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Rimlike contrast enhancement on morphologic imaging and
increased tracer uptake on 18F-FDG PET in the periphery of the
necrosis can hamper differentiation of residual tumor from re-
generative tissue after radiofrequency ablation of liver lesions.
This study used MRI, CT, ultrasound, and 18F-FDG PET/CT to as-
sess the typical appearance of lesions in nontumorous animal
liver tissue after radiofrequency ablation. Methods: Lesions were
created by radiofrequency ablation of normal liver parenchyma
in 21 minipigs. Follow-up was performed by 3 contrast-enhanced
morphologic modalities—MRI, CT, and ultrasound—and by 18F-
FDG PET/CT immediately, 3 and 10 d, and 1, 2, 3, and 6 mo
after radiofrequency ablation. Images were evaluated qualita-
tively for areas of increased enhancement and regions of ele-
vated tracer uptake. Furthermore, all images were assessed
quantitatively by determination of ratios comparing enhance-
ment/tracer uptake in the periphery of the necrosis with
enhancement/tracer uptake in normal liver parenchyma. Imaging
findings were compared with histopathology findings. Results:
Immediately after radiofrequency ablation, no increase in 18F-
FDG uptake was visible, whereas elevated enhancement was
noticed in the periphery of the necrosis on all morphologic imag-
ing procedures. At further follow-up, an area of rimlike increase
in 18F-FDG uptake surrounding the necrosis was detected on
PET/CT. The rimlike pattern of increased enhancement in the
arterial phase was present for all liver lesions on CT, MRI, and ul-
trasound, especially between day 3 and month 1 after the radio-
frequency ablation. Both elevated glucose metabolism and
enhancement persisted for 6 mo postinterventionally. Histologic
examination showed a hemorrhagic border converting into a re-
generation capsule. Conclusion: If performed immediately after
radiofrequency ablation, 18F-FDG PET/CT probably has benefits
over those of morphologic imaging procedures when assessing
liver tissue for residual tumor. Later follow-up may be hampered

by visualization of peripheral hyperperfusion and tissue regener-
ation. Further studies on a patient population are essential.
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In patients with liver malignancies, surgical resection has
been considered the curative treatment of choice. Despite
surgical advances resulting in an improved outcome, with
5-y survival rates of up to 50% in a selected cohort (1), only
a minority of patients have been eligible for hepatic re-
section (2). Minimally invasive techniques such as radio-
frequency ablation, laser-induced interstitial thermotherapy,
and microwave ablation have emerged as attractive alter-
natives to provide local destruction of hepatic tumors. With
the introduction of modified electrodes (3,4), radiofrequency
ablation must be considered the most widely accepted
technique for interventional treatment of malignant liver
tumors in patients not eligible for surgical therapy (1,5). In
radiofrequency ablation, a high-frequency alternating cur-
rent (350–500 kHz) is used to generate frictional heat en-
ergy causing thermal coagulative necrosis. The success of
ablative treatment strongly depends on complete destruc-
tion of the tumor, along with safety margins. However,
residual tumor cells or local tumor recurrence in tissue
adjacent to the ablated site frequently has been reported
(1,6–9) and has been attributed to incomplete ablation of
tumor cells during the treatment (10). With respect to post-
procedural imaging follow-up, it is critical to detect re-
sidual or recurrent tumor as early as possible. On the other
hand, false-positive diagnoses of residual disease leading to
unnecessary biopsies or treatment need to be minimized.
The term irregular peripheral enhancement, recommended
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by the International Working Group on Image-Guided Tu-
mor Ablation, has been used to describe residual or recur-
rent tumor at the treatment margin as seen on enhanced
images. This term needs to be differentiated from the term
benign periablational enhancement (11), which describes a
transient enhanced-imaging finding that frequently occurs
immediately after ablation and may be visible for up to 6
mo afterward. This finding represents a benign physiologic
response to thermal injury and usually manifests as a thin,
rimlike peripheral zone around the ablation necrosis (10).
Despite extensive research on the diagnostic performance
of ultrasound, CT, and MRI for the localization of residual
tumor cells, and despite recent and ongoing developments
in contrast agents, differentiation between benign periabla-
tional enhancement and small residual or recurrent tumor
remains challenging on follow-up examinations (9,12,13).
Even the application of 18F-FDG PET does not allow re-
liable differentiation of local tissue regeneration from re-
sidual tumor, because both can go along with increased
glucose metabolism (14–16).

