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Radiofrequency ablation of liver tumors (I): biological background
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Summary. Majority of patients suffering from liver tumors are not candidates for surgery.
Currently, minimal invasive techniques have become available for local destruction of hepatic
tumors. Radiofrequency ablation is based on biological response to tissue hyperthermia. The
aim of this article is to review available biological data on tissue destruction mechanisms.
Experimental evidence shows that tissue injury following thermal ablation occurs in two distinct
phases. The initial phase is direct injury, which is determined by energy applied, tumor biology,
and tumor microenvironment. The temperature varies along the ablation zone and this is reflected
by different morphological changes in affected tissues. The local hyperthermia alters metabolism,
exacerbates tissue hypoxia, and increases thermosensitivity. The second phase – indirect injury –
is observed after the cessation of heat stimulus. This phase represents a balance of several
promoting and inhibiting mechanisms, such as induction of apoptosis, heat shock proteins, Kupffer
cell activation, stimulation of the immune response, release of cytokines, and ischemia-reperfusion
injury. A deeper understanding of the underlying mechanisms may possibly lead to refinements
in radiofrequency ablation technology, resulting in advanced local tumor control and prolonged
overall survival.
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Hepatocellular carcinoma (HCC) is one of the
most common solid cancers, with an annual incidence
estimated to be at least one million new patients,
especially in Eastern Asian and African countries (1).
Furthermore, the liver is second only to lymph nodes
as a common site of metastasis from other solid
cancers, particularly in patients with colorectal car-
cinoma (CRC) (2). Surgical resection of HCC and
hepatic metastases from primary tumors with liver-
only metastases can result in significant long-term
survival benefit in 20% to 35% of patients (3). Howe-
ver, a substantial number of patients are not candidates
for surgery. Only 5% to 15% of patients with newly
diagnosed HCC or CRC liver metastases undergo
potentially curative resection. Difficulties related to
surgical resection are those of the size, number of
tumors, location (adjacent to porta hepatis), extrahe-
patic involvement, poor general condition, and poor
liver function especially in HCC with inadequate
functional hepatic reserve related to coexistent cirrho-
sis. Currently, minimal invasive techniques have be-
come available for local destruction of hepatic tumors.
These are percutaneous ethanol injection (PEI), hepa-
tic arterial chemoembolization, and local thermode-
struction.

Focal hyperthermia may be induced by several
methods and is at present the preferred local ablative
technique. These methods (radiofrequency, microwa-
ve, interstitial laser thermotherapy, high-intensity
focused ultrasound) vary according to the processes
of heat generation and its delivery. The energy deli-
vered to the liver tumors in minimally invasive fashion
causes tumor destruction with no significant damage
to normal liver parenchyma. The aim of this article is
to review the general principles of local heat produc-
tion and to systemically present available biological
data on tissue destruction mechanisms.

Radiofrequency ablation (RFA) has emerged as
the most widely accepted method for both palliative
and curative strategies. RFA uses electromagnetic ener-
gy sources to generate heat. Electrode probes are plac-
ed within tumors percutaneously or during open or
laparoscopic surgery. High-frequency (375–500 kHz)
electromagnetic waves displace molecules within the
tissue in alternating directions. Changes in the energy
state of molecules result in an ionic agitation and loca-
lized increase in temperature, reaching approximately
90°C (4).

In comparison with other minimally invasive met-
hods, such as PEI or transarterial chemoembolization,
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RFA has been shown to achieve similar results in
fewer therapeutic sessions. Moreover, RFA seems to
be superior to PEI in terms of long-term survival and
local recurrence rate (5). On the other hand, PEI seems
to be superior to RFA in a subcapsular tumor location,
when tumor is adjacent to a major vessel or another
organ (heart, gallbladder, stomach, and bowel), and
when demonstrating poor differentiation (6). The
retrospective nonrandomized studies revealed that
RFA has lower local recurrence and complication rate
when compared to cryotherapy (7). The main advan-
tages of RFA include low morbidity and mortality
rates, effective tumor ablation, as well as the most
efficient preservation of normal liver parenchyma.
This is particularly important in patients with limited
liver function reserve.

