in phase one and additionally (2)

cold-room temperature (8�–10�C) or water-bath

(27�–28�C), in phase two. The RF electrode and

thermocouples were placed vertically to a depth of

4 to 5 cm within the tissue. The electrical circuit

was completed by the way of a standardized 12.5

by 8.0 cm metal grounding pad (for 112 cm2 of

grounding return surface area), which was placed

horizontally in the bath approximately 20 cm from

the electrode (Figure 1a). Continuous RF energy was

applied without pulsing at the selected currents for

the defined time duration via 17-gauge

internally cooled RF electrodes (model CC-1020;

Valleylab, Boulder, CO) with a tip exposure of 3 cm.

(a) (b)

(c)

10

15

20

25

30

35

40

45

50

55

60

0 10 20 30 40 50
Time (min)

T
em

pe
ra

tu
re

 (
°C

 )

500mA

600mA

700mA

900mA

1000mA

Figure 1. Overview of the experimental design. (a) An internally cooled 3 cm RF electrode (arrow) has been inserted
into a sample of bovine liver placed in a 0.9% saline bath. The RF generator and a temperature measurement device
can be seen in the background. Thermocouple probes (arrowheads) are placed at defined distances (5, 10, 15, and 20 mm
diameter from the RF electrode (arrow), so the end temperature at the ablation margin can be registered. (b) In this
case coagulation margin (white arrow) extends to the third thermocouple 15 mm from the electrode. Thermal dose
represented as area under the curve for the relationship between temperature and time. (c) Representative temperature–time
tracings for multiple currents are shown. With higher RF currents the rate of temperature increase was much higher than
with lower currents.
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During RF energy application, electrode tip tem-

peratures were maintained at below 10�C by means

of continuous perfusion of the internal lumina of the

electrode with� 4�C water. High current RF energy

was applied according to a previously designed

algorithm that has been shown to maximize energy

deposition and tissue coagulation for a single

applicator [19].

Tissue thermometry. Temperatures were monitored

continuously throughout the RF application by means

of four thermocouples (Radionics, Burlington, MA)

placed at distances of 5, 10, 15 and 20 mm away from

the active electrode at the level of midpoint of the

active tip and were recorded at 30 s intervals.

The thermocouples had a sensitivity of 0.1�C and

were connected to an electronic thermal monitor

(Radionics TC 4, Burlington, MA) integrated into

the RF generator.

Data analyses. Primary endpoints for all

experiments included coagulation diameter, duration

of RF application, and the isoeffective dose at the

margin of the ablation zone. Temperature data were

used to calculate thermal history parameters.

Minimal threshold temperature for coagulation at

the ablation margin was determined by interpolation

of actual recorded temperatures. Metrics of

thermal dosimetry included area under the curve

(AUC, calculated as the integral of temperature

minus baseline temperature over time; Figure 1c),

and cumulative equivalent minutes at 43�C

(CEM43), using the formula:

CEM43 ¼ t Rð43�TÞ

t¼ time interval, T¼ average temperature during

time interval t, R¼number of minutes needed to

compensate for a 1� temperature decrease either

above or below the break point (43�C), R is 0.5

for T above 43�C and 0.25 for T below 43�C [20].

Current and distance were analyzed vs. duration of

ablation, minimal threshold temperature at the

ablation margin, AUC, and CEM43. Given multiple

groups, calculated values were correlated to the

ablations size to determine best-fit equations using

linear and higher order regression analysis. Goodness

of fit was determined by the conventional sum of

squared errors using proc-NLIN in SAS version 9.1.

Then comparison was performed within each experi-

mental group and between groups using multivariate

analysis of variance (MANOVA) with SAS software

(SAS, Cary, NC) corrected for multiple tests;

p< 0.05 was considered statistically significant.

Results

Thermal dose vs. RF current

Duration of RF application vs. RF current. The

relationship between duration of RF ablation and

current applied was best described by a family of

negative power functions of high r2 value of 0.98–

0.99 (Table I, Figure 2), with high currents requiring

significantly shorter duration of energy application

(for example for DOC of 30 mm, RF current 400 mA

required 60 min, and 1,200 mA required 3.5 min.

Functions defining duration of RF ablation for each

specified distance likewise showed a statistically

significant difference between the ablation diameters

of 20, 30, and 40 mm ( p< 0.001).

The relationship between AUC (area under the curve)

to achieve ablation and current. This was best

described by a set of negative exponential functions

following the form of: y¼� e��x (Table I, Figure 3).