Therefore, understanding tissue response to radiofre-
quency electrocautery immediately after the procedure and
during long-term follow-up is important. In vivo radiologic–
pathologic correlations for radiofrequency tumor ablation
have been rare and have encompassed only short-term
follow-up periods (9,10,17,18). This study was performed
to assess the typical appearance of nontumorous liver tis-
sue in an animal model up to 6 mo after radiofrequency
ablation on 3 contrast-enhanced morphologic modalities—
dynamic MRI, ultrasound, and CT—and on 18F-FDG PET
and 18F-FDG PET/CT. Radiofrequency ablation was per-
formed on nontumorous liver tissue in 21 Göttingen
minipigs (Ellegaard), and the imaging findings were corre-
lated with histopathologic findings. Preliminary short-term
follow-up results from this study have been published (19).
A rimlike increase in enhancement was found on morpho-
logic imaging immediately after radiofrequency ablation,
whereas homogeneous tracer distribution surrounding the
area of necrosis could be detected on functional imaging.

MATERIALS AND METHODS

Animal Model
The study was conducted on 21 male Göttingen minipigs

(initial weight, 30–45 kg), who underwent 2 applications of radio-
frequency ablation to the right and left liver lobes during the same
session. The animals were kept in sheltered runs at the central
animal facility and received a standard pig meal ad libitum. Before
the intervention and the subsequent imaging procedures, all
animals were kept fasting for a minimum of 8 h. Blood glucose,
common hematology values, urea and electrolytes, white blood
count, and C-reactive protein were measured before the interven-
tion and before all follow-up imaging examinations. Intramuscular
injections of 50 mg of ketamine hydrochloride (Ketamine 10%;
Ceva Tiergesundheit GmbH) per kilogram of body weight and
0.12 mg of atropine were administered to each pig for induction of
anesthesia. For the intervention and imaging procedures, the
animals were sedated by an injection of midazolam hydrochloride

(Dormicum; Hoffmann-La Roche AG) via an intravenous cannula
placed in an ear vein. Analgesia was administered intermittently
using fentanyldihydrogencitrate (Fentanyl Hexal; Hexal AG) and
midazolam hydrochloride. Cardiac and respiratory parameters
were monitored throughout the experiment. The animal study
was approved by the supervising state agency (license number
G680/02) and was performed in full accordance with all state and
federal guidelines.

Radiofrequency Ablation
After a sterile field had been prepared, radiofrequency ablation

was performed under CT guidance with the Cool-tip system
(Radionics), comprising a dual-lumen, internally cooled electrode
to prevent tissue charring (20). The electrode is cooled internally
by continuous perfusion of the lumen with cooled saline. A single-
needle electrode (17-gauge) with 3-cm exposure of the distal tip
was chosen for all interventions. The probe length was either 10 or
15 cm based on the individual anatomic situation. Two grounding
pads were placed on the shaved abdominal wall of each pig. The
radiofrequency current was generated by a commercially available
200-W power supply (Radionics). Radiofrequency ablation was
performed for 20 min per lesion, with the generator continuously
monitoring tissue impedance and adjusting power output. Ablation
was performed on the right and the left liver lobes. On termination
of each ablation, the saline perfusion was stopped to increase the
needle-tip temperature to over 60�C. Finally, the needle was
retracted slowly to cauterize the needle track.

Imaging Procedures
All imaging procedures were performed immediately (within

120 min) after radiofrequency ablation; 3 and 10 d after radiofre-
quency ablation; and 1, 2, 3, and 6 mo after radiofrequency ab-
lation. The various procedures were performed in random order.
The animals that were being included in the longer follow-up
period underwent all the examinations planned immediately and at
the various intervals until the planned sacrifice date.

Imaging findings were compared with histopathologic findings;
for that purpose, 3 minipigs were sacrificed after each follow-up
imaging procedure.

MRI
MR images were acquired on a 1.5-T Sonata System (Siemens

Medical Solutions). All pigs were placed supine on the examina-
tion table, using the field of view defined for the liver.