Although the principles of heat production are dif-
ferent, the mechanisms of thermal tissue destruction
or damage are similar. It has been shown that tissue
injury following thermal ablation occurs in two dis-
tinct phases. The initial phase is direct injury, which
is predominately determined by the total energy app-
lied, tumor biology, and tumor microenvironment.
The second phase is indirect or progressive injury,
which follows the cessation of the focal hyperthermic
stimulus.

The direct thermal injury involves all the reactions
in tissue at cellular and subcellular levels. The tumor
biology and microenvironment are very important in
this process. The tissue effects depend on energy
applied, the duration of thermal injury, thermal sen-
sitivity of cells, and characteristics of heat removal
mechanisms, which vary in different organs and tis-
sues (8).

The keystone mechanism of tissue injury involves
the inactivation of vital enzymes. The temperatures
between 100°C and 300°C induce vaporization of
tissue water, carbonization, and smoke generation (9).
The carbonization limits the extent of tissue damage
by creating a heat trap. The carbonization process may
result in tumor cell dissemination as a result of in-
creased interstitial pressure. In clinical setting, the
heat transfer is improved by tissue infiltration with
saline, which prevents tissue carbonization and safe-
guards against excessive increase in impedance. Near
immediate coagulation of tissue is induced at tempe-
ratures between 60°C and 100°C and manifests as an
irreversible damage to mitochondrial and cytosolic
enzymes of the cells. The temperature decreases away
from the active probe and is reflected by different
morphological changes in affected tissues (10). These
changes are morphologically described as four zones:
application, central, transition, and reference tissue

zones. The application zone is located immediately
to the thermal electrode and is characterized by the
irreversible damage (carbonization). The necrotic tis-
sue with damaged structure of hepatic cells is ob-
served in the central zone. The transition zone, sur-
rounding the central zone, is morphologically des-
cribed as hemorrhagic area, containing apparently
undamaged liver cells with signs of tissue infiltration
with blood cells. In this zone, cells are eosinophilic
with condensed chromatin; however, intercellular
connections are maintained. The reference zone refer-
rers to the normal tissue surrounding the transition
zone (11).

The most complicated processes of thermal tissue
damage are observed in the transition zone. This zone
contains cells in the earliest stages of cellular death,
demonstrating loss of enzymatic activity. The direct
effect of heat stimulus at the subcellular level results
in impaired membrane and mitochondrial function,
destruction of nucleic acids and cytoskeleton. Cell
viability accurately correlates with ultrastructural
changes in the mitochondria. Formation of intramito-
chondrial dense granules, vesicularization of the cris-
ta, intracristal space swelling, and myelin degenera-
tion are observed. These changes promote proton
leakage across the inner mitochondrial membrane and
impairs oxidative phosphorylation (12). Histological
techniques are not appropriate to assess cell viability
immediately after heat stimulus. While major ultra-
structural changes in mitochondria are observed
within 15 min of heat injury, mitochondrial viability
may be assessed histochemically from this time point.
This involves staining for mitochondrial enzymes, in-
cluding nicotinamide adenine dinucleotide diaphorase
(NADH-diaphorase), cytochrome c oxidase, succinic
dehydrogenase, lactate dehydrogenase. Staining for
NADH-diaphorase is the most popular test. Activity
of this particular enzyme ceases immediately follow-
ing irreversible cellular injury. Staining for NADH-
diaphorase activity clearly discriminates viable from
nonviable tissue before morphological changes of
necrosis become apparent (13).

