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I. Background

Radiofrequency (RF) ablation uses electric current to 
locally heat and kill tissue. It is clinically used to treat 
various diseases including cancer, cardiac arrhythmia, 
varicose veins, and uterine bleeding.1-5 We discuss the 
biophysics of RF ablation in general, and in particular 
as related to cardiac arrhythmia and cancer treatment, 
because these are the two diseases for which it is used 
most widely. In general, RF ablation is an image-guided 
procedure in which medical imaging (e.g., computed 
tomography [CT], ultrasound, and magnetic resonance 
imaging [MRI]) is used to guide an RF electrode to 
a target location (Fig. 1). The application of electric 
current in the RF range results in local tissue heating 
around the electrode, and subsequent tissue death due 
to protein coagulation. The main reason that many 
ablation devices operate in the RF range (typically 
450–500 kHz) is that electrosurgical devices, which 
served as a predicate, already use this frequency range, 
making regulatory approval for RF ablation devices 
easier. The application of electric current of any fre-

quency will result in tissue heating, but, depending on 
frequency of the current, other effects such as chemical 
reactions (for DC current) and stimulation of tissue 
(at current frequencies below ~10 kHz) may occur in 
addition to the generation of heat.

Figure 1 shows a general setup in which an RF 
electrode is inserted into a target tissue volume (i.e., 
the tissue to be destroyed). The application of electric 
current between the RF electrode and a reference 
electrode (ground pad) results in tissue heating around 
the RF electrode, which is typically made of stainless 
steel, platinum, or nickel-titanium alloys. Parts of the 
RF electrode may be electrically insulated to avoid heat 
generation around these insulated regions, because 
tissue heating occurs only where the electrode is in 
direct contact with tissue. The skin below the ground 
pad will also heat up, but due to the large pad surface 
area, temperature increases will be low. Nevertheless, 
skin burns are one of the possible complications, 
particularly for tumor ablation procedures, in which 
high power is used for prolonged time periods.6
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II. Thermodynamics of 
Radiofrequency Tissue Heating

While inside the RF generator, in cables, and in the RF 
electrode, free electrons serve as charge carriers; inside 
tissues it is ions (Na+, K+, Cl–) that carry the electric 
current. The application of electric current results in 
ion movement and generation of heat due to friction 
(i.e., electrically resistive heating) (Fig. 2).

The amount of thermal energy generated locally by 
thermal-ablation procedures in general is often quanti-
fied via the specific absorption rate (SAR), given in W/
kg. For RF ablation, the local SAR is dependent on the 
local electrical tissue conductivity and the magnitude 
of the local electric current density generated around 
the electrode:

(1)

where σ is the tissue electrical conductivity, ρ is the 
tissue mass density, E is the electric field strength, and 
J is the electric current density. Because, in general, the 
electric current density (and, accordingly, the electric 
field strength) is only sufficiently high to cause signifi-

cant direct heating very close to the electrode, thermal 
conduction contributes considerably to tissue heating at 
distances farther from the electrode.7 The heat-transfer 
problem during RF ablation and other ablation meth-
ods can be mathematically described by the following 
heat-transfer equation, in which T represents spatially 
and temporally varying tissue temperature8:

(2)

where k is the tissue thermal conductivity and c is the 
tissue specific heat. The term on the left side of the 
equation describes the change in tissue temperature 
due to heating or cooling, and the first term on the 
right side describes thermal conduction. The term 
Qperf represents losses due to tissue cooling by blood 
perfusion. Several ways have been proposed to model 
this perfusion loss mathematically9 (see the paper by 
Payne et al. in this issue), but the most widely used 
model employs a distributed heat sink, which was first 
proposed by Pennes more than 50 years ago.10 Vessels 
larger than 1 mm, however, have to be modeled in 
other ways, for example, by explicitly including them 
in the model geometry.

Whether cell death results from tissue heating 
depends on both temperature and time (see the paper 
by Pearce in this issue). As a rough guideline, it takes 
a few minutes to kill cells at 50ºC, but only seconds at 
temperatures above 60ºC.11 Because thermal ablation 
procedures happen in a time frame of several minutes, 
the 50ºC isotherm is frequently used to approximate 

FIGURE 1. Overview of an RF ablation procedure. An RF 
electrode is inserted into the target tissue under imaging 
guidance. RF energy provided by a generator is applied 
to the electrode, and results in tissue heating around the 
electrode. A ground pad placed on the patient’s thighs 
or back serves as return path for the RF current. (From 
Vaezy S, Zderic V, editors. Image-guided therapy systems; 
Norwood, MA: Artech House, Inc.; 2009. © 2009 Artech 
House, Inc. Reproduced with permission.)

