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Radiofrequency Ablation:  
Inflammatory Changes in the 
Periablative Zone Can Induce 
Global Organ Effects, including Liver 
Regeneration1
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Purpose: To determine the kinetics of innate immune and hepatic 
response to the coagulation necrosis area that remains in 
situ after radiofrequency (RF) ablation, the cytokine pro-
file of this response, and its local and global effect on the 
whole organ in a small-animal model.

Materials and 
Methods:

A standardized RF ablation dose (70°C for 5 minutes) was 
used to ablate more than 7% of the liver in 91 C57BL6 
mice (wild type) according to a protocol approved by the 
animal care committee. The dynamic cellular response in 
the border zone surrounding ablation-induced coagulation 
and in the ablated lobe and an untreated lobe were char-
acterized with immunohistochemistry 24 hours, 72 hours, 
7 days, and 14 days after ablation (the time points at 
which cells migrate to necrotic tissues). After character-
ization of the cellular populations that reacted to the RF 
treatment, cytokines secreted by these cells were blocked, 
either by using interleukin-6 knockout mice (n = 24) or 
c-met inhibitor PHA 665752 (n = 15), to elucidate the 
key factors facilitating the wound healing response to RF 
ablation. Statistical significance was assessed with non-
parametric analysis of variance.

Results: RF ablation induces a strong time-dependent immunologic 
response at the perimeter of the necrotic zone. This in-
cludes massive accumulation of neutrophils, activated myo-
fibroblasts, and macrophages peaking at 24 hours, 7 days, 
and 14 days after ablation, respectively. In correlation with 
myofibroblast accumulation, RF ablation induced hepato-
cyte proliferation in both the ablated lobe and an untreated 
lobe (mean, 165.15 and 230.4 cyclin-dependent kinase 47–
positive cells per 320 field, respectively, at day 7; P , .02). 
Blockade of either IL-6 or c-met significantly reduced global 
hepatocyte proliferation (P , .05 for both), with the former 
reducing the accumulation of both macrophages and myo-
fibroblasts surrounding the coagulation necrosis area (42.9 
and 113.6 vs 7.3 and 46.6 macrophages and activated myo-
fibroblasts per 320 field, respectively; P , .036 for both).

Conclusion: Hepatic RF ablation induces not only a local periablation-
al inflammatory zone but also more global proliferative 
effects on the liver. These IL-6– and/or c-met–mediated 
changes could potentially account for some of the local 
and distant tumor recurrence observed after treatment.
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ever, detection of ASRs is not always straightforward with
CT and MR imaging. Three-dimensional assessment of
AZs, such as by volumetry, could help in detecting ASRs.
In the present study, we hypothesized that proportional
(volume) changes of AZs in the first 3 months after RF
ablation (t1–t2) are predictive of ASRs. Proportional
changes at t1–t2 were not predictive for the development of
ASRs. However, at t2–t3 and t3–t4, proportional changes
were predictive of ASRs. ASR is the result of new tumor
growth in the border of an AZ or an insufficiently treated
AZ in which viable metastasis is left. Theoretically, AZs
with viable metastatic cells should have a smaller decrease
in volume between two subsequent time points of measure-
ment. Residual metastatic cells continue to multiply and
inhibit or slow down the volume decrease of the AZ. An
explanation of why the proportional changes at t1–t2 were not
predictive for ASRs could be that the initial decrease in vol-
ume in this period, mainly owing post–RF ablation effects,
exceeds the volume increase caused by growth of viable
metastatic cells. After 3 months, AZs with ASRs did increase
in volume, probably because the volume increase caused by
the growth of ASR is larger than the volume decrease caused
by the shrinkage of the AZ. Another explanation could be the
relatively small number of ASRs in this study.

It was reported previously that AZs gradually become
smaller because of shrinkage of the metastases and resolu-
tion of inflammation after RF ablation (10,11,15). In the
present study, AZs without ASRs invariably decreased in
volume. AZs with ASRs increased in volume, and the
proportional changes from t2–t3 on were predictive of
ASRs. One AZ with ASR did not increase in volume. This
AZ was situated in segment 8 of the liver in a patient with
previous right portal vein embolization in whom an ex-
tended right-sided hepatectomy was planned at a later time.
The coils from the embolization procedure produced scat-
tering artifacts. The artifacts interfered with volumetry be-

Figure 1. Volume percentages in AZs without ASRs. AZs with-
out ASRs did not show growth. Some AZs became so small that
volumetry was impossible to perform. The horizontal axis rep-
resents the different time points of measurement t1–t5, in which
t1 is performed on the first scan after RF ablation (1 week after
RF ablation), and t2–t5 are performed on the subsequent scans
at intervals of 3 months. The vertical axis represents the volume
percentage, in which the volume at t1 is set at 100%.

Figure 2. Volume percentages in AZs with ASRs. All AZs ex-
cept for one showed an increase in volume percentage when
there was an ASR. An initial decrease was seen in AZs that
developed ASRs later. The horizontal axis represents the differ-
ent time points of measurement t1–t5, in which t1 is performed
on the first scan after RF ablation (1 week after RF ablation) and
t2–t5 are performed on the subsequent scans at intervals of 3
months. The vertical axis represents the volume percentage, in
which the volume at t1 is set at 100%.