The thermosensivity of the tumor is a type-specific
feature independent of the proliferation rate, absor-
bance, and nature (benign or malignant) of the cells.
It may reflect differences in the structure and size of
cellular components including the distribution of
intermediate filaments that alter susceptibility to heat
injury (14). Tumors have a higher fraction of cells in
the mitotic or S-phase of replication, lower mito-
chondrial levels, reduced intracellular adenosine
triphosphate (ATP), and lower overall oxygen intake
compared to normal cells. Hyperthermia enhances
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oxygen consumption, resulting in higher susceptibility
of these cells to hyperthermia.

Enhanced tissue destruction in this zone is faci-
litated by peculiarities of tumor vasculature. It has
been shown that tumors have a lower blood flow when
compared with normal liver tissue (15). Moreover,
tumor vessels are usually close to maximal dilation;
consequently, they are more sensitive to thermal injury
when compared to that in normal liver and more likely
to undergo irreversible injury. An irreversible decrea-
se in tumor blood flow with vascular stasis and throm-
bosis has been described at the temperatures between
42°C and 44°C. The extent of vascular occlusion is
equivalent to the tissue injury of the tumor; however,
the extent of vascular damage is significantly less than
the tissue necrosis in normal liver parenchyma (16).

The relationship of major vessels to the extent of
tumor necrosis in the liver is well established. Thermal
injury is generally least efficient in tumors adjacent
to large intrahepatic vessels due to the “heat sink”
(17). Heat is absorbed by circulating blood and is
transferred away, thus limiting local increase of tem-
perature as well as the depth and extent of morpho-
logical changes of tumor tissue.

Application of local hyperthermia alters metabo-
lism, exacerbates tissue hypoxia, decreases pH, and
increases thermosensitivity, possibly through proces-
ses of direct enhancement of thermal killing, impair-
ment of DNA synthesis, and reduction of cellular pro-
liferation (18).

Indirect, or progressive injury, is observed after
the cessation of direct heat stimulus. The full extent
of tissue damage becomes evident in 24–168 hours
(19). This injury may be a major determinant of com-
pleteness of tumor ablation. The lesion size decreases
slightly during the course of several weeks as a result
of the breakdown and removal of necrotic tissue by
inflammatory cells.

The progression of injury appears to be indepen-
dent of the initial thermal effect and is defined as
ongoing necrosis. It is characterized by homogenous
cytoplasmic eosinophilia, nuclear staining, and blurr-
ed cytoplasm borders. However, morphological distin-
ction between complete necrosis and ongoing necrosis
is sometimes difficult, necessitating histochemical
demonstration of mitochondrial enzymatic activity.
The ongoing necrosis is revealed using antibodies de-
tecting single-stranded (denaturated) DNA (ssDNA)
and the anti-human mitochondria antibodies. Itoh et
al. used a polyclonal rabbit anti-ssDNA to label the
nuclei of cells in ongoing necrosis, and mouse anti-
human mitochondria monoclonal antibody MAB

1273 and anti-mitochondrial antibody 113-1 to stain
viable cells (20).

 A true injury progression represents a balance of
several promoting and inhibiting mechanisms, such
as induction of apoptosis, heat shock proteins (HSPs),
Kupffer cell activation, stimulation of the immune
response, release of cytokines, and ischemia-reperfu-
sion injury.

 Apoptosis is a distinctive form of cell death mani-
fested by characteristic chromatin condensation and
DNA fragmentation. Hyperthermia, changes in tissue
microenvironment, release of various cytokines may
trigger apoptosis. The induction of apoptosis at a dis-
tance from the site of heat application may potentially
contribute to the progression of injury. The peak of
apoptosis is observed in 2 h following local heat
application (21).