First, unenhanced images were acquired with respiratory gating
using T1-weighted (repetition time/echo time, 124/1.8 ms) and
T2-weighted (repetition time/echo time, 1,200/60 ms) sequences
with a section width of 7 mm. Respiratory gating was achieved
using a respiratory belt, which was placed around the lower ab-
domen. Subsequently, a paramagnetic contrast agent (Multihance;
Bracco) was administered intravenously at 2 mL/s at a dose of 0.2
mmol/kg. Four 3-dimensional datasets (repetition time/echo time,
2.6/1.0 ms; flip angle, 25�; acquisition time, 16 s for each dataset)
of the liver were acquired without enhancement and subsequently
in the arterial (25-s delay), portal venous (51-s delay), and venous
(78-s delay) phases. The 4 datasets were acquired during free breath-
ing, whereas sedation was deepened for the short-term acquisition.
Only mild blurring was seen in some datasets, and it did not
hamper analysis. For quantitative measurement, the dataset ob-
tained in the arterial phase was used. Finally, T1-weighted images

LIVER TISSUE AFTER RADIOFREQUENCY ABLATION • Vogt et al. 1837



with a section width of 7 mm were acquired during the late venous
phase, 40 min after injection of the contrast agent.

CT
CT images (Biograph; Siemens Medical Solutions) of the liver

were acquired with the pig supine, using 130 mAs, 130 kV, a slice
width of 5 mm, and a table feed of 8 mm per gantry rotation.
Images were reconstructed at 2.4-mm increments. CT was per-
formed without enhancement and in the arterial (25-s delay) and
venous (70-s delay) phases after administration of 70 mL of a
iodinated contrast agent (flow rate, 3 mL/s) (Xenetix, 300 [300 mg
iodine/mL]; Guerbet GmbH) using an automated injector (Liebel-
Flarsheim). Like the MRI datasets, images acquired in the arterial
phase were evaluated quantitatively.

Ultrasound
Ultrasound was performed with the pig supine on a Sequoia

system (Acuson) with a curved-array 2.5- to 5-MHz transducer.
Imaging was performed before and after intravenous bolus injec-
tion of 2.5 mL of a microbubble-based ultrasound contrast agent
(Sonovue; Bracco International) per lesion. All images of the 2
lesions were acquired with and without enhancement in the
arterial and portal venous phases. Enhanced images were acquired
using a low mechanical index (0.2). The images were stored dig-
itally and on videotape.

PET/CT
Combined PET/CT was performed on a Biograph scanner

(Siemens Medical Solutions), which comprises a dual-slice spiral
CT component and a full-ring PET component. The PET compo-
nent has an in-plane spatial resolution of 4.6 mm and an axial
field of view of 15.5 cm for 1 table position. CT and PET datasets
can be viewed separately or after image fusion on a computer
workstation.

PET images were acquired with the pig supine 60 min after the
administration of 250 MBq of 18F-FDG, and the same field of
view was covered as for CT. Blood glucose levels were confirmed
to be within the normal range before injection of the radioactive
tracer. The time to acquire a single bed position was set at 7 min.
PET images were corrected for attenuation and scatter on the basis
of the CT data (21). The images were iteratively reconstructed (2
iterations and 8 subsets).

Image Evaluation and Data Analysis
Ultrasound images, MR images, and CT images were each as-

sessed by 2 radiologists, whereas PET and fused PET/CT images
were read by a radiologist in conjunction with a nuclear medicine
physician. For qualitative analysis, all data were evaluated as 1 pool
of images with regard to the different phases of the experiment.
Images were assessed qualitatively for areas of altered enhance-
ment on morphologic imaging procedures and for regions of
altered glucose use on functional imaging. Images were qualita-
tively assessed by comparing arterial enhancement (morphology)
and tracer uptake (PET and PET/CT) in the periphery of the
ablative necrosis with the untreated liver parenchyma, and poten-
tial differences were rated according to a 3-score scale. A score of
1 indicated no enhancement or glucose metabolism in the region
surrounding the necrosis (lesion periphery), compared with un-
treated liver parenchyma. A score of 2 indicated a mild increase
in enhancement or glucose use surrounding the ablative necrosis,
compared with untreated liver tissue. A score of 3 indicated a strong

increase in enhancement or glucose use in the tissue surrounding
the necrosis, compared with untreated liver parenchyma.