Figure 3. Median Vt1/Vmetastasis ratio in AZs with and without
ASRs. The median Vt1/Vmetastasis ratio was smaller in AZs with
ASRs (P ! .010). Note: The scale on the y-axis is a logarithmic
scale.
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CLINICAL STUDY

Increase in Volume of Ablation Zones during
Follow-up Is Highly Suggestive of Ablation Site

Recurrence in Colorectal Liver Metastases Treated
with Radiofrequency Ablation

Petra G. Kele, MD, Koert P. de Jong, MD, PhD, and
Eric J. van der Jagt, MD, PhD

ABSTRACT

Purpose: To test the hypothesis that volume changes of ablation zones (AZs) on successive computed tomography (CT) scans could
predict ablation site recurrences (ASRs) in patients with colorectal liver metastases treated by radiofrequency (RF) ablation.

Materials and Methods: RF ablation was performed in 58 patients with 117 metastases. Metastasis volumes and AZ volumes were
measured before RF ablation, 1 week after RF ablation (t1), and every 3 months in the first year after RF ablation (t2–t5). Volumetry
was performed semiautomatically on CT scans by drawing freehand regions of interest in the portal venous phase on 2-mm-thickness
slices. ASR was defined as contrast enhancement on follow-up imaging or by a hot spot on fludeoxyglucose F 18 positron emission
tomography combined with computed tomography (FDG-PET/CT) scanning. Proportional volume change of an AZ was defined as
the difference in volume percentages between two successive time points of measurement. Negative values represented a volume
decrease, and positive values represented a volume increase. Intraobserver variability and interobserver variability were evaluated by
using intraclass correlation coefficients (ICCs).

Results: ASRs occurred in 15 patients with 27 AZs. An increase in volume occurred in 26 AZs (96%) with ASRs. AZs without ASR
showed no volume increase. Although proportional volume changes at t1–t2 were not predictive for ASR, subsequent volume changes
were predictive for ASR. Contrast-enhanced CT–based evaluation detected ASRs in 17 (63%) of 27 AZs, 7 (26%) of 27 AZs were
negative, and there was doubt in 3 (11%) of 27 AZs. Intraobserver variability and interobserver variability were good (0.998 [95%
confidence interval [CI] 0.996–0.999; P ! .001] and 0.993 [95% CI 0.987–0.996; P ! .001]).

Conclusions: Volumetry of AZs is useful because a volume increase of an AZ during follow-up is highly suggestive of ASR.
Negative volume changes of the AZ from t1–t2 were not correlated with the development of ASRs, but subsequent volume changes
were predictive for ASRs.

ABBREVIATIONS

ASR " ablation site recurrence, AUC " area under the receiver operating characteristic curve, AZ " ablation zone, CEA "
carcinoembryonic antigen, CI " confidence interval, FDG-PET " fludeoxyglucose F 18 positron emission tomography, ICC "
intraclass correlation coefficients, IQR " interquartile range, RF " radiofrequency, ROC " receiver operating characteristic,
t1 " imaging 1 week after RF ablation, t2–t5 " imaging every 3 months in the first year after RF ablation, Vmetastasis "
metastasis volume, VOI " volumes of interest, Vt1 " first post–RF ablation zone volume

Radiofrequency (RF) ablation is a well-established, locally
directed therapy that considerably improves survival of
patients with unresectable liver metastases (1–6). Intensive
follow-up after the procedure is necessary because one of
the yet unresolved limitations of RF ablation is the high

incidence of ablation site recurrences (ASRs). Reported
rates of ASRs vary widely from 2%–60% (4,7). Early
detection of ASRs and other intrahepatic and extrahepatic
recurrences is necessary to offer patients secondary inter-
ventions if possible. Although it is unclear which imaging
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Persistent fat in the ablation zone
was determined in the same way as the
presence of intratumoral fat had been
determined on images prior to RF abla-
tion. For patients who underwent MR
imaging during follow-up (n ! 7), a por-
tion of tumor demonstrating reduction
in signal intensity on opposed-phase
chemical shift MR images compared
with that on in-phase MR images was
the criterion to determine persistence
of fat content in the ablation zone. For
the patient who underwent follow-up

only with CT, the presence of a hypoat-
tenuating intratumoral zone whose at-
tenuation was between "100 and "10
HU was determinant for persistence of
fat content (16).

The size of persistent fat areas was
assessed by measurement on transverse
images and was compared with fat ar-
eas on previous images. A difference of
at least 20% between dimensions was
considered to be a change in fat con-
tent. Change of fat size was considered
slight if it was between 20% and 50%

and marked if the difference was more
than 50%.

Because the aim of the study was to
evaluate fat content after treatment
with RF ablation, patient follow-up in
this study was considered to be inter-
rupted if transcatheter arterial chemo-
embolization was performed.