Intracellular levels of HSPs are known to be im-
portant in the regulation of tumor cell thermosensivity
(14). HSPs are produced as a result of stress. The
baseline level of HSP70 and its expression following
heat exposure vary with different cell lines and may
influence the extent of protein loss and degradation
(22). The expression of HSP 70 prevents cytochrome
c/dATP-mediated caspase activation in vitro and in-
hibits apoptosis. The peak levels of HSP70 are ob-
served in 10 h following heat stimulus (23). On the
other hand, HSPs are shown to be involved in tumor
antigen presentation and immune response modula-
tion. HSPs and any abnormal peptide complex are
transported across to the surface of the cell and binds
to the CD91 receptor on the antigen presenting cell
(APC) surface. This way T-lymphocyte and macro-
phage activity is stimulated, followed by increased
immunoblast and mast cell levels by 20–28 days after
the heat application, and this effect seems to be main-
tained up to 8 weeks (24). Kupffer cells are also in-
volved in progressive tissue injury via active phago-
cytosis of cancer cells in vivo and impeding formation
of metastases (25). However, hyperthermia reduces
activity of Kupffer cells, which is known to be impor-
tant in the regulation of tumor growth by producing
tumoricidal cytokines, such as IL-1, TNFα, and inter-
feron. IL-1 and TNFα are involved in apoptosis. In-
creased levels of TNFα exhibit direct cytotoxic effects
inducing endothelial injury, thus sensitizing tumor
cells to hyperthermia (18). Interferon increases the
liver-associated natural killer cell activity (26). Focal
hyperthermia has been shown to modulate the expres-
sion of some growth factors. The expression of fibro-
blast growth factor (FGF) may cause the proliferation
of residual tumor cells and have cytoprotective effects
(27). Epidermal and hepatocyte growth factors
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favorably influence liver regeneration and potential
tumor growth (28).

The initial injury of microvasculature is followed
by a progressive injury that peaks by 48 hours after
treatment. The decrease in blood flow continues for
4–6 hours following heat application due to endo-
thelial injury, increased vessel permeability, and blood
viscosity, subsequently resulting in thrombus forma-
tion and ischemia. However, the progressive micro-
vascular and tissue injury is more extensive in normal
liver tissue as compared to liver tumors (16).

Concluding remarks
The success of local thermal ablation depends on

ability to create adequate volumes of tissue destruc-

tion. Moreover, an additional area of apparently nor-
mal tissue adjacent to the tumor (“safety margin”)
should be ablated to eliminate microscopic foci of
disease. Unfortunately, the exact underlying mecha-
nisms of tumor destruction by focal hyperthermia and
its influence on tumor growth are not precisely known.
Despite continuing investigations of the biological
processes induced by hyperthermia, the clinical results
of radiofrequency ablation appear to remain unsatis-
fying in terms of tumor recurrence. A deeper under-
standing of those underlying mechanisms may pos-
sibly lead to refinements in radiofrequency ablation
technology and energy delivery, resulting in advanced
local tumor control and prolongation of an overall
survival.

Kepenų navikų radiodažninė abliacija (I): biologinis pagrindimas
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Raktažodžiai: radiodažninė abliacija, kepenų navikas, terminis pažeidimas.

Santrauka. Tik nedaugeliui pacientų, sergančių kepenų navikais, galimas radikalus chirurginis gydymas.
Daliai neoperuotinų ligonių taikomi lokalios navikų destrukcijos metodai. Radiodažninė abliacija pagrįsta
biologiniu atsaku į audinių hipertermiją. Šio straipsnio tikslas – apžvelgti audinių termodestrukcijos biologinius
mechanizmus. Terminis audinio pažeidimas vyksta dviem frazėmis. Tiesioginio pažeidimo fazę sąlygoja
perduotos energijos kiekis, naviko biologija, jo mikroaplinkos ypatybės. Abliacijos zonoje temperatūra
nevienoda ir tai sąlygoja skirtingus morfologinius pažeidimo zonos pokyčius. Lokali hipertermija pakeičia
metabolizmą, pagilina audinio hipoksiją, padidina jautrumą temperatūrai. Antroji, netiesioginio pažeidimo
fazė, prasideda pasibaigus šilumos poveikiui. Šios fazės metu įsijungia keletas reguliuojančių mechanizmų,
tokių kaip apoptozės indukcija, šilumos šoko baltymų ir Kupfferio ląstelių aktyvacija, imuninio atsako sti-
muliacija, citokinų išsiskyrimas, išemijos-reperfuzijos pažeidimas. Gilesnis atsako į hipertermiją mechanizmų
supratimas turėtų sąlygoti radiodažninės abliacijos technologijų tobulinimą, visavertiškesnę lokalią naviko
destrukciją ir ilgesnį išgyvenamumą.

