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suggests that RFA and resection induce profoundly different 
biological effects, which may influence survival.  Conclu-

sions:  Local recurrence rate after open RFA for CRLM  ! 3 cm 
seems to be equivalent to resection. A randomized trial un-
der strict conditions would be justified in this subgroup of 
patients. A randomized trial is currently not justified for larg-
er tumors or for percutaneous or laparoscopic RFA, since lo-
cal recurrence rates in these groups are too high to be ac-
ceptable for resectable tumors. 

 Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Surgical resection currently is the gold standard in
the treatment of resectable colorectal liver metastases 
(CRLM)  [1] . Evidence for the superiority of surgical re-
section over no treatment comes from several retrospec-
tive studies comparing the survival of patients with po-
tentially resectable metastases. In these studies, 5-year 
survival was 27, 25, 25 and 31% in resected patients versus 
0, 0, 1 and 0% for untreated, but otherwise comparable 
patients  [2–5] .
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 Abstract 

  Background:  A recent proposal of a randomized trial com-
paring resection and radiofrequency ablation (RFA) in a se-
lected subgroup of patients with small resectable colorectal 
liver metastases (CRLM) has initiated a debate on this issue. 
Meanwhile, new data have been published. The aim of the 
study was to update and critically review the oncological ev-
idence in favor of and against the use of RFA for resectable 
CRLM in general and in favor of and against conducting a 
randomized trial in a selected subgroup of patients.  Meth-

ods:  An exhaustive review was carried out of papers and ab-
stracts on RFA of colorectal metastases published before 
July 15, 2008.  Results:  Local recurrence rate after resection 
of CRLM is 1.2–10.4%. Local recurrence rate after RFA of CRLM 
is between 1.7 and 66.7%. For tumors  ! 3 cm, local control 
after open RFA is equivalent to resection. Local recurrence 
rates, however, are higher for larger tumors and for the per-
cutaneous and laparoscopic route. Accumulating evidence 

 Published online: February 12, 2009   

 Prof. Dr. Yicheng Ni, MD, PhD 
 Biomedical Imaging, Interventional Therapy and Contrast Media Research 
 Department of Radiology, University Hospitals, K.U. Leuven 
 Herestraat 49, BE–3000 Leuven (Belgium) 
 Tel. +32 16 33 01 65, Fax +32 16 34 37 65, E-Mail yicheng.ni@med.kuleuven.be 

 © 2009 S. Karger AG, Basel
0253–4886/08/0256–0445$24.50/0 

 Accessible online at:
www.karger.com/dsu 



 Mulier   /Ruers   /Jamart   /Michel   /Marchal   /
Ni   

Dig Surg 2008;25:445–460446

  Five-year survival after resection of CRLM in series 
published since 2000 reporting their experience since 
1990 is 23–58%  [6–19] , and 10-year survival is 17–28%  [6, 
7]  ( table 1 ). Five-year survivals of 66–71% have recently 
been reported after resection of solitary CRLM  [18, 19] . 
In a review of high-quality papers on hepatectomy for 
CRLM published since 1990, 30-day postoperative mor-
tality ranged from 0 to 6.6% (median 2.8%), with a mor-
tality near to 1% in the most recent papers  [20] .

  Very recently, however, hepatectomy is being chal-
lenged by a number of interstitial tissue ‘ablation’ tech-
niques. These techniques were initially developed for the 
palliative treatment of unresectable liver tumors. Applied 
to unresectable CRLM, they achieve 5-year survival rates 
of 29% for microwave ablation  [21] , 33% for laser ablation 
 [22]  and 26% for cryoablation  [13] . Radiofrequency abla-
tion (RFA), the subject of this article, allows a 14–55% 5-
year survival rate  [18, 23–30, 192, 193]  and a 28% 7-year 
survival rate  [26]  in these patients ( table 2 a).

  Enthusiasm about these at first sight promising results 
in the ‘palliative’ (see further) setting has led an increas-
ing number of interventional radiologists to suggest  [31]  
or to apply and defend  [23, 25, 32–37]  (percutaneous) ra-
diofrequency ablation for the treatment of resectable 
CRLM too, even though there is no evidence yet from 
randomized trials to support this. Even some surgeons 
are suggesting that RFA may replace resection, especially 

in certain circumstances such as new hepatic metastases 
after a first liver resection  [38–44] , limited central disease 
that technically would require a hemihepatectomy  [42, 
45, 46] , small metastases  [42, 45, 47–49]  and solitary me-
tastases  [50] .

  Undoubtedly, the recently shown equivalent survival 
after percutaneous RFA and surgical resection for hepa-
tocellular carcinomas (HCC)  ! 5 cm in two randomized 
clinical trials  [51, 52]  will encourage the use of RFA for 
resectable CRLM.

  The advantages of minimal invasiveness for RFA, 
combined with claims of equivalent local control  [42, 45, 
48]  and equivalent survival  [32, 36, 38, 50, 53] , have al-
ready influenced our everyday practice. A survey from 
Germany reported that 25.9% of hospitals performed 
RFA for resectable tumors  [54] . The practice of perform-
ing RFA for resectable CRLM has also been noted in the 
USA  [55, 56] .

  Three recent papers that proposed a randomized trial 
comparing resection and radiofrequency ablation for re-
sectable colorectal liver metastases  [53, 57, 192]  have ini-
tiated a lively debate on this issue  [58–63, 192, 194] . 
Meanwhile, new data have emerged. The aim of this 
study is to update and critically review the oncological 
evidence in favor of and against the use of RFA for resect-
able CRLM in general and in favor of and against con-
ducting a randomized trial in a selected subgroup of pa-
tients.

  If such potential situations can be identified after a 
well-balanced analysis, a proposal for a randomized trial 
for these selected indications may be formulated. In this 
article, we try to evaluate whether indeed the time has 
come to consider such a randomized trial.

  Materials and Methods 

 A literature review was carried out according to recent guide-
lines  [64] , looking for potential oncological advantages and dis-
advantages of RFA versus resection for resectable colorectal liver 
metastases.

  A potential oncological advantage or disadvantage was de-
fined as a factor that might influence 5-year survival in a positive 
or negative way, respectively.

  A comprehensive PubMed search of the world literature was 
performed using the key words [radiofrequency  or  radio-fre-
quency  or  radio frequency]  and  [liver  or  hepatic  or  hepatocellu-
lar], without language restriction, from January 1, 1990, to July 
15, 2008. Additional papers and book-chapters were identified by 
a cross-reference search. To include as much ‘grey literature’  [64]  
as possible, all conference supplements from the same period 
published in  American Journal of Radiology, Journal of Vascular 

Table 1. Survival after resection of CRLM

Refer-
ence No.

Patients Mortality
%

5-year
survival
%

10-year
survival
%

Re-
marks

6 423 2 47 28
7 297 1 28 17
8 585 NA 33 NA
9 557 NA 58 NA

10 410 NA 50 NA
11 235 4 36 NA
12 208 0 28 NA
13 168 5 23 NA
14 190 NA 58 NA
15 133 0 58 NA
16 102 3 29 NA
17 100 1 58 NA
18 150 NA 71 60 solitary
19 116 0 66 NA solitary

NA = Data not available.
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and Interventional Radiology, European Radiology, Surgical En-
doscopy ,  European Journal of Surgical Oncology  and  Acta Chirur-
gica Belgica  were screened manually for abstracts on hepatic ra-
diofrequency ablation, as well as all the proceedings of the an-
nual meetings of the  RSNA . The proceedings of the annual 
general and GI meetings of the  ASCO  [http://www.asco.org/] and 
of the 2007 and 2008 annual meetings of the  AHPBA  [http://
www.ahpba.org/resources/prior_program_abstracts.asp] were 
screened electronically.

  Both positive and negative studies were included. Papers or 
abstracts were excluded if they described clinical series that were 
partially or completely contained in publications at a later date. 
In case of overlap, only the most recent and complete report was 
retained. Evidence was ranked according to recent guidelines 
 [64] .

  Survival after RFA 

 There are no 5-year survival data available yet after 
RFA for resectable CRLM. Five-year survival after RFA 
for unresectable   CRLM varies between 14 and 55%  [23–
30, 193]  ( table 2 a). Subgroups of patients with metastases 
 ̂  2.5–4 cm have a better prognosis  [18, 23, 26, 27, 29, 191]  
( table 2 b).

  Eight nonrandomized studies have compared survival 
after RFA for unresectable CRLM versus after resection 
for resectable CRLM  [14, 18, 19, 50, 65, 66, 192, 193] . Six 
studies found a better overall and/or disease-free surviv-
al after resection  [14, 18, 19, 65, 66, 192] , while two studies 
found no statistically significant difference  [50, 193] . In-

Table 2. Five-year survival of RFA for unresectable CRLM  

a Five-year survival of RFA for unresectable CRLM, all sizes1

Refer-
ence No.

Patients Tumors/patient Diameter of
tumors
cm

Approach Mortality
%

5-year
survival
%

7-year
survival
%

23 423 1.5 2.780.9 (0.5–5) P NA 24 NA
24 177 2.2 2.2 (0.4–8) P NA 55 NA
25 167 4.1 3.9 (1–12) P 0 14 NA
26 121 2.6 2.180.9 (0.9–4) P 0 35 28
27 234 2.8 3.9 (1.1–10.2)a L NA 18 NA
28 50 3.2 4.2 O 0 32 NA
29 122 1.6 2.9 P, O 0 22 NA
30 100 5.1 381.6 (0.3–17.4) P, L, O 1 31 NA

193 68 1 3.780.2b L 0 30 NA

b Five-year survival of RFA for subgroups of patients with unresectable CRLM ≤4 cm2

Refer-
ence No.

Patients
total series

Patients
subgroup

Tumors/patient Diameter of
tumors
cm

Approach 5-year
survival
%

7-year
survival
%

191 291 40 1 ≤4 P 40 NA
26 121 121 2.6 ≤4 P 35 28
27 234 NA 2.8c ≤3 L 18 NA
29 122 NAd 1.6c ≤3 P, O 34 NA
18 >57e 30 1 ≤3 O 18 NA
23 423 NA 1 ≤2.5 P 56 NA

1 Only independent series with ≥50 patients and data on 5-year survival calculated from the time of RFA 
were retained. 2 Only subgroups from series with a total of ≥50 patients and data on 5-year survival calculated 
from the time of RFA were retained.

a Diameter of dominant tumor. b Standard error of the mean (instead of standard error of the other series). 
c In total series. d 64% of tumors were ≤3 cm. e Based on reference 14.

P = Percutaneous; L = laparoscopic; O = laparotomy; NA = data not available.
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terestingly, one of these studies analyzed 5-year survival 
in solitary CRLM according to tumor size. Survival was 
much worse after RFA when all tumors were considered 
(26% after RFA vs. 50% after resection), but equivalent
for the subgroup of tumors  ! 3 cm (55% after RFA vs.
56% after resection)  [192] .

  Unfortunately, these studies do not allow answering 
the question whether RFA could become an acceptable 
alternative to resection for resectable CRLM. Resectable 
colorectal metastases may have a more favorable location 
and a different biological behavior than unresectable 
CRLM  [42, 67] .