FIGURE 2. Electric current inside tissue is carried by ions. 
Ion oscillations due to applied RF current results in resis-
tive tissue heating. For a typical frequency of 500 kHz, 
the direction of the current (and ion movement) changes 
a million times per second.
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the ablation zone boundary.12 Figure 3 shows a typical 
tissue temperature profile at the end of an RF ablation 
with a tumor-ablation electrode.

Target temperatures during RF ablation are in 
the range of 50ºC to 110ºC; higher temperatures are 
not possible because tissue begins to vaporize, and the 
electrically insulating vapor prevents any further RF 
energy deposition. At very high RF energy densities 
(typically close to the electrode), carbonized tissue can 
form, which is often referred to as “tissue charring,” an 
irreversible process that limits further RF energy deposi-
tion. Therefore, applied energy has to be controlled to 
keep the tissue temperature in the desired range and 
to limit both vaporization and charring.

	Current RF ablation devices use one of three meth-
ods to control the applied power: i) power control, in 
which electrical voltage is applied to the RF electrode 
and adjusted to keep the applied RF power constant; 
ii) temperature control, in which one or more thermal 
sensors (either thermocouples or thermistors) are inte-
grated in the RF electrode, typically near the tip, and 
applied RF power is adjusted to keep the measured 
temperature at a defined target value; or iii) impedance 

control, in which RF power is adjusted depending on 
tissue impedance, which is measured between the RF 
electrode and the ground pad (Fig. 1). 

	With the impedance control method, as tissue 
vaporizes, an increase in impedance results (for details, 
see “Electrical Tissue Conductivity” section below). 
When impedance exceeds a certain threshold, RF 
power is shut down for a certain time period to allow 
the vapor to settle, and then re-applied at a lower level. 
Figure 4 shows a typical time course of impedance 
during an impedance-controlled RF ablation.

II.A. Electrode Cooling

A method that has been employed in RF ablation 
devices, as well as for other ablative methods (e.g., 
microwave, laser), to increase the ablation zone is 
cooling of the RF electrode (or microwave antenna 
or laser fiber). Without electrode cooling, the tissue 
region of highest temperature is located right next to 
the electrode (Fig. 5), because that is the location of 
highest electrical current density (Fig. 6). By actively 
cooling the electrode, typically via internal perfu-
sion with water, the tissue in close proximity to the 
electrode is cooled. This results in the location of the 
highest tissue temperature being moved farther into 
the tissue, producing a larger ablation zone (Fig. 5).13 
During cardiac-ablation procedures, part of the ablation 
electrode is in contact with the blood pool inside the 
heart, and convective cooling by the blood passing by 
the electrode provides a similar effect to active cooling 

FIGURE 3. Tissue-temperature profile from a computer 
simulation at the end of a 12-min RF ablation with a 
cooled-needle electrode (same as in Fig. 8B). The black 
part of the electrode is electrically insulated, and heat-
ing due to RF current results around the exposed metal 
electrode (electrode tip, shown in gray). Black arrowhead 
marks the boundary of the ablation zone (~50ºC).

FIGURE 4. Time course of impedance (Z) during an imped-
ance-controlled ablation procedure. When impedance 
exceeds a defined threshold (arrow) as a result of tissue 
vapor forming around the RF electrode, power is reduced 
or turned off and re-applied after vapor settles.
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(for more details, see “Cardiac Arrhythmia Treatment” 
section below). 

III. ELECTRICAL TISSUE CONDUCTIVITY

Both thermal and dielectric tissue properties affect tis-
sue temperature during RF ablation. Because thermal 
properties are discussed in more detail in another paper 
in this issue by Payne et al., here we will focus on 
dielectric tissue properties at the RF range. Electrical 
tissue conductivity is one of the primary parameters that 
determine the current flow through tissue and the local 
amount of heat generated from RF current (Eq. 1). In 
general, electrical tissue conductivity is dependent on 
frequency, with behavior similar to that of a suspension 
of dielectric particles. The frequency dependence ensues 
from accumulation of charges (i.e., ions) around the 
cell membrane (interface polarization).14 

Because this paper only considers the RF range, 
in the following paragraphs when we refer to electrical 
conductivity we always assume a frequency of around 
500 kHz, which is the frequency used during RF 
ablation. There are a considerable number of studies 
that have measured electrical conductivity (or electri-
cal resistivity, which is the inverse of conductivity) in 
various tissues at RF.15–18 However, most studies have 
measured electrical conductivity in ex vivo tissue, and 
this introduces errors because conductivity changes 

considerably right after tissue extraction and continues 
to change for several hours thereafter.19,20