Results

Diagnosis of HCC was based on biopsy
findings (n ! 5) or imaging findings

Figure 1

Figure 1: Patient 3. MR images in 77-year-old woman with hepatitis C virus–related cirrhosis and HCC treated with RF ablation. (a) Transverse arterial phase
breath-hold contrast-enhanced three-dimensional gradient-echo T1-weighted image shows peripheral heterogeneous enhancement of a lesion (arrow) of segment VII
proved to be HCC at biopsy. (b) In- and (c) opposed-phase chemical shift MR images of the same lesion as in a. The central area of signal drop (arrow) on c supports the
diagnosis of intratumoral fat content. (d) Opposed-phase chemical shift MR image obtained 1 month after RF ablation. Note persistent fat content inside ablation zone.
(e) Opposed-phase chemical shift MR image obtained 6 months after RF ablation. Fat content of ablation zone became slightly reduced in size in comparison to untreated
tumor. Note also increase of ascites and aggravation of hepatic cirrhosis. (f) Transverse arterial phase breath-hold contrast-enhanced three-dimensional gradient-echo
T1-weighted image 6 months after RF ablation. Ablation zone is hypovascular and reduced in size, suggesting complete ablation.
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and !-fetoprotein levels (n " 3). The
mean size of lesions was 25 mm
(range, 20–30 mm), and the mean size
of fat content in tumors was 21 mm
(range, 12–30 mm). Mean follow-up
was 16 months (range, 6–29 months).
Cause of chronic hepatitis and HCC,
tumor characteristics, and follow-up
of the eight patients are summarized
in the Table. None of the eight tumors
was sampled for biopsy or resected

after RF ablation. One patient (patient
3) had hemothorax as a complication
after the RF ablation procedure; it re-
solved spontaneously.

One patient (patient 5) underwent
two additional RF ablation procedures 2
and 4 months after the first because
persistent fat content at imaging after
ablation was interpreted as treatment
failure. One patient (patient 7) under-
went one additional RF ablation 16

months after the first due to local pro-
gression.

All RF ablation procedures were
considered to be technically success-
ful. Mean size of ablation zone at the
first follow-up was 39 mm (range,
35–45 mm).

On the basis of follow-up imaging,
six tumors (75%) were considered to be
completely ablated (mean follow-up, 16
months; range, 6–29 months) (Table).
Two patients (25%) had local tumor
progression (mean follow-up, 18 months;
range, 14–22 months) determined with
nodular contrast enhancement at the
ablation zone.

Besides the fatty HCC that com-
prised disease in our patient population,
there was not any interval development
of fat within the HCC nodules of the
other reviewed 112 cases of RF ablation
that occurred during the time course of
this study.

All patients had persistent fat con-
tent on images after the RF ablation
procedure (Figs 1–3). The persistence
of fat was noted at the first imaging fol-
low-up at 1 month in all patients. The
pattern of fat content also did not
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Figure 2: Patient 2. MR images in 75-year-old woman with hepatitis C virus–related cirrhosis and HCC.
(a) In- and (b) opposed-phase chemical shift MR images obtained before RF ablation show a lesion (arrow) at
the hepatic posterior sector proved to be HCC at biopsy. The peripheral nodule (arrowhead) with hyperinten-
sity on a and signal drop on b is related to the presence of intratumoral fat. (c) Opposed-phase chemical shift
MR image obtained 1 month after RF ablation shows a large ablation zone. The persistence of fat content inside
the ablation zone is demonstrated by a round area of signal drop (arrow). (d) Opposed-phase chemical shift MR
image obtained 10 months after RF ablation. Fat content showed marked reduction in size (arrow). This tumor
was finally considered completely ablated.
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and !-fetoprotein levels (n " 3). The
mean size of lesions was 25 mm
(range, 20–30 mm), and the mean size
of fat content in tumors was 21 mm
(range, 12–30 mm). Mean follow-up
was 16 months (range, 6–29 months).
Cause of chronic hepatitis and HCC,
tumor characteristics, and follow-up
of the eight patients are summarized
in the Table. None of the eight tumors
was sampled for biopsy or resected

after RF ablation. One patient (patient
3) had hemothorax as a complication
after the RF ablation procedure; it re-
solved spontaneously.

One patient (patient 5) underwent
two additional RF ablation procedures 2
and 4 months after the first because
persistent fat content at imaging after
ablation was interpreted as treatment
failure. One patient (patient 7) under-
went one additional RF ablation 16

months after the first due to local pro-
gression.

All RF ablation procedures were
considered to be technically success-
ful. Mean size of ablation zone at the
first follow-up was 39 mm (range,
35–45 mm).

On the basis of follow-up imaging,
six tumors (75%) were considered to be
completely ablated (mean follow-up, 16
months; range, 6–29 months) (Table).
Two patients (25%) had local tumor
progression (mean follow-up, 18 months;
range, 14–22 months) determined with
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Besides the fatty HCC that com-
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image obtained 10 months after RF ablation. Fat content showed marked reduction in size (arrow). This tumor
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!  Suivi le plus souvent simple 

!  Préférer l’IRM si possible 
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