Table 3. Oncological arguments pro and contra RFA for resectable CRLM  

a    Oncological arguments with direct evidence pro and contra RFA for resectable CRLM

Arguments with direct evidence Level of evidence Type of evidence

In favor of resection
Better local control 
(except for tumors ≤3 cm using RFA via an open approach)

V Meta-analysis of case se-
ries

Better staging: resection allows better intraoperative staging and hence an 
optimized treatment strategy in 40% of patients 
(vs. percutaneous RFA; not vs. surgical RFA)

V Case series

No electrode track seeding (0–1.4% risk after percutaneous RFA) V Case series

In favor of RFA
–

Balance between resection and RFA unknown
–

b Oncological arguments with indirect evidence pro and contra RFA for resectable CRLM

Arguments with indirect evidence Level of
evidence

Type of evidence

In favor of resection
Risk of post-RFA intrahepatic seeding VII level V evidence for increased seeding post-RFA in HCC
Risk of increased local and distant spread through post-
RFA increased matrix metalloproteinase (MMP) activity

VII level II evidence for increased MMP activity post-RFA; level V 
evidence for worse prognosis in patients with increased MMP 
activity

In favor of RFA
(Resection) techniques with more parenchymal sparing 
allow a higher reintervention rate for new metastases and 
a better survival

VII level V evidence for resection

Less immune suppression through less blood loss 
Post-RFA vs. postresection

VII level V evidence for less blood loss post-RFA; level V evidence 
for relation between perioperative transfusion and survival

Stronger stimulation of cellular immunity post-RFA vs. 
postresection

VII level II evidence from animal RCT#

Balance between resection and RFA unknown
Stimulation of growth of residual tumor cells post-RFA 
vs. postresection

VII level II evidence from animal RCT# for increased stimulation in 
one study and decreased stimulation in a second study

Risk of hematogenous metastases through increased 
presence of tumor cells in peripheral blood, both post-
RFA and post-resection

VII level V evidence for increased presence of tumor cells in 
peripheral blood both post-RFA and post-resection; relation to 
hematogenous metastases unknown

Post-RFA increased heat shock protein expression (HSP), 
with both beneficial and detrimental effects

VII level II evidence for increased HSP expression post-RFA; level II 
evidence for beneficial effects of increased HSP expression; level 
V evidence of detrimental effects of increased HSP expression

Levels of evidence according to [64]. HCC = Hepatocellular carcinoma; RCT = randomized controlled trial.
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  Oncological Arguments with Direct Evidence Pro 

and Contra RFA for Resectable CRLM ( table 3 a) 

 Local Control 
 Local Recurrence after RFA for Unresectable CRLM 
  (table 4)   
 The rate of local recurrence at the site of the ablation 

after RFA for CRLM varies widely between 1.7 and 66.7% 
 [14, 18, 19, 26, 29, 34, 45, 50, 66, 68–78] . In a recent meta-
analysis of 763 RFA-treated CRLM with a minimum fol-

low-up of 6 months, mean local recurrence rate based on 
imaging and/or histology was 14.7%  [79] .

  The most studied factors influencing local recurrence 
rate after RFA include tumor size and type of approach. 
There is overwhelming evidence that local recurrence 
rate after RFA of CRLM is smaller for tumors  ! 3 cm than 
for tumors 3–5 cm, which in turn have a lower recurrence 
rate than tumors  1 5 cm  [18, 26, 29, 45, 71, 79, 74–76, 
80] .

Table 4. Local recurrence rate after RFA of CRLM

Main size, approach Tumors Mean diameter
of tumors, cm

Approach (%) Median follow-up 
months

Local recurrence 
rate, %

Small, open <3 O (67)
P (33)

[45] 118 33 1.7

Small, laparoscopically
[75] 308 <3 L 12 26.3

Small, percutaneously
[26] 295 <3 P 41* 14.9
[29] 120 <3 P (89) 19 33.3

O (11)
[34] 134 2.1 (0.6–4.0) P 28 39.8#

Small, mixed approach
[77] 76 1.7 L (40) 20 6.6

O (38)
P (21)

Mixed size, open 
[78] 130 3.6 (0.5–18.0) O (53) 21* 9.2

L (7)
P (40)

[14] 571 NA O 21 9#

Large, open
[45] 29 >3 O (67) 33 37.9

P (33)

Large, laparoscopically
[75] 130 3–5 L 12 43.3
[75] 42 >5 L 12 59.5

Large, percutaneously
[26] 25 >3 P 41* 40
[29] 66 >3 P (89)

O (11) 19 66.7

Only independent single-center series with ≥50 tumors in the total series and a median follow-up of ≥12 months were included.
Local recurrence rate = n local recurrences/n CRLM. NA = Data not available; P = percutaneous; L = lapa roscopic; O = laparoto-

my.
* Mean follow-up (months). # Patient-based local recurrence rate = n local recurrences/n patients. 1 Number of patients.
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  Similarly, there is much evidence that local recurrence 
rate is lowest for the open surgical approach, highest for 
the percutaneous approach, and probably intermediate 
with the laparoscopic approach. Six studies found supe-
rior local control rates for the open surgical approach 
compared to the percutaneous approach  [79, 81–85] . Data 
on local recurrence rate after the less frequently used 
 laparoscopic approach are harder to find. A retrospective 
study found a higher local recurrence rate for a laparo-
scopic approach when compared to an open approach 
 [84] . A very recent study found a 26.3% local recurrence 
rate after laparoscopic RFA of CRLM  ! 3 cm [ 75 , size - re-
lated data kindly provided by Berber], which is higher 
than the 1.7% local recurrence rate in small CRLM treat-
ed by (mainly) open approach  [45]  ( table 4 ).

  Based on the above-mentioned data, authors publish-
ing clinical results after RFA (local recurrence rates as 
well as survival) are strongly encouraged to analyze and 
report data separately for each approach (percutaneous, 
laparoscopic and open) and for each size category: small 
( ̂  3 cm), medium (3–5 cm), and large ( 1 5 cm). Mixing 
up results after RFA through different approaches for a 
mixture of tumors of different sizes renders a correct in-
terpretation, let alone a sound comparison with surgery, 
nearly impossible  [79, 195]  ( table 4 ).

  Other factors influencing local recurrence rate include 
proximity of large vessels, normal or interrupted blood 
flow, intentional ablation margin, and physician experi-
ence.

  The local recurrence rate after RFA for tumors closer 
than 5 mm to a vessel of at least 3 mm in diameter is 36.5 
versus 6.3% for tumors away from these vessels, in the 
absence of a Pringle maneuver  [79, 86] . Interruption of 

blood flow neutralizes the increased risk of recurrence 
for tumors near blood vessels  [80] .

  The local recurrence rates after RFA for tumors treated 
with an intentional ablation margin of 0, 0.5 and 1 cm are 
14.5, 16.4 and 6.5%, respectively  [79] . A very recent study 
found that local recurrence rate was identical for ablation 
margins between 1–2 and  1 2 cm, but significantly increased 
(hazard ratio 1.67) for an ablation margin  ! 1 cm  [75] .

  Four recent studies  [76, 79, 81, 83]  demonstrated that 
authors who treated large numbers of tumors had less lo-
cal recurrences than authors who treated fewer tumors. 
Significant improvement occurs after 40–50 cases  [81, 
83] , although the plateau phase in the learning curve is 
reached only at 100 procedures  [79] .

  Local recurrence also seems to be lower when using 
newer-generation electrodes  [45, 87] .

  Local Recurrence after RFA for Resectable CRLM 
 In a series of 88 patients with resectable CRLM treated 

with percutaneous RFA, patient-based local recurrence rate 
after a median follow-up of 33 months was 39.8%  [34] .

  In a series of 47 patients with resectable recurrent liv-
er tumors after a first hepatectomy (62% with CRLM) 
treated with percutaneous RFA, lesion-based local recur-
rence rate after a follow-up of 18 months was 10.3%  [38] .

  Local Recurrence after Resection for Resectable Liver 
Metastases 
 Local recurrence rate posthepatectomy in series  1 50 

CRLM is 1.2–10.4%  [18, 19, 65, 88, 193]  ( table 5 ).
  It is clear that RFA should at least equal this low local 

recurrence rate for resectable CRLM in order to be ac-
cepted as an alternative for resection.

  Nine nonrandomized studies have compared local re-
currence rates after RFA versus after resection for CRLM 
 [9, 14, 18, 19, 65, 66, 73, 192, 193] . Local recurrence rate 
was found to be higher after RFA than after resection in 
eight  [9, 14, 18, 19, 65, 66, 192, 193] , and equivalent in one 
study [ 73 , CRLM-related data kindly provided by Felib-
erti and Wagman]. Unfortunately, all nine studies have 
compared resection for resectable metastases versus RFA 
for unresectable metastases, so that no definite conclu-
sions can be drawn on the outcome of RFA for resectable 
CRLM  [42, 67] .

  Staging 
 A surgical approach (hepatectomy or open/laparo-

scopic RFA) allows a better staging than a percutaneous 
approach (percutaneous RFA)  [79] . In about 30% of pa-
tients, additional hepatic tumors are found by intraop-

Table 5. Local recurrence rate after resection of CRLM

Refer-
ence No.

Tumors Diameter of
tumors, cm

Median
follow-up
months

Local
recurrence
rate, %

88 199 4.3 (0.7–18.0) 29 10.4
18 150 3.5 (0.5–17.0) 31  5.3
19 116 3.3 (0.5–18.0) 48 6.9
65 109 3.1 49* 1.2

193 90 3.880.2# 33 2

Only series with ≥50 tumors were included.
Local recurrence rate = n local recurrences/n CRLM.
* Mean follow-up (months). # Standard error of the mean (in-

stead of standard error for the other series).
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erative ultrasound during laparoscopy  [69]  or laparoto-
my  [89]  compared with state-of-the art preoperative im-
aging. They can be treated with curative intent during the 
same procedure  [89] . These findings are a theoretical ar-
gument against the use of percutaneous RF ablation in-
stead of hepatic resection for resectable CRLM, because 
it represents undertreatment in 30% of patients, which 
will lead to inferior disease-free survival in these patients. 
Whether this temporary undertreatment also results in
a worse overall survival  [89]  remains to be seen. The 
missed tumors can often be treated with a new percuta-
neous approach as soon as they appear.

  In about another 10% of patients, surgical exploration 
allows the detection of peritoneal metastases  [89]  or 
lymph node invasion of the hepatic hilum  [89] . The pres-
ence of peritoneal metastases  [90]  or (extensive) hepatic 
hilum lymph node metastases  [91, 92]  seriously decreases 
the chances of 5-year survival so that most authors re-
frain from liver resection  [93, 94] . One author advocates 
the combined surgical treatment of liver metastases and 
peritoneal or lymph node disease in selected cases  [92, 
95] . Whether such a combined treatment is worthwhile 
or not has to be analyzed by more studies. However, it is 
hard to believe that percutaneous RF ablation in these 
patients could have any impact on survival, because un-
diagnosed and untreated tumor is left behind.

  In conclusion, a surgical approach allows better intra-
operative staging and hence an optimized treatment 
strategy in 40% of patients, which may, at least in theory, 
lead to a better oncological outcome.

  Electrode Track Seeding 
 Several cases of electrode track seeding after RFA of 

CRLM have been reported  [25, 29, 96–103] . The incidence 
of seeding after RFA of CRLM is 0–1.4 % in large series 
 [25, 29, 97, 99, 101, 102, 104] .

  Several mechanisms may contribute to seeding  [105] . 
Viable tumor cells may adhere to a biopsy needle  [106]  or 
to the electrode  [107, 108]  during its retraction. Tumor cells 
may also be carried into the track with a little bleeding. 
Furthermore, cells may be forced into the track by sudden 
intratumoral hyperpressure that is frequently  encountered 
during RFA, audible as a popping sound.  Finally, when us-
ing a wet electrode, cells may leak out the track together 
with the saline injected into the tumor  [109–111] .

  Risk factors for the development of track seeding in-
clude preprocedural biopsies, multiple electrode place-
ments and sessions, a direct approach to subcapsular tu-
mors, no cauterization of the electrode track, and poor 
differentiation of the tumor  [25, 99, 101, 105–107, 112] .

  Performing a biopsy of resectable CRLM before resec-
tion has been shown to be associated with needle track 
seeding and a deleterious effect on a patient’s long-term 
survival  [113] . Similarly, it is to be feared that seeding af-
ter RFA seriously jeopardizes a patient’s chance of cure. 