Each diameter of coagulation (DOC) produced its

own curve and statistically significant differences

Table I. Summary of the relationships between thermal parameters, distance and current at room temperature for
RF coagulation. For all equations ‘x’ represents RF current (mA).

y Distance Function r2

AUC vs. RF current AUC (�C-sec) 20 mm y¼ 156489e�0.0034x 0.939

30 mm y¼ 460393e�0.0033x 0.9863

40 mm y¼ 486541e�0.0026x 0.9391

Duration vs. RF current Duration (min) 20 mm y¼ 6Eþ 07x�2.4526 0.9575

30 mm y¼ 6Eþ 08x�2.6501 0.9866

40 mm y¼ 1Eþ 08x�2.3175 0.9837

End temperature vs. RF current End temperature (�C) 20 mm y¼ 0.0336xþ 23.705 0.6197

30 mm y¼ 0.0438xþ 19.165 0.8396

40 mm y¼ 0.0206xþ 39.522 0.0736

CEM vs. RF current CEM43 20 mm y¼ 2E� 05e 0.0202x 0.5179

30 mm y¼ 6E� 07e 0.0304x 0.7673

40 mm y¼ 4E� 23e 0.0844x 0.8276
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(both for � and �) were observed between functions

for the three different diameters of coagulation

( p< 0.001). Correspondingly, the DOCs obtained

at low currents required significantly larger thermal

dose to create than DOCs achieved with higher

currents. For example 30 mm of coagulation

achieved at a current of 400 mA required an AUC

of 130,817.8�C-sec, whereas a current of 1,200 mA

required AUC of 8,850.9�C-sec (Figure 3).

Thus both RF current and distance from the

electrode were substantial factors determining overall

thermal dose. Similarly, the relationship between

CEM43 and current exhibited a correlation,

described by a family of positive exponential

functions (Table I, Figure 4). However a very wide

range of CEM43 values (on the order of 1015) needed

to achieve ablation was observed.

End temperature at the ablation margin vs. RF

current. A correlative relationship between end

temperature at the margin and current was

demonstrated by a set of positive linear functions

(Table I, Figure 5). Thus, for each diameter of

coagulation, the end temperatures were not constant,
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but showed wide variability. For example the overall

range for the DOC of 30 mm varied 36.7�C from

38�C to 74.7�C with the highest and lowest values

recorded at currents of 400 mA and 1,200 mA,

respectively. Overall, the duration of heating to

achieve thermal coagulation were correlated linearly

with thermal dose (r2
¼ 0.90� 0.97), whereas the

relationship between end temperature and AUC did

not correlate as well (r2
¼ 0.45� 0.61).

Effects of baseline temperature upon thermal dosimetry

There was no statistically significant difference

between the functions describing the relationship

between thermal dose (AUC) and current

(Table II, Figure 6a) for all baseline temperatures

( p40.1 for all comparisons of � and �). Similarly,

the analysis of the relationship between duration

of RF energy application and current produced a

set of three negative power functions (Figure 6b)

that were not statistically different ( p40.1).

On the other hand, although the end temperatures

at the ablation margin showed a linear relationship

with the current applied, these relationships

were all significantly statistically different

( p< 0.001) as analyzed at the 400 mA intercept.

Additionally, the slope for the functions represent-

ing ablation at room temperature was significantly

different from ablation at 8�C and 27�C

(Figure 6c; P< 0.05).
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Figure 6. Effect of baseline temperature on thermal dose requirement in ex vivo experiment for DOC of 30� 2 mm.
(a) Negative exponential relationships of thermal dose and current are presented for three different baseline temperatures.
(b) Linear relationships of temperature at the ablation margin and current for three investigated baseline temperatures are
presented. Different maximum temperatures are noted. (c) Negative power relationships of duration of RF application and
current for three investigated baseline temperatures.

Table II. Summary of relationships between thermal parameters, distance and current at cold-room (8�C) and water-bath
(27�C) temperatures for RF coagulation. For all equations ‘x’ represents RF current (mA).

y Distance Function r2

AUC vs. RF current AUC (�C-sec) Cold-room y¼ 414698e�0.0034x 0.9802

Water-bath y¼ 341041e�0.0029x 0.9159

Duration vs. RF current Duration (min) Cold-room y¼ 6Eþ 08x�2.6283 0.989

Water-bath y¼ 2Eþ 09x�2.8366 0.9656

End temperature vs. RF current End temperature (�C) Cold-room y¼ 0.0164xþ 32.173 0.7854

Water-bath y¼ 0.0236xþ 32.643 0.9673

CEM vs. RF current CEM43 Cold-room y¼ 5E� 07e0.0304x 0.8273

Water-bath y¼ 4E� 23e0.0844x 0.7463
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In vivo thermal dosimetry studies