Table 1 shows electrical conductivity at approxi-
mately 500 kHz for various types of tissues obtained 
from measurements in animal studies. The low electric 
conductivity of air inside lung alveoli likely is one of 
the reasons that RF tumor ablation in lung is less 
effective and creates smaller ablation zones than in 
other tissues.21

	Several studies have reported differences between 
normal and tumor tissue electrical conductivity.22,24-27 
For example, an in vivo animal study in rat tumors found 
that cancer tissue had about 1.25 times higher electri-
cal conductivity than normal tissue. This difference was 
even more pronounced in lower frequency ranges, and 
is likely due to a loss of membrane integrity associated 
with cell necrosis that is often present in tumors.22

Electrical tissue conductivity changes consider-
ably during heating. One component is an increase 
in conductivity due to higher ion mobility, something 
that is also observed in ionic solutions such as saline.28 

FIGURE 6. Electrical RF current density for cooled-needle 
electrode at beginning of ablation (left), and after 30 s 
(right). Due to tissue vaporization around 100ºC and the 
associated drop in local electrical conductivity, after 30 
s current density drops around the electrode tip (arrow) 
because at this location temperatures above 100ºC are 
obtained first. Current density is shown as a percentage 
of maximum. (From Haemmerich and Wood, 2006.30 
Reproduced with permission.)

FIGURE 5. Tissue temperature (T) as a function of dis-
tance (D) from the RF electrode. Without cooling, the 
location of maximum tissue temperature is adjacent 
to the electrode. With cooling, this location is moved 
farther from the electrode, resulting in a larger ablation 
zone. (From Haemmerich et al., 2003.13 Reproduced with 
permission.)
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In fact, at lower temperature ranges, the temperature 
coefficient of tissue is 1.5% similar to that of saline. 
At higher temperatures (> 50ºC), irreversible changes 
that affect electrical tissue properties take place. Pop 
et al. separated reversible and irreversible components 
in normal kidney tissue and fat at temperatures up to 
80ºC, and were able to fit them to an Arrhenius-type 
model.23 The irreversible changes resulted in a perma-
nent increase in electrical conductivity. Similar changes 
were observed in a recent study performed on surgically 
removed liver and tumor tissue from metastatic liver 
cancer patients, in which electrical conductivity was 
measured before and after tissue ablation.29 While the 
exact mechanisms that result in irreversible changes 
are not clear, changes at the cellular level, in particular 
changes of cell membrane properties and dehydration, 
are likely to be important.

	The initial conductivity increase due to heating 
results in the early decrease of impedance typically 
observed during ablation procedures (Fig. 4). Note 
that impedance, which is measured between the RF 
electrode and the reference electrode (i.e., the ground 
pad), represents a weighted average of the electrical 
resistivity (1/conductivity) of all tissue that serves as 
an electrical pathway between the two electrodes. The 
weighting is such that tissue close to the RF electrode 
has the highest influence (i.e., regions with high electric 
current densities have the highest weighting; Fig. 6). 
Therefore, any local changes in electrical conductivity 
close to the electrode will have most effect on measured 
impedance.

At high temperatures (above ~100ºC), tissue 
vaporization takes place. Because vapor has a very low 

electrical conductivity (i.e., it is insulating), an increase 
in impedance is observed (Fig. 4). Figure 6 shows the 
local changes in electrical current density due to vapor 
formation, resulting in a drop of current density at 
locations where vapor forms; at these locations, there is 
no considerable heating due to RF energy, preventing 
further temperature increases.

IV. Clinical applications

IV.A. Cancer Treatment

From the early 1990s, RF ablation was starting to be 
used clinically for cancer treatment. Initially, it was 
used primarily for liver tumors, because standard treat-
ment options (chemotherapy and radiation therapy) do 
not work well for liver cancer, and most patients are 
not surgical candidates.31 Long-term survival data in 
patients with both primary and metastatic liver cancer 
have suggested that with proper patient selection, sur-
vival rates approach those found with surgical tumor 
removal (the current gold standard).32,33 In recent years, 
the procedure has expanded to other cancer types, such 
as cancers of the lung, kidney, bone, and adrenal gland.34 
RF ablation has received considerable attention for the 
treatment of lung cancer, because there are more than 
200,000 new cases reported annually in the US alone35 
and most patients are not surgical candidates. Studies 
have suggested that patients with inoperable lung cancer 
may also benefit from RF ablation.34,36 

	Figure 7 shows an overview of the procedure, in 
which the RF electrode (ablation catheter) is inserted 
into the liver tumor guided by ultrasound imaging. 