  Oncological Arguments with Indirect Evidence Pro 

and Contra RFA for Resectable CRLM ( table 3 b) 

 Parenchymal Sparing 

 In a study of 374 patients who underwent a liver resec-
tion for CRLM between 1985 and 2004, clear differences 
were noted between the patients operated before and  after 
1999. In 1999, a parenchymal sparing strategy was adopt-
ed. Since that time, a lower percentage of anatomical resec-
tions and a higher percentage of atypical resections were 
performed, more patients with bilateral and multiple 
CRLM were operated upon, mortality decreased from 2.7 
to 0%, re-resection rate in case of hepatic recurrence in-
creased from 39.2 to 58.2% and 5-year survival increased 
from 24 to 49.2%  [114] . The parenchymal sparing strategy 
thus was associated with resection of more patients with a 
higher number of metastases, with an increased re-resec-
tion rate in patients with liver recurrence and with a better 
5-year survival  [114] . For the same oncological reasons, a 
recent editorial cautiously wondered whether RFA should 
replace resection for small central lesions that would re-
quire large resections  [42] , while other authors have al-
ready applied this idea for several years  [25, 39, 45, 115] .

  Intrahepatic Seeding 

 Thirty-nine cases of rapidly progressive scattered re-
currences after RFA for a small HCC have recently been 
described  [116–123] . The mean incidence of scattered re-
currences after RFA of HCC in these series was 3% (range 
0.8–8.0%)  [118–123] .

  Scattered recurrences have some common characteris-
tics  [120] . First, recurrences occur rapidly following RFA, 
mostly within 6 months. Second, multiple recurrent tu-
mors are almost equal in diameter. The recurrent tumors 
are either scattered around the ablated tumor or all over 
the liver. Finally, they often occur after radiologically 
complete tumor coagulation  [116, 117, 119, 121, 122] . The 
most probable hypothesis is that they are caused by a too 
fast coagulation process  [120] . Under these cir cumstances, 
intratumoral steam production and a steep build-up of 
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intratumoral pressure has been demonstrated  [124] . The 
tumor then bursts with an audible popping sound, lead-
ing to an explosive intravascular spread of the tumor cells 
into the portal or arterial branches. In one study, scattered 
recurrences could be completely prevented by replacing 
the current RFA protocols by slower and more progressive 
treatment protocols  [120] , which increased intratumoral 
pressure much less  [124] . Survival of patients with scat-
tered recurrences is significantly worse  [120] .

  After RFA of CRLM, an increase in intrahepatic viable 
tumor cells has been observed in a small study on 8 pa-
tients  [125] . So far, however, scattered recurrences of 
CRLM have not yet been described. Time will tell wheth-
er this is due to biological differences between these two 
tumor types, structural differences between cirrhotic 
and non-cirrhotic liver, or simply the fact that this com-
plication is not yet widely known and therefore not yet 
being recognized.

  Hematogenous Seeding 

 There is concern that RFA may increase the release of 
neoplastic cells into the circulation during the treatment. 
In a study of 28 patients with HCC, tumor cells in periph-
eral blood were present in 39% of patients just before RFA 
and in 50% of patients 1 h after RFA  [112] . In a study on 8 
patients with CRLM, tumor cells in peripheral blood were 
present in 12.5% of patients just before RFA followed by 
resection and in 25% of patients after RFA and resection. 
In a similar group of 12 patients with CRLM, tumor cells 
in peripheral blood were present in 0% of patients just be-
fore resection and in 50% of patients after resection. The 
presence of tumor cells in peripheral blood was not related 
to cancer recurrence after a median follow-up of 3 years 
 [125] . No definite conclusion can be drawn from this study 
because of small numbers and because of the combination 
of RFA and resection. It remains unclear whether RFA 
alone increases the number of tumor cells in peripheral 
blood in CRLM, whether any increase is more or less than 
after resection alone and whether this possible increase 
translates into increased hematogenous metastases.

  Cellular and Humoral Factors Influencing Tumor 
Growth 

 Data on cellular and humoral factors influencing tu-
mor growth after RFA, such as influence of blood trans-
fusion, growth factors, cellular immunity, and heat shock 

proteins, are slowly coming in, but they are still scarce 
and fragmentary.

  Blood Transfusion 
 A large portion of patients undergoing liver resection 

for CRLM receive a blood transfusion: 46% in a recent 
study of more than a thousand patients  [126] . After RFA, 
blood transfusion is very exceptional  [105] . Blood transfu-
sion is significantly associated with adverse perioper ative 
and long-term survival  [126] . Part of this effect is certain-
ly due to a selection bias (worse cases have more periop-
erative blood loss and need more transfusions), but the 
known suppressive effects of blood transfusion at various 
levels of the immune system may also play a role  [126] . A 
difference in amount of blood transfusion between hepa-
tectomy and RFA may, at least in theory, translate into a 
different survival. This theoretical argument in favor of 
RFA may disappear with the advent of novel devices that 
enable near bloodless liver resections  [127–132] .

  Growth Factors 
 Effect of Hepatectomy on Growth of Residual Tumor 
 Surgical resection in general stimulates cell division of 

tumors and facilitates recurrence and spread, in part due 
to the production and release of growth factors  [133] .

  Hepatectomy in particular is known to stimulate 
growth of residual, both intra- and extrahepatic, tumor 
cells in animal experiments  [134–138] . The stimulating 
effect is proportional to the extent of the resection  [134, 
138] . The stimulation is attributed to the production and 
release of growth factors for liver regeneration  [134–136, 
139] , the intensity of which is also proportional to the ex-
tent of the liver resection  [140] . For instance, hepatocyte 
growth factor, which strongly enhances liver regenera-
tion after surgical resection or chemical damage, has also 
been found to increase colon cancer cell motility, growth 
and metastasis  [135] .

  Effect of RFA on Growth of Residual Tumor 
 RFA of CRLM also induces the release of growth fac-

tors such as hepatocyte growth factor  [141] .
  The results of two recent experimental studies on mice 

on the effect of RFA on the growth of residual tumor are 
conflicting  [137, 139] . In a first study, RFA of CRLM pro-
moted intrahepatic growth of residual neoplastic cells 
compared with a control group  [137] . The stimulation of 
growth of residual tumor cells was found to be higher 
 after RFA than after resection  [137] . In a second and 
slightly different study partial hepatectomy, but not RFA, 
stimulated growth of residual neoplastic cells compared 
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with a control group  [139] . The expression of hepatocyte 
growth factor and basic fibroblast growth factor was in-
creased after hepatectomy, but decreased after RFA  [139] . 
At present, it is unclear why these only slightly different 
experiments resulted in completely different outcomes. 
More experiments are needed to clarify this issue.

  In a very recent clinical study, growth rate of new HCC 
nodules after percutaneous RFA was shown to be three 
times the growth rate of the originally treated HCC nod-
ules  [142] .

  Matrix Metalloproteinase Activity 
 Matrix metalloproteinases (MMPs) are a family of 

matrix-degrading endopeptidases that play an important 
role in the normal turnover of the extracellular matrix. 
The activity is enhanced in inflammation and in tissue 
repair  [143] . Increased expression of MMPs is also noted 
in oncological processes such as tumor cell invasion, me-
tastasis and angiogenesis. The MMP-2 and MMP-9 de-
grade the basement membrane, which allows tumors to 
spread locally and distally. MMP-2 and MMP-9, which 
contribute to colorectal cancer progression in experi-
mental models  [143] , are overexpressed in patients with 
CRLM  [144–146] , and are associated with increased risk 
of tumor recurrence and decreased survival in patients 
with colorectal cancer  [147] . In a pilot RFA experiment in 
healthy pig liver, a threefold MMP-2 and MMP-9 activity 
was found in the transition zone surrounding the coagu-
lated hepatic parenchyma  [148] . Increased MMP activity 
may therefore, at least in theory, facilitate local and distal 
spread of residual malignant cells. If this hypothesis is 
confirmed by more research, RFA should only be at-
tempted when complete eradication of the tumor includ-
ing a safety margin is possible.

  Cellular Immunity 
 Surgery 
 Surgery in general has long been known to cause gen-

eralized immunosuppression, including depressed func-
tion of immune cells, such as lymphocytes, NK cells and 
Kupffer cells  [133, 149] . This immunodepression in turn 
may enhance the growth of liver metastases  [149] .

  Hepatectomy in particular is also an immunosuppres-
sive event that results in significant Kupffer cell and T cell 
dysfunction  [150] .

  RFA 
 RFA is followed by a marked local inflammatory   re-

sponse with a dense T-cell infiltrate in the liver of tumor-
free   domestic pig  [151]  and in the liver of rabbits implant-

ed with   a VX2 tumor  [152] . Moreover, in several animal 
models  [152–155]  as well as in human primary  [156–158]  
or secondary  [156, 157]  liver tumors, RFA can induce an 
antigen-specific T cell response. In a rabbit VX2 tumor 
model, RFA induced the presence of tumor-specific cir-
culating T cells, as well as a dense peritumoral T cell in-
filtration  [152] .   T cells of untreated tumor-bearing rabbits 
showed   no reaction and only sparse T cell infiltration. In 
a murine melanoma cell tumor model, RFA of a tumor 
nodule caused by tumor cell injection in the thigh in-
duced a modest oncological protection of the surviving 
mice when exposed to a second tumor cell injection  [153] . 
This protection was measurable as an increase in median 
and long-term survival, and was T cell mediated. In a 
murine H22 liver tumor model, RFA stimulated spleno-
cyte activation and proliferation, and enhanced spleno-
cyte cytotoxicity to the tumor cells  [154] .

  In a study with 20 patients with a HCC, RFA induced a 
tumor-specific T cell response  [158] . RFA increased the 
number of patients responsive to their HCC antigens, the 
number of circulating tumor-specific   T cells, and their de-
gree of cytotoxic activation. RFA in 13 patients with liver 
metastases and 4 patients with HCC enhanced a T cell-
mediated IFN- �  response towards tumor-specific anti-
gens  [159] . RFA in 20 patients with primary or secondary 
liver tumors was shown to induce tumor-antigen-specific 
CD8+ T lymphocytes in some patients from 3 months on 
after treatment  [156] . In a study with 6 patients with HCC 
and 6 patients with CRLM, RFA induced a tumor-specific 
cytotoxic T cell stimulation with a dramatically increased 
tumor-specific cytolytic activity of CD8+ T cells  [157] . 
Post-RFA necrotic tumor debris has been shown to stimu-
late the antigen-presenting dendritic cells, which play a 
pivotal role in the induction of immunity  [160–162] .

  Taken together, these observations support the hy-
pothesis that RFA induces a tumor-specific T cell reac-
tion by facilitating the presentation and recognition of 
otherwise cryptic tumor antigens by enhanced release, 
and/or thermal alteration. In other words, the tumor de-
bris left in the body after RFA tumor destruction seems 
to be a potential tumor antigen source able to activate the 
immune response. Whether this tumor-specific T cell re-
action has any impact on patient survival is currently un-
known.

  Cellular Immunity after RFA versus Resection 
 Only one study compared cellular immunity after 

RFA versus resection. In a murine H22 liver tumor mod-
el, splenocyte activation and proliferation, and spleno-
cyte cytotoxicity to the tumor cells were significantly 
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higher in the RFA group than in the surgical resection 
group  [154] .

  Humoral Immunity 
 In patients with CRLM, increased numbers of circu-

lating B cells were found post-RFA  [159] . Similarly, an 
increased serum level of antibodies against colon cancer 
cells was found in patients after RFA of CRLM, while a 
decreased serum level was found after resection  [163] .