All comparisons were performed for DOC of

35� 2 mm. Both the relationship between thermal

dose (AUC) and current applied (Figure 7a) and

between duration of RF ablation and current

(Figure 7b) were described by negative exponential

functions with high correlation (r2
¼ 0.94 and

R2
¼ 0.98, respectively). A correlative relationship

between end temperature at the margin and current

was demonstrated by a negative linear function

(r2
¼ 0.68), but showed a narrower range of 8.6�C

(59.8�C at 1200 mA vs. 68.4�C at 700 mA) at the

end of RF application (Figure 7c) compared to that

seen in the ex vivo experiment (36.7�C). Similarly to

the ex vivo experiment the analysis of CEM43 values

needed to achieve ablation showed a wide range of

values (in the order of 1011).

Discussion

During RF ablation procedures, the operator usually

imparts very intense thermal doses with temperatures

markedly higher (often reaching the boiling point

of the tissue) than those used in hyperthermia

applications, while energy is applied to tissue for

a much shorter period of time (usually below

15–30 min) [21]. Moreover, while in hyperthermia

applications once a thermal steady state is achieved

(typically within 10–15 min) temperatures do not

change appreciably throughout the tumor volume for

the rest of the several hours of treatment, during

RF ablation the temperature profile is constantly

changing across the volume of tissue surrounding

a point source radiofrequency field [22]. Thus it is

not totally surprising that recently generated data

for RF ablation suggested differences in the utility

of CEM43 as compared to hyperthermia [16].

Specifically, the very wide range of enormous

(41010) CEM43 values observed in this (Figures 5

and 7d) and prior studies, combined with

heterogeneity of tumors and energy settings used in

clinical applications suggest that CEM43 will not be

very useful for RF ablation for many reasons

including the fact that it will at a minimum require

a level of precision in temperature measurements

that is unlikely to be realized in clinical practice in the

near future.

Our study therefore sought to determine potential

causes of the discrepancy in thermal dosimetry

between previous hyperthermia studies and RF

ablation. We performed experiments to determine

whether thermal dosimetry methods that were

originally derived from classic hyperthermia research

could be used to predict the degree of tissue

coagulation at the margin of ablated zones. To do
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this we varied the applied RF current in a systematic

fashion and measured the time–temperature data at

defined radial distances from the RF electrode.

In this way, our approach was different from the

usual one, where coagulation diameters for specific

durations of energy application rather than

end-diameters are defined as end-points.

Nevertheless, by eliminating the variability of DOC,

our approach enabled us to study the effect

of thermal dose as effected by RF current applied

and coagulation diameter. We found that the classic

methods of AUC and CEM43 did not work to predict

isoeffects, indicating that these methods were not

applicable for predicting the size of thermal

ablation zones.

Thermal doses calculated in phase one of our

experiment proved to be significantly statistically

different ( p< 0.01) for different diameters of

coagulation (i.e. distances from the electrode) over

the investigated current range (Figures 3, 5, 6c and

7a). This relationship could be expected if thermal

transfer over distance plays a role in determining

ablation outcome. The further away one is from the

heating source, the longer one might have to heat to

achieve thermal ablation and the rate of heating

would be slower the further away one is from the

electrode. Nevertheless, our first hypothesis – that

variation of thermal dosimetry is caused simply by a

delay in thermal transfer over distance – is not

supported given the different � and � of the negative

exponential relationships generated for each distance

from the RF electrode. Had our hypothesis been

correct, one would expect thermal dosimetry at each

distance to be identical. Additionally, our data

revealed that for each current applied, greater

thermal dose (as measured by AUC) is required as

distance is increased from the electrode.

In phase two of our experiment, we constructed

two additional sets of curves describing the

relationship of thermal parameters for a coagulation

diameter of 30� 2 mm to specifically determine

the effect of baseline temperature on the ablation

outcome and its thermal characteristics (Figure 6).

Although baseline tissue temperature influenced the

end temperature at the ablation margin, the overall

thermal dose was unchanged. This, coupled with

poorer correlation of end temperature to AUC

compared to the tighter correlation of duration vs.

AUC, suggest that the quite wide range of end

temperatures observed in general in our study could

be ‘artifactual’, and that the end-temperature at the

ablation margin may be viewed as a ‘by-product’ of

ablation rather than a reliable predictor of its

outcome.

Our findings in the in vivo portion of this study

(Figure 7) confirmed the results obtained in ex vivo

tissue in that we saw the similar form functions

describing the relationships between analyzed

parameters suggesting that our results are likely

more generalizable to multiple tissue types.