References
1. Qin LX, Tang ZY. The prognostic significance of clinical

and pathological features in hepatocellular carcinoma. World
J Gastroenterol 2002;8:193-9.

2. Weiss L, Grundmann E, Torhorst J, Hartveit F, Moberg I,
Eder M, et al. Haematogenous metastatic patterns in colonic
carcinoma: an analysis of 1541 necropsies. J Pathol 1986;
150(3):195-203.

3. Fong Y, Cohen AM, Fortner JG, Enker WE, Turnbull AD,
Coit DG, et al. Liver resection for colorectal metastases. J
Clin Oncol 1997;15(3):938-46.

4. Nikfarjam M, Muralidharan V, Christophi C. Mechanisms
of focal heat destruction of liver tumors. J Surg Res 2005;
127:208-23.

5. Lencioni RA, Allgaier HP, Cioni D, Olschewski M, Deibert

P, Crocetti L, et al. Small hepatocellular carcinoma in
cirrhosis: randomized comparison of radio-frequency thermal
ablation versus percutaneous ethanol injection. Radiology
2003;228(1):235-40.

6. Morimoto M, Numata K, Sugimori K, Shirato K, Kokawa
A, Oka H, et al. Successful initial ablation therapy contributes
to survival in patients with hepatocellular carcinoma. World
J Gastroenterol 2007;13(7):1003-9.

7. Pearson AS, Izzo F, Fleming RY, Ellis LM, Delrio P, Roh
MS, et al. Intraoperative radiofrequency ablation or cryoab-
lation for hepatic malignancies. Am J Surg 1999;178(6):592-
9.

8. Barauskas R, Gulbinas A, Barauskas G. Finite element
modeling and experimental investigation of infiltration of

Tomas Vanagas, Antanas Gulbinas, Juozas Pundzius, Giedrius Barauskas



17

Medicina (Kaunas) 2010; 46(1)

sodium chloride solution into nonviable liver tissue. Me-
dicina (Kaunas) 2007;43:399-411.

9. Germer CT, Roggan A, Ritz JP, Isbert C, Albrecht D, Müller
G, et al. Optical properties of native and coagulated human
liver tissue and liver metastases in the near infrared range.
Lasers Surg Med 1998;23(4):194-203.

10. Barauskas R, Gulbinas A, Barauskas G. Investigation of
radiofrequency ablation process in liver tissue by finite ele-
ment modeling and experiment. Medicina (Kaunas)
2007;43:310-25.

11. Vanagas T, Gulbinas A, Sadauskiene I, Dambrauskas Z,
Pundzius J, Barauskas G. Apoptosis is activated in an early
period after radiofrequency ablation of liver tissue. Hepato-
gastroenterology 2009;56(93):1095-9.

12. Willis WT, Jackman MR, Bizeau ME, Pagliassotti MJ, Hazel
JR. Hyperthermia impairs liver mitochondrial function in
vitro. Am J Physiol Regul Integr Comp Physiol 2000;278:
R1240-6.

13. Nikfarjam M, Malcontenti-Wilson C, Christophi C. Focal
hyperthermia produces progressive tumor necrosis indepen-
dent of the initial thermal effects. J Gastrointest Surg 2005;
9:410-7.