  Heat Shock Protein Expression 
 An incomplete coagulation of a liver tumor by radio-

frequency is a common event, especially by a percutane-
ous approach  [79] . In the coagulation zone, the tempera-
ture between 60 and 100   °   C causes immediate cell death 
through protein coagulation and membrane fusing  [109] . 
In the spared tumor tissue immediately adjacent to the 
coagulation zone, temperature is insufficient (37–60   °   C) 
for immediate cell death but causes a variable degree of 
sublethal damage. This hyperthermic damage stimulates 
the expression of heat shock proteins (HSP), as has been 
demonstrated in cell cultures  [164] , in animal experi-
ments  [133, 165, 166] , and in patients  [156, 166, 167] . Over-
expression of HSP in the edge of an incompletely coagu-
lated liver tumor may have beneficial but also detrimen-
tal effects from an oncological point of view.

  Potential Beneficial Effects of HSP 70 Expression 
 HSP 70 is involved in tumor antigen presentation 

which then triggers a cellular immune response against 
the tumor cells  [164, 165] . HSP 70 binds tumor peptides 
in malignant cells  [168] . HSP 70-tumor peptide complex-
es appear at the cell surface, and are taken up by antigen-
presenting dendritic cells. The dendritic cells present the 
antigens to T cells, which as a consequence may develop 
into cytotoxic T cells  [169] . A clear correlation between 
hyperthermia-induced HSP 70 expression and an in-
creased cellular immune response has been observed in 
preclinical models as well as in patients  [164, 165] .

  Potential Detrimental Effects of HSP 70 Expression 
 HSP 70 is known to inhibit apoptosis and thereby in-

crease the survival of cells exposed to a wide range of le-
thal, including thermal, stimuli  [170] . HSP 70 has been 
shown to render cells resistant to several anticancer 
drugs, such as gemcitabine, topotecan, cisplatin, doxoru-
bicin, and 5-fluorouracil  [171–173] . Overexpression of 
HSP 70 has been linked to more malignant phenotypes 
in breast cancer  [174] . Therefore, tumor cells that survive 
RFA with the induction of HSP 70 expression may alter 

their biological activities and become more malignant, as 
well as more resistant to chemotherapy. They also be-
come more resistant to a second heat exposure  [170] . This 
may in part explain the poor local control figures after 
repeat RFA of a local recurrence  [79] . In conclusion, an 
incomplete RFA treatment of a liver tumor will not only 
lead to local recurrence, but these surviving tumor cells 
may have become more resistant to future locoregional or 
systemic treatments.

  Discussion 

 Rationale for a Randomized Trial 
 RFA certainly has nononcological advantages over he-

patic resection, such as shorter hospital stay  [20, 36, 69]  
and a lower complication rate  [6, 11, 13, 15, 20] .

  Most patients undergoing percutaneous RFA require 
an overnight stay; some can be discharged the same day, 
while elderly patients stay 2–3 days  [36] . After laparo-
scopic and open RFA, mean hospital stay is 1–3 days  [69]  
and 4–7 days  [69] , respectively. When compared to the 
mean hospital stay of 12.5 days after resection  [20] , there 
is certainly an advantage for RFA, whatever the ap-
proach.

  In a review of 3,670 patients treated by RFA, morbid-
ity of percutaneous, laparoscopic and simple open RFA 
was 7.2, 9.5 and 9.9%, respectively. Mortality was 0.5, 0 
and 0%  [105] . Mortality after hepatectomy ranges from 0 
to 6.6% (median 2.8%), with a mortality near to 1% in the 
most recent papers  [20] . Morbidity after resection re-
mains significant between 17 and 37%  [6, 11, 13, 15, 20] .

  In oncology, however, the goal is not minimal inva-
siveness, but cure  [14, 175–177] . RFA as a less invasive 
technique can replace resection only when 5-year sur-
vival in a randomized trial is at least as good  [79] .

  Survival 
 At present, there exist no comparative data, let alone 

randomized trials, on 5-year survival after RFA versus 
after resection for resectable CRLM.

  Several uncontrolled series and a meta-analysis provid-
ed some data on the factors influencing local control rate. 
Long-term survival, however, does not depend on local 
control alone. Fragmentary evidence is seeping in, indi-
cating that both RFA and resection have a profound im-
pact on the release of cellular and humoral factors that 
may stimulate or inhibit growth of residual tumor cells. As 
the different favorable and unfavorable effects of RFA and 
resection on blood transfusion, growth factors, cellular 
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immunity, and heat shock proteins only start to be inves-
tigated, the sum of these effects on survival is still un-
known. Five-year survival after RFA and after resection 
may therefore be different, even when applied to a similar 
patient population with a similar local control rate.

  Local Control 
 Nevertheless, complete local control of CRLM is a 

minimal requirement for there to be any chance of cure. 
If even a minimal amount of residual tumor remains after 
resection  [5, 178]  or after RFA  [179] , the treatment is futile, 
with no impact on survival and no perspective of cure. 
Retreatment of an established local recurrence by RFA is 
often impossible or is followed by a high failure rate  [18, 
71, 75, 79] . Of note, local recurrence rate after resection is 
not zero, but 1.2–10.4%  [18, 19, 65, 88]  ( table 5 ).

  Proposal for a Randomized Trial 
 The only way to find out whether RFA can ever replace 

resection for resectable CRLM is to perform a random-
ized trial in selected patients for whom the investigator is 
in a state of equipoise. Equipoise, or uncertainty, means 
that the investigator has no valid reason to believe that 
one of the two treatments is superior to the other  [180] . 
At the present state of knowledge, it seems fair to say that 
situations in which local control rate and staging are at 
least as good for RFA as for resection represent a state of 
equipoise. A randomized trial of RFA versus resection for 
resectable CRLM seems to be justified in these cases. 
  Table 6  proposes in general terms inclusion and exclusion 
criteria for such a trial.

  The importance of these criteria cannot be overesti-
mated. They should guarantee a good local control after 
RFA. A randomized trial between RFA and resection for 
CRLM for any size of tumor, for any approach and regard-
less of physician’s experience is ethically unacceptable. 
These criteria are important, too, for the interpretation of 
the results of this trial in the future: the results will be 
valid only for the selected subgroup and cannot be extrap-
olated to e.g. larger size tumors or other approaches, a fear 
which has been rightfully expressed recently  [58, 60] .

  A 2002 French attempt for a randomized phase III 
study (essai FFCD 2002-02) failed because few centers 
agreed to participate  [181] . It is very likely that in 2002, 
time was not yet ripe. At that time, only short-term sur-
vival results were available from uncontrolled studies. 
The factors influencing local recurrence after RFA were 
less understood so that a correct selection of a subgroup 
of patients with a high likelihood of local control was not 
yet possible.

  In the authors’ view, the very recent arrival of data on 
long-term survival after RFA  [18, 23–26, 28, 30, 45, 193] , 
data on factors influencing local recurrence  [79]  and data 
on size and geometry of the ablation zone  [176, 182]  have 
paved the way for a more scientifically founded, more re-
fined and more generally acceptable trial.

  The primary end point of such a study should be sur-
vival; secondary end points can include disease-free sur-
vival, local recurrence rate, procedural morbidity and 
mortality, hospital stay, quality of life and costs.

  In order to prove by a noninferiority trial that the dif-
ference in 5-year survival is less than 10% (based on an 
estimated 5-year survival in both groups of 45%  [6–11, 
13–15, 17, 18, 23–26, 28, 30, 45] , a hypothesized exponen-
tial distribution, and  �  and  �  risks of 0.05 and 0.20), 380 
patients per group would be necessary (StudySize 2.0, 
CreoStat, V. Frolunda, Sweden). The value of this 10% 
maximal difference has of course to be discussed, as well 
as the other parameters involved in the computation. 
About 48% of patients with resectable CRLM have lesions 
with a maximal diameter of 3 cm  [8] . In other words, 
nearly half of the patients currently undergoing resection 
for CRLM can be included in this trial.

Table 6. Proposal of a randomized trial of RFA vs. resection for 
resectable CRLM 

Inclusion criteria
– Resectable CRLM, defined as CRLM for which an experi-

enced hepatobiliary surgeon judges that complete tumor re-
section is possible, obtaining negative resection margins (R0) 
and preserving adequate liver reserve.

– No contraindication for RFA
– Only small tumors (<3 cm)
– RFA only by open surgical approach, including full exploration 

for hepatic, peritoneal and regional lymph node metastases
– Only tumors away from large vessels unless a Pringle maneu-

ver can be safely applied
– RFA only by experienced physicians (minimum >50 tumors)
– Intentional margin of 1 cm
– Only with electrodes that produce a well-documented, regular 

and predictable ablation zone 

Exclusion criteria
– Past or present extrahepatic metastases
– Positive lymph nodes at the hepatic hilum
– Patients whose general or specific medical condition is judged 

not to allow a safe liver resection
– Tumors >3 cm
– Percutaneous and laparoscopic approach
– Tumors near large vessels if a Pringle maneuver cannot be 

safely applied
– Insufficient RFA experience (<50 tumors)



 Mulier   /Ruers   /Jamart   /Michel   /Marchal   /
Ni   

Dig Surg 2008;25:445–460456

 References 

  1 Abdalla EK, Adam R, Bilchik AJ, Jaeck D, 
Vauthey JN, Mahvi D: Improving resectabil-
ity of hepatic colorectal metastases: expert 
consensus statement. Ann Surg Oncol 2006;  
 13:   1271–1280. 

  2 Wilson SM, Adson MA: Surgical treatment 
of hepatic metastases from colorectal can-
cers. Arch Surg 1976;   111:   330–334. 

  3 Wanebo HJ, Semoglou C, Attiyeh F, Stearns 
MJ Jr: Surgical management of patients with 
primary operable colorectal cancer and syn-
chronous liver metastases. Am J Surg 1978;  
 135:   81–85. 

  4 Wagner JS, Adson MA, Van Heerden JA, Ad-
son MH, Ilstrup DM: The natural history of 
hepatic metastases from colorectal cancer: a 
comparison with resective treatment. Ann 
Surg 1984;   199:   502–508. 

  5 Scheele J, Stangl R, Altendorf Hofmann A: 
Hepatic metastases from colorectal carcino-
ma: impact of surgical resection on the natu-
ral history. Br J Surg 1990;   77:   1241–1246. 

  6 Wei AC, Greig PD, Grant D, Taylor B, Langer 
B, Gallinger S: Survival after hepatic resec-
tion for colorectal metastases: a 10-year ex-
perience. Ann Surg Oncol 2006;   13:   668–
676. 

  7 Aldrighetti L, Castoldi R, Di Palo S, et al: 
Prognostic factors for long-term outcome of 
hepatic resection for colorectal liver metas-
tases. Chir Ital 2005;   57:   555–570. 

  8 Kato T, Yasui K, Hirai T, et al: Therapeutic 
results for hepatic metastasis of colorectal 
cancer with special reference to effectiveness 
of hepatectomy: analysis of prognostic fac-
tors for 763 cases recorded at 18 institutions. 
Dis Colon Rectum 2003;   46:S22–S31. 

  9 Pawlik TM, Scoggins CR, Zorzi D, et al: Ef-
fect of surgical margin status on survival and 
site of recurrence after hepatic resection for 
colorectal metastases. Ann Surg 2005;   241:  
 715–722. 

 10 Yasui K, Shimizu Y, Hirai T, Kanemitsu Y, 
Kato T: Surgical treatment for colorectal 
 liver metastases: results of multi-institute 
study for effects of radical hepatectomy. Gan 
To Kagaku Ryoho 2004;   31:   690–694. 

 11 Figueras J, Valls C, Rafecas A, Fabregat J, Ra-
mos E, Jaurrieta E: Resection rate effect of 
postoperative chemotherapy on survival af-
ter surgery for colorectal liver metastases. Br 
J Surg 2001;   88:   980–985. 