Yet noticeable differences included the fact that

end-temperatures at the ablation margin for in vivo

experiment showed a narrower range in vivo (8.6�C)

vs. ex vivo (36.7�C) experiment and that the slope of

the relationship between end-temperature and cur-

rent was negative as compared to the ex vivo where

positive slope was noted. We speculate that the

narrower range may be due to the narrower range of

currents and shorter application times studied in vivo

or may be influenced by the low, but present, levels

of perfusion in vivo. Alternatively, this and the

change in direction of the temperature slope may

be due to as yet incompletely characterized

differences between liver and muscle tissue.

While Sapareto and Dewey’s proposal to convert

time–temperature data to an equivalent number

of minutes at 43�C (CEM43) termed the ‘thermal

isoeffective dose’ [12], is considered to work well for

hyperthermia applications, our present study sup-

ports the previously noted relationship of time and

thermal dosimetry. Yet, all phases of our study

demonstrated correlative relationships between RF

current and duration, thermal dose, and CEM43

rather than identical results. Indeed, we demon-

strated that the thermal dose required at each

distance was not constant, but current dependent.

Two phenomena could contribute to this observa-

tion: (a) the rate of heat transfer from the electrode

through the tissue (which varies with the current

applied), or (b) possibly an effect of the RF

electromagnetic field altering thermal dose. During

RF ablation, we are dealing with a temperature

gradient that rapidly changes over a volume of tissue

exposed to RF field as opposed to hyperthermia,

which usually has much more uniform heating over

longer period of time with significantly smaller

changes in temperature gradients. Yet, the rate of

heating has been previously documented as a factor

changing how heat interacts with tissues even for a

hyperthermia range of temperatures. For example, in

one study, increasing the rate of heating decreased

the threshold temperature for both arteriolar and

venular stasis in normal tissues [23]. The difference

in tissue damage was attributed to the development

of thermotolerance during slower heating rates.

Additionally, careful analysis of older hyperthermia

studies also point to the ‘non-constant’ nature of

CEM43 at higher temperatures. For example, our

reanalysis of data published as early as 1967 by Linke

[24] working with liver tissue in rabbits showed a

positive linear relationship between temperature and

CEM43 from 46�C to 50�C. Similarly, exponentially

increasing CEM43 for temperatures from 43�C to

49�C was noted in data from a study published by
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Braakman [25] in 1989 using high intensity focused

ultrasound on retinas in rabbits. We have found that

for RF ablation, where the temperatures are even

higher, these relationships were exponentially

increasing and the difference was of a much greater

magnitude (in the order of 1015) (Figure 5).

Our findings have further potential clinical

implications for RF ablation. Effective RF ablation

may no longer simply be assumed when tempera-

tures have reached 50�C (or any other arbitrarily

selected temperature endpoint) [26]. This is of

particular importance as many clinical devices

currently use temperature or time as procedure

endpoints, assuming that these endpoints are the

same for all tissues. Yet prior work notes wide

variations in temperature sensitivity for a defined RF

dose, and the current study demonstrates that the

temperature endpoint varies even in the same tissue

at different distances from the RF electrode.

Thus, more robust endpoints are needed, and in

the interim more conservative endpoints such as

longer duration of ablation at higher threshold

temperatures should likely be considered.

Based on the above observations, published

phantom modeling and studies of finite element

modeling of the bio-heat equation may also not be

as accurate for predicting ablation outcome as

previously assumed. Indeed, since the output is

usually based on thermal endpoints, discrepancies

between predicted and actual clinical results are

likely due in part to selection of a single thermal

outcome (such as time to achieve the 50�C

isotherm). Clearly, better definitions of endpoints

will be necessary to achieve the predictive power

of modeling [27]. Thus, these results demonstrate

a need for further research on the thermal and

electrical components of RF ablation. Understanding

the true complexity of the thermal dosimetry of

various tissues, at the critical ablation margin is

essential for establishing a robust thermal dosimetry

method for thermal ablation. Additionally, more

work should be performed in vivo using multiple

organ sites, to better address wide range of clinical

applications. Future investigation should include

comparison between different RF current frequen-

cies and various energy sources, such as laser

(radiant heat source), ultrasound and microwave

ablation, as this may also allow for greater discrimi-

nation between the effects of both the electrical and

thermal components of ablation thermal dosimetry.

In conclusion, in the two models investigated in

our present study, thermal dosimetry required to

achieve coagulation, represented by both AUC and

CEM43 was not constant, but current- and distance-

dependent. While further research is necessary, we

postulate that alternative formulas for thermal dose

equivalence may be needed, particularly ones that

take into account potential modifying effects of the

rate of heat transfer and/or the intensity of electro-

magnetic energy during thermal ablation.

Accordingly, our next step will be to conduct

experiments that will enable us to determine the

roles of these parameters.
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