14. Barnes JA, Dix DJ, Collins BW, Luft C, Allen JW. Expression
of inducible Hsp70 enhances the proliferation of MCF-7
breast cancer cells and protects against the cytotoxic effects
of hyperthermia. Cell Stress Chaperones 2001;6:316-25.

15. Muralidharan V, Malcontenti-Wilson C, Christophi C. Effect
of blood flow occlusion on laser hyperthermia for liver
metastases. J Surg Res 2002;103:165-74.

16. Nikfarjam M, Muralidharan V, Malcontenti-Wilson C, Chris-
tophi C. Progressive microvascular injury in liver and colo-
rectal liver metastases following laser induced focal hyper-
thermia therapy. Lasers Surg Med 2005;37:64-73.

17. Lu DS, Raman SS, Limanond P, Aziz D, Economou J,
Busuttil R, et al. Influence of large peritumoral vessels on
outcome of radiofrequency ablation of liver tumors. J Vasc
Interv Radiol 2003;14(10):1267-74.

18. Isbert C, Ritz JP, Roggan A, Schuppan D, Rühl M, Buhr HJ,
et al. Enhancement of the immune response to residual
intrahepatic tumor tissue by laser-induced thermotherapy

(LITT) compared to hepatic resection. Lasers Surg Med 2004;
35(4):284-92.

19. Wiersinga WJ, Jansen MC, Straatsburg IH, Davids PH,
Klaase JM, Gouma DJ, et al. Lesion progression with time
and the effect of vascular occlusion following radiofrequency
ablation of the liver. Br J Surg 2003;90(3):306-12.

20. Itoh T, Orba Y, Takei H, Ishida Y, Saitoh M, Nakamura H, et
al. Immunohistochemical detection of hepatocellular carcino-
ma in the setting of ongoing necrosis after radiofrequency
ablation. Mod Pathol 2002;15:110-5.

21. Ohno T, Kawano K, Sasaki A, Aramaki M, Yoshida T, Kitano
S. Expansion of an ablated site and induction of apoptosis
after microwave coagulation therapy in rat liver. J Hepato-
biliary Pancreat Surg 2001;8:360-6.

22. Benndorf R, Bielka H. Cellular stress response: stress pro-
teins – physiology and implications for cancer. Recent Results
Cancer Res 1997;143:129-44.

23. Ivarsson K, Myllymaki L, Jansner K, Bruun A, Stenram U,
Tranberg KG. Heat shock protein 70 (HSP70) after laser ther-
motherapy of an adenocarcinoma transplanted into rat liver.
Anticancer Res 2003;23:3703-12.

24. Hansler J, Wissniowski TT, Schuppan D, Witte A, Bernatik
T, Hahn EG, et al. Activation and dramatically increased
cytolytic activity of tumor specific T lymphocytes after radio-
frequency ablation in patients with hepatocellular carcinoma
and colorectal liver metastases. World J Gastroenterol 2006;
12(23):3716-21.

25. Fidler IJ. Systemic macrophage activation with liposome-
entrapped immunomodulators for therapy of cancer meta-
stasis. Res Immunol 1992;143:199-204.

26. Kirn A, Bingen A, Steffan AM, Wild MT, Keller F, Cin-
qualbre J. Endocytic capacities of Kupffer cells isolated from
the human adult liver. Hepatology 1982;2:216-22.

27. Golovneva ES. Expression of basic fibroblast growth factor
in the course of neoangiogenesis stimulated by high-intensity
laser irradiation. Bull Exp Biol Med 2002;134:95-7.

28. de Jong KP, Brouwers MA, van Veen ML, Brinker M, de
Vries EG, Daemen T, et al. Serum obtained from rats after
partial hepatectomy enhances growth of cultured colon carci-
noma cells. Invasion Metastasis 1998–1999;18(3):155-64.

Received 30 September 2008, accepted 4 January 2010
Straipsnis gautas 2008 09 30, priimtas 2010 01 04

Radiofrequency ablation of liver tumors (I): biological background