 12 Guzzetti E, Pulitanò C, Catena M, et al: Im-
pact of type of liver resection on the outcome 
of colorectal liver metastases: a case-matched 
analysis. J Surg Oncol 2008;   97:   503–507. 

 13 Seifert JK, Springer A, Baier P, Junginger T: 
Liver resection or cryotherapy for colorectal 
liver metastases: a prospective case control 
study. Int J Colorectal Dis 2005;   20:   507–520. 

 14 Abdalla EK, Vauthey JN, Ellis LM, et al: Re-
currence and outcomes following hepatic re-
section, radiofrequency ablation, and com-
bined resection/ablation for colorectal liver 
metastases. Ann Surg 2004;   239:   818–825. 

 15 Choti MA, Sitzmann JV, Tiburi MF, et al: 
Trends in long-term survival following liver 
resection for hepatic colorectal metastases. 
Ann Surg 2002;   235:   759–766. 

 16 Mutsaerts EL, van Ruth S, Zoetmulder FA, 
Rutgers EJ, Hart AA, van Coevorden F: Prog-
nostic factors and evaluation of surgical man-
agement of hepatic metastases from colorec-
tal origin: a 10-year single-institute experience. 
J Gastrointest Surg 2005;   9:   178–186. 

 17 Fernandez FG, Drebin JA, Linehan DC, Deh-
dashti F, Siegel BA, Strasberg SM: Five-year 
survival after resection of hepatic metastases 
from colorectal cancer in patients screened 
by positron emission tomography with F-18 
fluorodeoxyglucose (FDG-PET). Ann Surg 
2004;   240:   438–447. 

 18 Aloia TA, Vauthey JN, Loyer EM, et al: Soli-
tary colorectal liver metastasis: resection de-
termines outcome. Arch Surg 2006;   141:   460–
466. 

 19 Lee WS, Yun SH, Chun HK, et al: Clinical 
outcomes of hepatic resection and radiofre-
quency ablation in patients with solitary 
colorectal liver metastasis. J Clin Gastroen-
terol 2008;   42:   945–949. 

 20 Simmonds PC, Primrose JN, Colquitt JL, 
Garden OJ, Poston GJ, Rees M: Surgical re-
section of hepatic metastases from colorectal 

cancer: a systematic review of published 
studies. Br J Cancer 2006;   94:   982–999. 

 21 Liang AM, Mo QG, Yang NW, Zhao YN, 
Yuan WP: Comprehensive therapy for pri-
mary liver cancer: a report of 607 cases. Ai 
Zheng 2004;   23:   211–214. 

 22 Vogl TJ, Straub R, Eichler K, Sollner O, Mack 
MG: Colorectal carcinoma metastases in 
 liver: laser-induced interstitial thermother-
apy – local tumor control rate and survival 
data. Radiology 2004;   230:   450–458. 

 23 Lencioni RA: Tumor Radiofrequency Abla-
tion Italian Network (TRAIN): long-term 
results in hepatic colorectal cancer metasta-
ses. Radiological Society of North America, 
90th Scientific Assembly and Annual Meet-
ing Program, Chicago, 2004, p 436. 

 24 Pereira PL, Clasen S, Hoffmann RT, Jakobs 
TF, Herberts T, Helmberger TK: Long-term 
survival after CT-and MR-guided percuta-
neous radiofrequency ablation of colorectal 
metastases: clinical results of the German 
Study Group. Radiological Society of North 
America, 92nd Scientific Assembly and An-
nual Meeting, Chicago, 2006, pp 102–103. 

 25 Gillams AR, Lees WR: Radio-frequency ab-
lation of colorectal liver metastases in 167 
patients. Eur Radiol 2004;   14:   2261–2267. 

 26 Solbiati L, Ierace T, Brioschi M, Cova L: Ra-
diofrequency ablation of liver metastases of 
colorectal origin with intention to treat: local 
response rate and long-term survival over 7-
year follow-up. Radiological Society of North 
America, 92nd Scientific Assembly and An-
nual Meeting, Chicago, 2006, p 360. 

 27 Siperstein AE, Berber E, Ballem N, Parikh 
RT: Survival after radiofrequency ablation of 
colorectal liver metastases: 10-year experi-
ence. Ann Surg 2007;   246:   559–565. 

 28 Yu NC, Kim YJ, Raman SS, Lu DS, Boyad-
zhyan L, Hsu M: Intraoperative radiofre-
quency ablation of unresectable liver metas-
tases from colorectal carcinoma: long-term 
results in 50 patients. Radiological Society 
of North America, 92nd Scientific Assem-
bly and Annual Meeting, Chicago, 2006,
p 218. 

  It is hoped that the current analysis and proposal 
strengthens the opinion of the proponents  [19, 25, 30, 31, 
36, 37, 42, 46, 48, 50, 53, 57, 61, 67, 86, 98, 125, 181, 183–
187, 192, 193]  of such a study and contributes to convince 
its opponents  [18, 58, 59, 62, 188–190, 194] . We hope that, 
in the era of evidence-based medicine, the surgical com-
munity will support a renewed effort to run such a trial 
(for more information, please contact: t.ruers@nki.nl or 
stefaan.mulier@skynet.be). At the present state of knowl-
edge, performing RFA for resectable CRLM outside a tri-
al is not justified.

  Acknowledgements 

 The authors thank Eren Berber, MD, Eric C. Feliberti, MD, 
and Lawrence D. Wagman, MD, for giving more detailed infor-
mation on their papers [references 75 and 73].
 



 RFA for Resectable Colorectal Liver 
Metastases 

Dig Surg 2008;25:445–460 457

 29 Veltri A, Sacchetto P, Tosetti I, Pagano E, 
Fava C, Gandini G: Radiofrequency ablation 
of colorectal liver metastases: small size fa-
vorably predicts technique effectiveness and 
survival. Cardiovasc Intervent Radiol 2008;  
 31:   948–956. 

 30 Machi J, Oishi AJ, Sumida K, Sakamoto K, 
Furumoto NL, Oishi RH, Kylstra JW: Long-
term outcome of radiofrequency ablation for 
unresectable liver metastases from colorec-
tal cancer: evaluation of prognostic factors 
and effectiveness in first- and second-line 
management. Cancer J 2006;   12:   318–326. 

 31 Tanabe KK, Curley SA, Dodd GD, Siperstein 
AE, Goldberg SN: Radiofrequency ablation: 
the experts weigh in. Cancer 2004;   100:   641–
650. 

 32 Solbiati L, Livraghi T, Ierace T, Meloni F, 
Cova L, Goldberg SN: Radiofrequency abla-
tion for liver colorectal metastases: is it pos-
sible to equal the 5-year survival rates of sur-
gery ? Radiological Society of North America, 
90th Scientific Assembly and Annual Meet-
ing Program, Chicago, 2004, pp 436–437. 

 33 Livraghi T, Meloni F: Removal of liver tu-
mours using radiofrequency waves. Ann 
Chir Gynaecol 2001;   90:   239–245. 

 34 Livraghi T, Solbiati L, Meloni F, Ierace T, 
Goldberg SN, Gazelle GS: Percutaneous ra-
diofrequency ablation of liver metastases in 
potential candidates for resection: the ‘test-
of-time approach’. Cancer 2003;   97:   3027–
3035. 

 35 Livraghi T, Gazelle GS: Percutaneous radio-
frequency ablation of liver metastases in 
 potential candidates for resection: the ‘test-
of-time approach’ – reply. Cancer 2003;   98:  
 2304–2305. 

 36 Gillams AR, Lees WR: Radiofrequency abla-
tion of colorectal liver metastases. Abdom 
Imaging 2005;   30:   419–426. 

 37 Schindera ST, Nelson RC, Delong DM, Clary 
B: Intrahepatic tumor recurrence after par-
tial hepatectomy: value of percutaneous ra-
diofrequency ablation. J Vasc Interv Radiol 
2006;   17:   1631–1637. 

 38 Elias D, De Baere T, Smayra T, Ouellet JF, 
Roche A, Lasser P: Percutaneous radiofre-
quency thermoablation as an alternative to 
surgery for treatment of liver tumour recur-
rence after hepatectomy. Br J Surg 2002;   89:  
 752–756. 

 39 Petrowsky H, Gonen M, Jarnagin W, Lorenz 
M, DeMatteo R, Heinrich S, Encke A, et al: 
Second liver resections are safe and effective 
treatment for recurrent hepatic metastases 
from colorectal cancer: a bi-institutional 
analysis. Ann Surg 2002;   235:   863–871. 

 40 Donckier V, Van Laethem JL, Ickx B, Van 
Gansbeke D, Goldman S, Gelin M: Local ab-
lative treatments for liver metastases: the 
current situation. Acta Chir Belg 2003;   103:  
 452–457. 

 41 Evrard S, Becouarn Y, Fonck M, Brunet R, 
Mathoulin-Pelissier S, Picot V: Surgical 
treatment of liver metastases by radiofre-
quency ablation, resection, or in combina-
tion. Eur J Surg Oncol 2004;   30:   399–406. 

 42 Evrard S, Mathoulin-Pelissier S: Controver-
sies between surgical and percutaneous ra-
diofrequency ablation. Eur J Surg Oncol 
2006;   32:   3–5. 

 43 Pessaux P, Lermite E, Brehant O, Tuech JJ, 
Lorimier G, Arnaud JP: Repeat hepatectomy 
for recurrent colorectal liver metastases. J 
Surg Oncol 2006;   93:   1–7. 

 44 Joosten J, Ruers T: Local radiofrequency ab-
lation techniques for liver metastases of 
colorectal cancer. Crit Rev Oncol Hematol 
2007;   62:   153–163. 

 45 Abitabile P, Hartl U, Lange J, Maurer CA: Ra-
diofrequency ablation permits an effective 
treatment for colorectal liver metastasis. Eur 
J Surg Oncol 2007;   33:   67–71. 

 46 Bremers AJ, Ruers TJ: Prudent application
of radiofrequency ablation in resectable 
colorectal liver metastasis. Eur J Surg Oncol 
2007;   33:   752–756. 

 47 Elias D, Baton O, Sideris L, Matsuhisa T, Po-
card M, Lasser P: Local recurrences after in-
traoperative radiofrequency ablation of liver 
metastases: a comparative study with ana-
tomic and wedge resections. Ann Surg Oncol 
2004;   11:   500–505. 

 48 Elias D, Baton O, Sideris L, et al: Hepatecto-
my plus intraoperative radiofrequency abla-
tion and chemotherapy to treat technically 
unresectable multiple colorectal liver metas-
tases. J Surg Oncol 2005;   90:   36–42. 

 49 Wagman LD: More tools, new strategies: en-
larging the therapeutic scope for the patient 
with liver metastases from colorectal cancer. 
J Surg Oncol 2007;   95:   1–3. 

 50 Oshowo A, Gillams A, Harrison E, Lees WR, 
Taylor I: Comparison of resection and radio-
frequency ablation for treatment of solitary 
colorectal liver metastases. Br J Surg 2003;  
 90:   1240–1243. 

 51 Chen MS, Li JQ, Zheng Y, et al: A prospective 
randomized trial comparing percutaneous 
local ablative therapy and partial hepatecto-
my for small hepatocellular carcinoma. Ann 
Surg 2006;   243:   321–328. 

 52 Lu MD, Kuang M, Liang LJ, et al: Surgical 
resection versus percutaneous thermal abla-
tion for early-stage hepatocellular carcino-
ma: a randomized clinical trial. Zhonghua Yi 
Xue Za Zhi 2006;   86:   801–805. 

 53 Sørensen SM, Mortensen FV, Nielsen DT: 
Radiofrequency ablation of colorectal liver 
metastases: long-term survival. Acta Radiol 
2007;   48:   253–258. 