Table 1. Electrical Tissue Conductivity at RF Ablation Frequency (500 kHz)

Tissue Type
Electrical Conductivity 
σ (S/m)

Reference

Normal liver (rat, in vivo) 0.36 22

Liver tumor (rat, in vivo) 0.45 22
Myocardium (porcine, in vivo) 0.54 20
Lung inflated (porcine, ex vivo, 37ºC) 0.1 18
Fat (porcine, ex vivo, 22ºC) 0.02 23
Bone (porcine, ex vivo, 20ºC) 0.03 18
Blood (rabbit, ex vivo, 20ºC) 0.7 17
Vaporized tissue ~1e–15* --

* Assumed same as air.
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Typically, contrast-enhanced CT or ultrasound is used 
to guide the procedure. After ablation, the dimen-
sions of the ablation zone are usually confirmed with 
contrast-enhanced CT imaging that shows coagulated 
tissue regions devoid of perfusion.31,37 Contrast agents 
for ultrasound imaging that allow monitoring of tissue 
coagulation during the procedure have been available 
in Europe for several years,38 but are not yet available 
in the US.

The ablation procedure can be performed in a 
minimally invasive manner through a small incision 
in the skin (by an interventional radiologist) or dur-
ing laparoscopy or open surgery (by a surgeon). The 
patient is typically under light general anesthesia or 
under conscious sedation, and can leave the hospital 
the same or the next day.

The goal is to create an ablation zone that encom-
passes the tumor as visible under imaging plus an 
approximately 1-cm margin of normal tissue to ensure 
destruction of any cancer microsatellites that often sur-
round the tumor.39 For large tumors, multiple overlapping 
ablations created either sequentially40 or simultaneously 
with multiple electrodes41 are often necessary.

A number of RF devices for tumor ablation are 
commercially available. These devices employ different 
power control algorithms and different methods to 
increase the size of the ablation zone. Some devices 
have multiple tines that are extended from the cath-
eter tip after placement in the tumor (Fig. 8A); others 
use needle-type electrodes with cooling as described 
earlier (Fig. 8B).

	The limitations of current RF tumor-ablation 
procedures include: i) they have limited performance 
close to large vasculature, which may result in tumor 
recurrence due to inadequate temperatures; ii) there 
is inadequate intra-procedural imaging feedback on 
ablation zone growth; and iii) the size of the ablation 

FIGURE 8. Commercial RF electrodes for tumor ablation. A, Multi-prong electrode, with magnified electrode tip 
shown in insert; the prongs are extended once the catheter is placed in the tumor. B, Cooled-needle electrode, avail-
able as single- or three-needle cluster (see magnified inserts); active electrode at the tip is 3-cm (single) or 2.5-cm 
(cluster) long and is internally cooled by circulating water. (From Vaezy S, Zderic V, editors. Image-guided therapy 
systems; Norwood, MA: Artech House, Inc.; 2009. © 2009 Artech House, Inc. Reproduced with permission.)

FIGURE 7. Schematics of minimally invasive liver-tumor 
RF ablation procedure. The ablation catheter is inserted 
through a small incision and steered into the tumor under 
ultrasound imaging guidance. (From Dodd et al., 2000.42 
Reproduced with permission.)
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zone of a single ablation is often not adequate to treat 
large tumors (> 3 cm diameter), resulting in prolonged 
procedural times and higher recurrence rates. 

	Researchers are trying to overcome these shortcom-
ings by: improving efficacy via pre- and intra-operative 
treatment planning software 43 (see the paper by Schu-
mann et al. in this issue), employing multi-modality 
image fusion and device tracking,44 developing new 
imaging modalities for real-time guidance of the 
procedure,45-47 and using chemotherapy or radiation 
therapy as adjuvants to take advantage of the synergy 
between multiple therapies (see the paper by Liu et al. 
in this issue).48-50

IV.B. Cardiac Arrhythmia Treatment

Cardiac RF ablation (also known as cardiac RF cath-
eter ablation) has become the treatment of choice for 
a number of cardiac arrhythmias, including several 
types of tachycardia and, more recently, atrial fibrilla-
tion.1,51 Cardiac arrhythmias result from abnormalities 
in the cardiac conduction system, which determines 
the spatial and temporal activation of different parts 
of the heart.