 54 Birth M, Hildebrand P, Dahmen G, Ziegler A, 
Broring DC, Hillert C, Bruch HP: Present 
state of radio frequency ablation of liver tu-
mors in Germany. Chirurg 2004;   75:   417–423. 

 55 Adams RB, Haller DG, Roh MS: Improving 
resectability of hepatic colorectal metasta-
ses: expert consensus statement by Abdalla 
et al. Ann Surg Oncol 2006;   13:   1281–1283. 

 56 Badgwell B, Vauthey JN, Ribero D, Curley 
SA, Abdalla EK: Resection of hepatic recur-
rence following radiofrequency ablation for 
liver metastases. HPB 2007;   9(suppl 1):101. 

 57 Mulier S, Ni Y, Jamart J, Michel L, Marchal 
G, Ruers T: Radiofrequency ablation versus 

resection for resectable colorectal liver me-
tastases: time for a randomized trial? Ann 
Surg Oncol 2008;   15:   144–157. 

 58 Curley SA: Radiofrequency ablation versus 
resection for resectable colorectal liver me-
tastases: time for a randomized trial? Ann 
Surg Oncol 2008;   15:   11–13. 

 59 de Meijer VE, Ijzermans JN, Verhoef C: A 
place for radiofrequency ablation in the 
treatment of resectable colorectal liver me-
tastases? Ann Surg Oncol 2008;   15:   2063. 

 60 Mulier S, Ruers T, Michel L, Jamart J, Marchal 
G, Ni Y: A place for radiofrequency ablation 
in the treatment of resectable colorectal liver 
metastases? Ann Surg Oncol 2008; 15:2064–
2065   . 

 61 Rasmussen F: Radiofrequency ablation of 
liver metastases improves the survival rate of 
patients with metastatic colorectal disease. 
Acta Radiol 2007;   48:   250–251. 

 62 López-Ben S, Figueras J: Radiofrequency ab-
lation of colorectal liver metastases: long-
term survival? Acta Radiol 2008;   49:   19–20. 

 63 Nielsen DT, Sørensen SM, Mortensen FV: 
Radiofrequency ablation of colorectal liver 
metastases: long-term survival? Acta Radiol 
2008;   49:   21. 

 64 Mahid SS, Hornung CA, Minor KS, Turina 
M, Galandiuk S: Systematic reviews and 
meta-analysis for the surgeon scientist. Br J 
Surg 2006;   93:   1315–1324. 

 65 Park IJ, Kim HC, Yu CS, Kim PN, Won HJ, 
Kim JC: Radiofrequency ablation for meta-
chronous liver metastasis from colorectal 
cancer after curative surgery. Ann Surg On-
col 2008;   15:   227–232. 

 66 White RR, Avital I, Sofocleous CT, et al: Rates 
and patterns of recurrence for percutaneous 
radiofrequency ablation and open wedge re-
section for solitary colorectal liver metasta-
sis. J Gastrointest Surg 2007;   11:   256–263. 

 67 Bolton JS: Recurrence and outcomes fol-
lowing hepatic resection, radiofrequency ab-
lation, and combined resection/ablation for 
colorectal liver metastases. Discussion. Ann 
Surg 2004;   239:   826. 

 68 Curley SA, Izzo F, Delrio P, et al: Radiofre-
quency ablation of unresectable primary and 
metastatic hepatic malignancies. Results in 
123 patients. Ann Surg 1999;   230:   1–8. 

 69 Wood TF, Rose DM, Chung M, Allegra DP, 
Foshag LJ, Bilchik AJ: Radiofrequency abla-
tion of 231 unresectable hepatic tumors: in-
dications, limitations, and complications. 
Ann Surg Oncol 2000;   7:   593–600. 

 70 Kuehl H, Elo B, Boes T, Stattaus J, Barkhau-
sen J, Forsting M: Follow-up of liver tumors 
treated with RF ablation: can a volumetric 
necrosis/tumor quotient predict local tumor 
control? Eur Radiol 2006;   16(suppl 1):307. 

 71 van Duijnhoven FH, Jansen MC, Junggeburt 
JM, et al: Factors influencing the local failure 
rate of radiofrequency ablation of colorectal 
liver metastases. Ann Surg Oncol 2006;   13:  
 651–658. 

 72 Kornprat P, Jarnagin WR, DeMatteo RP, 
Fong Y, Blumgart LH, D’Angelica M: Role of 
intraoperative thermoablation combined 



 Mulier   /Ruers   /Jamart   /Michel   /Marchal   /
Ni   

Dig Surg 2008;25:445–460458

with resection in the treatment of hepatic 
metastasis from colorectal cancer. Arch Surg 
2007;   142:   1087–1092. 

 73 Feliberti EC, Nelson RA, Holt A, Roybal J, 
Rouse L, Wagman LD: Radiofrequency abla-
tion of small hepatic malignancies provides 
local control equal to resection. 2007 Ameri-
can Hepato-Pancreato-Biliary Association 
Congress, Las Vegas, 2007. Available at [http://
www.ahpba.org/resources/prior_program_
abstracts.asp]. 

 74 Sofocleous CT, Petre EN, Ip IK, et al: Clinical 
outcomes of radiofrequency ablation for 
colorectal cancer hepatic metastases. JVIR 
2008;   19(suppl 2):S124. 

 75 Berber E, Siperstein A: Local recurrence af-
ter laparoscopic radiofrequency ablation of 
liver tumors: an analysis of 1032 tumors. 
Ann Surg Oncol 2008;   15:   2757–2764. 

 76 van Oud-Alblas MB, Fioole B, Jansen MC, et 
al: Radiofrequency ablation of colorectal 
metastases to the liver: results since the first 
application in the Netherlands. Ned Tijdschr 
Geneeskd 2008;   152:   880–886. 

 77 Kosari K, Gomes M, Hunter D, Hess DJ, 
Greeno E, Sielaff TD: Local, intrahepatic, 
and systemic recurrence patterns after ra-
diofrequency ablation of hepatic malignan-
cies. J Gastrointest Surg 2002;   6:   255–263. 

 78 Machi J, Uchida S, Sumida K, et al: Ultra-
sound-guided radiofrequency thermal abla-
tion of liver tumors: percutaneous, laparo-
scopic, and open surgical approaches. J 
Gastrointest Surg 2001;   5:   477–489. 

 79 Mulier S, Ni Y, Jamart J, Ruers T, Marchal
G, Michel L: Local recurrence after hepatic 
radiofrequency coagulation: multivariate 
meta-analysis and review of contributing 
factors. Ann Surg 2005;   242:   158–171. 

 80 de Baere T, Deschamps F, Briggs P, et al: He-
patic malignancies: percutaneous radiofre-
quency ablation during percutaneous portal 
or hepatic vein occlusion. Radiology 2008;  
 248:   1056–1066. 

 81 Poon RT, Ng KK, Lam CM, Ai V, Yuen J, Fan 
ST, Wong J: Learning curve for radiofre-
quency ablation of liver tumors: prospective 
analysis of initial 100 patients in a tertiary 
institution. Ann Surg 2004;   239:   441–449. 

 82 Hubert C, Gras J, Goffette P, et al: Percutane-
ous and surgical radiofrequency ablation of 
liver malignancies: a single institutional ex-
perience. Acta Gastroenterol Belg 2007;   70:  
 188–194. 

 83 Hildebrand P, Leibecke T, Kleemann M, 
Mirow L, Birth M, Bruch HP, Burk C: Influ-
ence of operator experience in radiofrequen-
cy ablation of malignant liver tumours on 
treatment outcome. Eur J Surg Oncol 2006;  
 32:   430–434. 

 84 Amersi FF, McElrath-Garza A, Ahmad A, 
Zogakis T, Allegra DP, Krasne R, Bilchik AJ: 
Long-term survival after radiofrequency ab-
lation of complex unresectable liver tumors. 
Arch Surg 2006;   141:   581–587. 

 85 de Meijer VE, Verhoef C, Kuiper JW, Alwayn 
IP, Kazemier G, Ijzermans JN: Radiofre-
quency ablation in patients with primary 

and secondary hepatic malignancies. J Gas-
trointest Surg 2006;   10:   960–973. 

 86 Lu DS, Raman SS, Limanond P, Aziz D, 
Economou J, Busuttil R, Sayre J: Influence of 
large peritumoral vessels on outcome of ra-
diofrequency ablation of liver tumors. J Vasc 
Interv Radiol 2003;   14:   1267–1274. 

 87 Ahmad A, Chen SL, Kavanagh MA, Allegra 
DP, Bilchik AJ: Radiofrequency ablation of 
hepatic metastases from colorectal cancer: 
are newer generation probes better? Am Surg 
2006;   72:   875–879. 

 88 Kokudo N, Miki Y, Sugai S, et al: Genetic and 
histological assessment of surgical margins 
in resected liver metastases from colorectal 
carcinoma: minimum surgical margins for 
successful resection. Arch Surg 2002;   137:  
 833–840. 

 89 Elias D, Sideris L, Pocard M, de Baere T, 
Dromain C, Lassau N, Lasser P: Incidence of 
unsuspected and treatable metastatic disease 
associated with operable colorectal liver me-
tastases discovered only at laparotomy (and 
not treated when performing percutaneous 
radiofrequency ablation). Ann Surg Oncol 
2005;   12:   298–302. 

 90 Shen P, Fleming S, Westcott C, Challa V: 
Laparoscopic radiofrequency ablation of the 
liver in proximity to major vasculature: ef-
fect of the Pringle maneuver. J Surg Oncol 
2003;   83:   36–41. 

 91 Jaeck D: The significance of hepatic pedicle 
lymph nodes metastases in surgical manage-
ment of colorectal liver metastases and of 
other liver malignancies. Ann Surg Oncol 
2003;   10:   1007–1011. 

 92 Elias DM, Ouellet JF: Incidence, distribu-
tion, and significance of hilar lymph node 
metastases in hepatic colorectal metastases. 
Surg Oncol Clin N Am 2003;   12:   221–229. 

 93 Nakamura S, Suzuki S: Treatment strategy 
for hepatic metastases of colorectal cancer. 
Nippon Geka Gakkai Zasshi 2003;   104:   701–
706. 

 94 Ruers T, Bleichrodt RP: Treatment of liver 
metastases, an update on the possibilities and 
results. Eur J Cancer 2002;   38:   1023–1033. 

 95 Elias D, Benizri E, Pocard M, Ducreux M, 
Boige V, Lasser P: Treatment of synchronous 
peritoneal carcinomatosis and liver metasta-
ses from colorectal cancer. Eur J Surg Oncol 
2006;   32:   632–636. 

 96 Mazziotti A, Grazi GL, Gardini A, Cescon 
M, Pierangeli F, Ercolani G, Jovine E: An ap-
praisal of percutaneous treatment of liver 
metastases. Liver Transpl Surg 1998;   4:   271–
275. 

 97 Solbiati L, Ierace T, Livraghi T, Meloni F, 
Goldberg SN, Gazelle GS: Outcome and 
long-term survival of patients with liver me-
tastases from colorectal cancer treated with 
percutaneous cool-tip radiofrequency abla-
tion. Radiology 2001;   221:P625–P626. 

  98 Bonatti H, Bodner G, Obrist P, Bechter O, 
Wetscher G, Oefner D: Skin implant metas-
tasis after percutaneous radio-frequency 
therapy of liver metastasis of a colorectal 
carcinoma. Am Surg 2003;   69:   763–765. 

  99 Livraghi T, Solbiati L, Meloni MF, Gazelle 
GS, Halpern EF, Goldberg SN: Treatment of 
focal liver tumors with percutaneous radio-
frequency ablation: complications encoun-
tered in a multicenter study. Radiology 
2003;   226:   441–451. 

 100 Danza FM, Crucitti A, Pirulli G, Cirillo M, 
Magistrelli P, Bock E, Bonomo L: Compli-
cations after radiofrequency thermal abla-
tion (RFA) of abdominal tumors: a retro-
spective review. Eur Radiol 2005;   15(suppl 
1):275. 

 101 Jaskolka JD, Asch MR, Kachura JR, et al: 
Needle tract seeding after radiofrequency 
ablation of hepatic tumors. J Vasc Interv 
Radiol 2005;   16:   485–491. 

 102 Poggi G, Riccardi A, Quaretti P, et al: Com-
plications of percutaneous radiofrequency 
thermal ablation of primary and secondary 
lesions of the liver. Anticancer Res 2007;   27:  
 2911–2916. 

 103 Charalampopoulos A, Macheras A, Misia-
kos E, Batistatou A, Peschos D, Fotiadis
K, Charalabopoulos K: Thoracoabdominal 
wall tumour seeding after percutaneous ra-
diofrequency ablation for recurrent colorec-
tal liver metastatic lesion: a case report with 
a brief literature review. Acta Gastroenterol 
Belg 2007;   70:   239–242. 

 104 Curley SA, Marra P, Beaty K, et al: Early and 
late complications after radiofrequency ab-
lation of malignant liver tumors in 608 pa-
tients. Ann Surg 2004;   239:   450–458. 

 105 Mulier S, Mulier P, Ni Y, et al: Complica-
tions of radiofrequency coagulation of liver 
tumours. Br J Surg 2002;   89:   1206–1222. 

 106 Stigliano R, Burroughs AK: Should we bi-
opsy each liver mass suspicious for HCC be-
fore liver transplantation? No, please don’t. 
J Hepatol 2005;   43:   563–568. 

 107 Jansen MC, Snoeren NS, Rijken AM, et al: 
Vitality of tumour tissue at the needle after 
local liver ablation. Ned Tijdschr Heelk 
2006;   15:   114. 

 108 Sofocleous CT, Nascimento RG, Klimstra 
D, Gonen M, Petrovic L, Brown KT: Histo-
pathology of tissue on the probe after RFA 
of liver malignancies can predict local pro-
gression: initial results. JVIR 2007;   18(suppl 
1):S8. 

 109 Miao Y, Ni Y, Mulier S, et al: Ex vivo ex-
periment on radiofrequency liver ablation 
with saline infusion through a screw tip 
cannulated electrode. J Surg Res 1997;   71:  
 19–24. 

 110 Gillams AR, Lees WR: CT mapping of the 
distribution of saline during radiofrequen-
cy ablation with perfusion electrodes. Car-
diovasc Intervent Radiol 2005;   28:   476–480. 

 111 Ni Y, Mulier S, Miao Y, Michel L, Marchal 
G: A review of the general aspects of radio-
frequency ablation. Abdom Imaging 2005;  
 30:   381–400. 

 112 Llovet JM, Vilana R, Bru C, et al: Increased 
risk of tumor seeding after percutaneous 
radiofrequency ablation for single hepato-
cellular carcinoma. Hepatology 2001;   33:  
 1124–1129. 



 RFA for Resectable Colorectal Liver 
Metastases 

Dig Surg 2008;25:445–460 459

 113 Jones OM, Rees M, John TG, Bygrave S, 
Plant G: Biopsy of resectable colorectal liver 
metastases causes tumour dissemination 
and adversely affects survival after liver re-
section. Br J Surg 2005;   92:   1165–1168. 

 114 Vigano L, Ferrero A, Sgotto E, Polastri R, 
Muratore A, Capussotti L: Parenchyma 
sparing: evolution of the resective surgical 
approach of hepatic metastasis from the 
colorectum. Suppl Tumori 2005;   4:S35. 

 115 Solbiati L, Ierace T, Goldberg SN, Dellanoce 
M, Cova L, Gazelle GS: Radiofrequency 
thermal ablation of liver metastases; in Bar-
tolozzi C, Lencioni R (eds): Liver Malignan-
cies. Diagnostic and Interventional Radiol-
ogy. Berlin, Springer, 1999, chap 24, pp 
339–353. 

 116 Seki T, Tamai T, Ikeda K, Imamura M, et al: 
Rapid progression of hepatocellular carci-
noma after transcatheter arterial chemo-
embolization and percutaneous radiofre-
quency ablation in the primary tumour 
region. Eur J Gastroenterol Hepatol 2001;  
 13:   291–294. 

 117 Takada Y, Kurata M, Ohkohchi N: Rapid 
and aggressive recurrence accompanied by 
portal tumor thrombus after radiofrequen-
cy ablation for hepatocellular carcinoma. 
Int J Clin Oncol 2003;   8:   332–335. 

 118 Nicoli N, Casaril A, Hilal MA, et al: A case 
of rapid intrahepatic dissemination of he-
patocellular carcinoma after radiofrequen-
cy thermal ablation. Am J Surg 2004;   188:  
 165–167. 

 119 Ruzzenente A, Manzoni GD, Molfetta M,
et al: Rapid progression of hepatocellular 
carcinoma after radiofrequency ablation. 
World J Gastroenterol 2004;   10:   1137–1140. 

 120 Kotoh K, Enjoji M, Arimura E, Morizono S, 
Kohjima M, Sakai H, Nakamuta M: Scat-
tered and rapid intrahepatic recurrences 
after radio frequency ablation for hepato-
cellular carcinoma. World J Gastroenterol 
2005;   11:   6828–6832. 

 121 Angonese C, Baldan A, Cillo U, et al: Com-
plications of radiofrequency thermal abla-
tion in hepatocellular carcinoma: what 
about ‘explosive’ spread? Gut 2006;   55:   435–
436. 

 122 Baldan A, Marino D, De Giorgio M, et al: 
Percutaneous radiofrequency thermal ab-
lation for hepatocellular carcinoma. Ali-
ment Pharmacol Ther, 2006;   24:   1495–1501. 

 123 Shabana WM, Caoili EM, Higgins EJ, Anna 
F, Bude RO, Rubin JM: Rapid tumor pro-
gression after radiofrequency ablation of 
hepatocellular carcinoma. Radiological So-
ciety of North America, 93rd Scientific As-
sembly and Annual Meeting, Chicago, 
2007, p 1002. 

 124 Kotoh K, Nakamuta M, Morizono S, et al: A 
multi-step, incremental expansion method 
for radio frequency ablation: optimization 
of the procedure to prevent increases in in-
tra-tumor pressure and to reduce the abla-
tion time. Liver Int 2005;   25:   542–547. 

 125 Topal B, Aerts JL, Roskams T, Fieuws S, Van 
Pelt J, Vandekerckhove P, Penninckx F: 

Cancer cell dissemination during curative 
surgery for colorectal liver metastases. Eur 
J Surg Oncol 2005;   31:   506–511. 

 126 Kooby DA, Stockman J, Ben-Porat L, et al: 
Influence of transfusions on perioperative 
and long-term outcome in patients follow-
ing hepatic resection for colorectal metas-
tases. Ann Surg 2003;   237:   860–869. 

 127 Haemmerich D, Schutt DJ, Will JA, Striegel 
RM, Webster JG, Mahvi DM: A device for 
radiofrequency assisted hepatic resection. 
Conf Proc IEEE Eng Med Biol Soc 2004;   4:  
 2503–2506. 

 128 Haghighi KS, Wang F, King J, Daniel S, 
Morris DL: In-line radiofrequency ablation 
to minimize blood loss in hepatic paren-
chymal transection. Am J Surg 2005;   190:  
 43–47. 

 129 Ayav A, Bachellier P, Habib NA, Pellicci R, 
Tierris J, Milicevic M, Jiao LR: Impact of 
radiofrequency assisted hepatectomy for 
reduction of transfusion requirements. Am 
J Surg 2007;   193:   143–148. 

 130 Lupo L, Gallerani A, Panzera P, Tandoi F, 
Di Palma G, Memeo V: Randomized clini-
cal trial of radiofrequency-assisted versus 
clamp-crushing liver resection. Br J Surg 
2007;   94:   287–291. 

 131 Rossi P, De Majo A, Mauti A, et al: Bloodless 
hepatic resection with automatic bipolar 
radiofrequency generator and multielec-
trode device. Minim Invasive Ther Allied 
Technol 2007;   16:   66–72. 

 132 Zacharoulis D, Tzovaras G, Rountas C, 
Poultsidis A, Katsogridakis E, Sioka E, 
Hatzitheofilou C: Modified radiofrequen-
cy-assisted liver resection: a new device. J 
Surg Oncol 2007;   96:   254–257. 

 133 Möller PH, Ivarsson K, Stenram U, Rad-
nell M, Tranberg KG: Comparison be-
tween interstitial laser thermotherapy and 
excision of an adenocarcinoma trans-
planted into rat liver. Br J Cancer 1998;   77:  
 1884–1892. 

 134 Mizutani J, Hiraoka T, Yamashita R, Miya-
uchi Y: Promotion of hepatic metastases by 
liver resection in the rat. Br J Cancer 1992;  
 65:   794–797. 

 135 Gutman M, Fidler IJ: Biology of human co-
lon cancer metastasis. World J Surg 1995;  
 19:   226–234. 

 136 de Jong KP, Brouwers MA, van Veen ML, et 
al: Serum obtained from rats after partial 
hepatectomy enhances growth of cultured 
colon carcinoma cells. Invas Metast 1998–
1999;   18:   155–164. 

 137 von Breitenbuch P, Kohl G, Guba M, Geissler 
E, Jauch KW, Steinbauer M: Thermoabla-
tion of colorectal liver metastases promotes 
proliferation of residual intrahepatic neo-
plastic cells. Surgery 2005;   138:   882–887. 

 138 Harun N, Nikfarjam M, Muralidharan V, 
Christophi C: Liver regeneration stimulates 
tumour metastases. J Surg Res 2007;   138:  
 284–290. 

 139 Meredith K, Haemmerich D, Qi C, Mahvi 
D: Hepatic resection but not radiofrequen-
cy ablation results in tumor growth and 

 increased growth factor expression. Ann 
Surg 2007;   245:   771–776. 

 140 Masson S, Daveau M, Hiron M, Lyoumi S, 
Lebreton JP, Teniere P, Scotte M: Differen-
tial regenerative response and expression of 
growth factors following hepatectomy of 
variable extent in rats. Liver 1999;   19:   312–
317. 

 141 Evrard S, Menetrier-Caux C, Biota C, 
 Neaud V, Mathoulin-Pelissier S, Blay JY, 
Rosenbaum J: Cytokines pattern after sur-
gical radiofrequency ablation of liver 
colorectal metastases. Gastroenterol Clin 
Biol 2007;   31:   141–145. 

 142 Park Y, Choi D, Lim HK, Rhim H, Kim YS, 
Kim SH, Lee WJ: Growth rate of new hepa-
tocellular carcinoma after percutaneous 
radiofrequency ablation: evaluation with 
multiphase CT. AJR Am J Roentgenol 2008;  
 191:   215–220. 

 143 Nelson AR, Fingleton B, Rothenberg ML, 
Matrisian LM: Matrix metalloproteinases: 
Biologic activity and clinical implications. 
J Clin Oncol 2000;   18:   1135–1149. 

 144 Zeng ZS, Guillem JG: Unique activation of 
matrix metalloproteinase-9 within human 
liver metastasis from colorectal cancer. Br J 
Cancer 1998;   78:   349–351. 

 145 Waas ET, Wobbes T, Lomme RM, DeGroot 
J, Ruers T, Hendriks T: Matrix metallopro-
teinase 2 and 9 activity in patients with 
colorectal cancer liver metastasis. Br J Surg 
2003;   90:   1556–1564. 

 146 Li BH, Zhao P, Liu SZ, Yu YM, Han M, Wen 
JK: Matrix metalloproteinase-2 and tissue 
inhibitor of metallo-proteinase-2 in colo-
rectal carcinoma invasion and metastasis. 
World J Gastroenterol 2005;   11:   3046–
3050. 