	Cardiac ablation is performed by an electrophysiolo-
gist in a specifically equipped interventional laboratory. 
In this procedure, a catheter is inserted into a vein 
(typically in the groin or neck) and steered into the 
heart (Fig. 9). The procedure is guided by radiographic 
imaging and by electrical measurements of local car-
diac activity (similar to electrocardiogram) by the RF 
catheter (Fig. 10), as well as by additional specialized 
recording catheters placed at various locations in the 

heart. These local electrical activity measurements allow 
the determination of when different parts of the heart 
are activated, and thereby facilitate accurate diagnosis of 
the arrhythmia as well as localization of the exact target 
site. For complex arrhythmia types, computer-assisted 
diagnostic systems are available that use electromagnetic 
tracking of a special catheter and correlate recordings of 
this catheter at various locations to produce so-called 
“activation maps” that depict the spread of activation 
through the heart. Other systems use measurements of 
tissue impedance between a catheter electrode and a set 
of reference electrodes, or systems based on ultrasound 
propagation timing to localize the catheter position.52

After the RF catheter is steered to the target site, 
RF current is applied and produces a small ablation 
zone around the active electrode tip. A single applica-

FIGURE 9. Schematics of cardiac 
RF ablation system. A cardiac RF 
catheter is inserted through a leg 
vein and steered to the target site 
inside the heart (right). A ground 
pad is placed on the patient’s 
back. The small black region 
around the RF electrode at the 
catheter tip depicts the ablation 
zone. (From Panescu et al., 1995.53 
Reproduced with permission.)

FIGURE 10. Cardiac RF ablation catheter (7F = 2.3 mm 
diameter). The catheter has an RF electrode (large arrow, 4 
mm in length) to create the ablation zone, and mapping elec-
trodes (small arrows) to record electrical activity from within 
the heart. (From Vaezy S, Zderic V, editors. Image-guided 
therapy systems; Norwood, MA: Artech House, Inc.; 2009. 
© 2009 Artech House, Inc. Reproduced with permission.)



Critical Reviews™ in Biomedical Engineering

Haemmerich60

tion last typically 45 to 120 s, and produces an ablation 
zone approximately 5 to 10 mm in diameter (Figs. 11 
& 12).

Most catheters employ temperature control, in 
which temperature measured within the electrode tip 
is used to adjust applied RF energy. Note, however, that 
the location of maximum tissue temperature is a few 
millimeters from the catheter tip (Fig. 12); therefore, the 
measured temperature underestimates maximum tissue 
temperature depending on local blood-flow conditions. 
This is particularly important because undesired tissue 
perforation (often called “popping” due to the sound 
associated with this event) can occur when tissue is 
vaporized above 100ºC. Popping is often associated 
with an impedance spike similar to the one shown in 
Figure 3. As noted, intra-cardiac blood flow consider-
ably affects tissue heating, and therefore the resulting 
size of the ablation zone. In general, larger ablation 
zones are possible at locations with high flow rate due 
to increased convective cooling (Fig. 5).55-57 Catheters 
of different lengths and diameters are commercially 
available depending on the desired size of the ablation 

FIGURE 11. Thermodynamics of cardiac RF ablation. The RF electrode is in contact with the myocardium, and RF 
current results in tissue heating. Thermal conduction of heat into the tissue results in growth of the ablation zone 
(approximated by 50ºC isotherm). There is heat loss in the tissue in proximity to the electrode due to thermal 
conduction through the electrode (black arrow); the electrode and the tissue surface experience convective cool-
ing from blood inside the chamber. Surface cooling produces the typical teardrop-shaped ablation zone. (From 
Tungjitkusolmun, 2000.54 Reproduced with permission.)

FIGURE 12. Tissue temperature around a cardiac RF 
ablation catheter (2.3 mm in diameter) at the end of a 
45-s ablation. Outermost 50ºC boundary estimates the 
boundary of the ablation zone. (From Vaezy S, Zderic V, 
editors. Image-guided therapy systems; Norwood, MA: 
Artech House, Inc.; 2009. © 2009 Artech House, Inc. 
Reproduced with permission.)
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is important because it allows the identification and 
visualization of the target region and guidance of the 
procedure. Improvement of imaging modalities in the 
near future will allow for improved accuracy of RF 
ablation and thermal therapies in general. Real-time 
feedback on the size of the growing ablation zone during 
treatment is currently limited, and this is another area 
in which improved imaging could have great impact. 
Thermal therapies such as RF ablation will likely play 
a considerable role in patient treatment in the foresee-
able future, and one major area of continued growth is 
likely to be for cancer treatment, for which there is a 
need for therapies that can accurately produce localized 
tissue destruction.
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