 147 Wagenaar-Miller RA, Gorden L, Matrisian 
LM: Matrix metalloproteinases in colorec-
tal cancer: is it worth talking about? Cancer 
Metastasis Rev 2004;   23:   119–135. 

 148 Frich L, Bjornland K, Pettersen S, Clausen 
OP, Gladhaug IP: Increased activity of ma-
trix metalloproteinase 2 and 9 after hepatic 
radiofrequency ablation. J Surg Res 2006;  
 135:   297–304. 

 149 Oka M, Hazama S, Suzuki M, et al: Depres-
sion of cytotoxicity of nonparenchymal 
cells in the liver after surgery. Surgery 1994;  
 116:   877–882. 

 150 Karpoff HM, Tung C, Ng B, Fong Y: Inter-
feron gamma protects against hepatic tu-
mor growth in rats by increasing Kupffer 
cell tumoricidal activity. Hepatology 1996;  
 24:   374–379. 

 151 Hänsler J, Neureiter D, Strobel D, et al: Cel-
lular and vascular reactions in the liver to 
radio-frequency thermo-ablation with wet 
needle applicators. Study on juvenile do-
mestic pigs. Eur Surg Res 2002;   34:   357–
363. 

 152 Wissniowski TT, Hänsler J, Neureiter D, et 
al: Activation of tumor-specific T lympho-
cytes by radio-frequency ablation of the 
VX2 hepatoma in rabbits. Cancer Res 2003;  
 63:   6496–6500. 



 Mulier   /Ruers   /Jamart   /Michel   /Marchal   /
Ni   

Dig Surg 2008;25:445–460460

 153 den Brok MH, Sutmuller RP, van der Voort 
R, Bennink EJ, Figdor CG, Ruers TJ: In situ 
tumor ablation creates an antigen source 
for the generation of antitumor immunity. 
Cancer Res 2004;   64:   4024–4029. 

 154 Zhang JP, Pan HM, Fang Y, Huang LP, Wu 
JM: Impact of radiofrequency on spleno-
cyte immunity of mice bearing H22 liver 
cancer. Ai Zheng 2006;   25:   34–39. 

 155 Dromi SA, Herby S, Walsh M, Sudheendra 
D, Fry T, Wood B: RFA induces a tumor-
specific immune response: a new role for 
RFA in immunotherapy. JVIR 2007;   18
(suppl 1):S66. 

 156 Haen S, Gouttefangeas C, Boss A, et al: Ra-
diofrequency ablation may activate the im-
mune system and induce specific anti-
tumoral immune responses in cancer pa -
tients. Eur Radiol 2005;   15(suppl 1):475. 

 157 Hänsler J, Wissniowski TT, Schuppan D, 
Witte A, Bernatik T, Hahn EG, Strobel D: 
Activation and dramatically increased cy-
tolytic activity of tumor specific T lympho-
cytes after radio-frequency ablation in pa-
tients with hepatocellular carcinoma and 
colorectal liver metastases. World J Gastro-
enterol 2006;   12:   3716–3721. 

 158 Zerbini A, Pilli M, Penna A, et al: Radiofre-
quency thermal ablation of hepatocellular 
carcinoma liver nodules can activate and 
enhance tumor-specific T-cell responses. 
Cancer Res 2006;   66:   1139–1146. 

 159 Napoletano C, Taurino F, Biffoni M, et al: 
RFA strongly modulates the immune sys-
tem and anti-tumor immune responses in 
metastatic liver patients. Int J Oncol 2008;  
 32:   481–490. 

 160 den Brok MH, Sutmuller RP, Nierkens S, et 
al: Efficient loading of dendritic cells fol-
lowing cryo and radiofrequency ablation in 
combination with immune modulation in-
duces anti-tumour immunity. Br J Cancer 
2006;   95:   896–905. 

 161 Fagnoni FF, Zerbini A, Pelosi G, Missale G: 
Combination of radiofrequency ablation 
and immunotherapy. Front Biosci 2008;   13:  
 369–381. 

 162 Zerbini A, Pilli M, Fagnoni F, et al: In-
creased immunostimulatory activity con-
ferred to antigen-presenting cells by expo-
sure to antigen extract from hepatocellular 
carcinoma after radiofrequency thermal 
ablation. J Immunother 2008;   31:   271–282. 

 163 van Duijnhoven FH, Jansen-van Rhijn 
CJM, Terpstra OT, Kuppen PJK: Local ther-
apy of colorectal liver metastases and 
 formation of antibodies; Doctoral thesis, 
Leiden University, 2005, chap 5, available
at https://openaccess.leidenuniv.nl/dspace/
bitstream/1887/2706/12/05.pdf (accessed July 
1, 2008). 

 164 Schueller G, Stift A, Friedl J, et al: Hyper-
thermia improves cellular immune re-
sponse to human hepatocellular carcinoma 
subsequent to co-culture with tumor lysate 
pulsed dendritic cells. Int J Oncol 2003;   22:  
 1397–1402. 

 165 Ivarsson K, Myllymaki L, Jansner K, Bruun 
A, Stenram U, Tranberg KG: Heat shock pro-
tein 70 (HSP 70) after laser thermotherapy of 
an adenocarcinoma transplanted into rat 
liver. Anticancer Res 2003;   23:   3703–3712. 

 166 Schueller G, Kettenbach J, Schueller-Wei-
dekamm C, Lammer J: Heat shock protein 
expression by percutaneous radiofrequen-
cy ablation of hepatocellular carcinoma in 
vivo. Radiological Society of North Ameri-
ca, 92nd Scientific Assembly and Annual 
Meeting, Chicago, 2006, pp 197–198. 

 167 Schueller G, Kettenbach J, Sedivy R, Stift A, 
Friedl J, Gnant M, Lammer J: Heat shock 
protein expression induced by percutane-
ous radiofrequency ablation of hepatocel-
lular carcinoma in vivo. Int J Oncol 2004;  
 24:   609–613. 

 168 Hartl FU: Molecular chaperones in cellular 
protein folding. Nature 1996;   381:   571–579. 

 169 Srivastava P: Roles of heat-shock proteins 
in innate and adaptive immunity. Nat Rev 
Immunol 2002;   2:   185–194. 

 170 Mosser DD, Caron AW, Bourget L, Denis-
Larose C, Massie B: Role of the human heat 
shock protein HSP 70 in protection against 
stress-induced apoptosis. Mol Cell Biol 
1997;   17:   5317–5327. 

 171 Sliutz G, Karlseder J, Tempfer C, Orel L, Hol-
zer G, Simon MM: Drug resistance against 
gemcitabine and topotecan mediated by 
constitutive HSP 70 overexpression in vitro: 
implication of quercetin as sensitiser in che-
motherapy. Br J Cancer 1996;   74:   172–177. 

 172 Roigas J, Wallen ES, Loening SA, Moseley 
PL: Effects of combined treatment of che-
motherapeutics and hyperthermia on sur-
vival and the regulation of heat shock 
 proteins in Dunning R3327 prostate carci-
noma cells. Prostate 1998;   34:   195–202. 

 173 Abe T, Gotoh S, Higashi K: Higher induc-
tion of heat shock protein 72 by heat stress 
in cisplatin-resistant than in cisplatin-sen-
sitive cancer cells. Biochim Biophys Acta 
1999;   1445:   123–133. 

 174 Ciocca DR, Clark GM, Tandon AK, Fuqua 
SA, Welch WJ, McGuire WL: Heat shock 
protein HSP 70 in patients with axillary 
lymph node-negative breast cancer: prog-
nostic implications. J Natl Cancer Inst 
1993;   85:   570–574. 

 175 Elias D: Radiofrequency: storm looming 
over hepatic surgery. Ann Chir 2000;   125:  
 815–817. 

 176 Mulier S, Ni Y, Miao Y, Rosiere A, Khoury 
A, Marchal G: Size and geometry of hepatic 
radiofrequency lesions. Eur J Surg Oncol 
2003;   29:   867–878. 

 177 Figueras J, Llado L: Percutaneous radiofre-
quency ablation of liver metastases in po-
tential candidates for resection: the ‘test-of-
time’ approach. Cancer 2003;   98:   2303–2304. 

 178 Pedersen IK, Burcharth F, Roikjær O, Baden 
H: Resection of liver metastases from 
colorectal cancer. Indications and results. 
Dis Colon Rectum 1994;   37:   1078–1082. 

 179 Simon CJ, Cheah YL, Iannitti DA, Safran 
HP, Dupuy DE: Radiofrequency ablation of 
colorectal liver metastases: a 6-year retro-
spective study. J Vasc Interv Radiol 2006;   17 
(suppl 2):S32. 

 180 Gillett G: Ethics of surgical innovation. Br 
J Surg 2001;   88:   897–898. 

 181 Benoist S, Nordlinger B: Radiofrequency 
ablation in liver tumours. Ann Oncol 2004;  
 15(suppl 4):iv313–iv317. 

 182 Mulier S, Ni Y, Frich L, et al: Experimental 
and clinical radiofrequency ablation: pro-
posal for standardized description of coag-
ulation size and geometry. Ann Surg Oncol 
2007;   14:   1381–1396. 

 183 Ruers TJ, de Jong KP, Ijzermans JN: Radio-
frequency for the treatment of liver tu-
mours. Dig Surg 2005;   22:   245–253. 

 184 McKay A, Dixon E, Taylor M: Current role 
of radiofrequency ablation for the treat-
ment of colorectal liver metastases. Br J 
Surg 2006;   93:   1192–1201. 

 185 Liapi E, Geschwind JF: Transcatheter and ab-
lative therapeutic approaches for solid malig-
nancies. J Clin Oncol 2007;   25:   978–986. 

 186 Garrean S, Hering J, Helton WS, Espat NJ: 
A primer on transarterial, chemical, and 
thermal ablative therapies for hepatic tu-
mors. Am J Surg 2007;   194:   79–88. 

 187 Al-Asfoor A, Fedorowicz Z, Lodge M: Re-
section versus no intervention or other sur-
gical interventions for colorectal cancer 
liver metastases. Cochrane Database Syst 
Rev 2008;   16:CD006039. 

 188 Primrose JN: Treatment of colorectal me-
tastases: surgery, cryotherapy, or radiofre-
quency ablation. Gut 2002;   50:   1–5. 

 189 de Jong KP: Review article: multimodality 
treatment of liver metastases increases 
suitability for surgical treatment. Aliment 
Pharmacol Ther 2007;   26(suppl 2):161–
169. 

 190 Nicholl MB, Bilchik AJ: Thermal ablation of 
hepatic malignancy: useful but still not op-
timal. Eur J Surg Oncol 2008;   34:   318–323. 

 191 Gillams AR, Lees WR: Five-year survival 
following radiofrequency ablation of small, 
solitary, hepatic colorectal metastases. J 
Vasc Interv Radiol 2008;   19:   712–717. 

 192 Hur H, Ko YT, Min BS, et al: Comparative 
study of resection and radiofrequency abla-
tion in the treatment of solitary colorectal 
liver metastases. Am J Surg 2008; Sep 11 
[Epub ahead of print]   . 

 193 Berber E, Tsinberg M, Tellioglu G, Simp-
fendorfer CH, Siperstein AE: Resection ver-
sus laparoscopic radiofrequency thermal 
ablation of solitary colorectal liver metasta-
sis. J Gastrointest Surg 2008;   12:   1967–1972. 

 194 Abdalla EK: Radiofrequency ablation for 
colorectal liver metastases: do not blame 
the biology when it is the technology. Am J 
Surg 2008;Sep 11 [Epub ahead of print]    . 

 195 Evrard S: Radiofrequency ablation of liver 
metastases: data and controversy. EJSO 
2008;   34:   1021–1022.   