In addition, all images were assessed by the same radiologists
quantitatively on a workstation. The lesion size was assessed on
axial images on the basis of measurements of both the small-axis
and the large-axis diameters, including the transient zone, accord-
ing to the recommendations of the International Working Group
on Image-Guided Tumor Ablation and was compared with the
standard of reference (11). Lesion size on PET/CT was assessed in
the fused mode. Because variations in the threshold can create
significant changes in the size of the lesion, the PET threshold was
adjusted to 50% of the maximum standardized uptake value for
this purpose. The effect of radiofrequency ablation on enhance-
ment was assessed by determining 2 ratios—1 for arterial-phase
MRI and 1 for CT—based on measurements of signal intensity in
regions of interest each containing at least 30 pixels. Ratio 1, an
enhancement ratio between the center of ablative necrosis and
normal liver parenchyma, was calculated as

rc=p 5
enhancement; lesion center

enhancement; normal parenchyma
:

Ratio 2, an enhancement ratio between the periphery of ablative
necrosis and normal liver parenchyma, was calculated as

rp=p 5
enhancement; lesion periphery

enhancement; normal parenchyma
:

Enhancement was quantified in Hounsfield units for CT and
signal intensity for MRI. Software for quantification of enhance-
ment on ultrasound images is not yet commercially available.

The effect of treatment on PET tracer quantification near the
necrosis and in its periphery was assessed by determining 2 ratios
like those used for the other imaging procedures (regions of
interest each containing at least 30 pixels; mean values). Ratio 1, a
tracer activity ratio between the center of ablative necrosis and
normal liver parenchyma, was calculated as

rc=p 5
activity concentration; lesion center

activity concentration; normal parenchyma
:

Ratio 2, a tracer activity ratio between the periphery of ablative
necrosis and normal liver parenchyma, was calculated as

rp=p 5
activity concentration; lesion periphery

activity concentration; normal parenchyma
:

Histopathology
After radiofrequency ablation and subsequent imaging, 3 ani-

mals were sacrificed for histopathologic evaluation of the ablative
necroses at each time point. The same pathologist assessed all
tissue samples for areas of increased tissue regeneration.

Liver tissue samples from the ablated regions and the untreated
liver parenchyma were fixed in 4% buffered formalin and em-
bedded in paraffin. Three-micrometer sections were stained with
hematoxylin–eosin, periodic acid–Schiff, and Elastica–van Gieson.

The lesions were photodocumented using a microscope (Eclips
80i; Nikon) equipped with a digital camera (DXM 1200F; Nikon).
Single pictures were stitched to slide strips using a software

1838 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 11 • November 2007



program (Panavue; Panavue Inc.). The slides were evaluated by a
pathologist for areas of necrosis, regeneration, scar formation, and
inflammatory reaction.

RESULTS

Radiofrequency Ablation

Blood glucose levels and the blood samples were found
to be normal before the intervention and before all imaging
procedures for all animals. Radiofrequency ablation was
performed without complications in all 21 pigs. In 2 pigs,
only 1 radiofrequency ablation could be performed because
of a hypoplastic left hepatic lobe. One of the pigs was
assigned to a group that was sacrificed 1 mo after radio-
frequency ablation, and the other was sacrificed 2 mo after
the interventional procedure. Therefore, data analysis was
based on 40 lesions in 21 pigs.

Histopathology

Three different zones were detected on histopathologic
evaluation of the ablative site immediately after radiofre-
quency ablation. A central zone demonstrated early signs of
tissue necrosis and a marked dissociation of hepatocytes. A
transitional zone showed sinusoids engorged with blood
because the central ablative necrosis was obstructing out-
flow. A peripheral zone demonstrated mild reactive changes,
that is, vacuole transformation of cytoplasm and increased
sinusoidal perfusion.

After 3–10 d, coagulation necrosis of the liver tissue was
observed in the center of the lesion. An area of necrotic
liver tissue with focal granulocytic infiltration and the
beginnings of granulation tissue formation was found
separating the viable liver tissue from the central necrosis.
In this area, sinusoids showed focal dilatation and accu-
mulation of blood. Liver cells showed signs of regenera-
tion, including single mitotic figures. Between 10 d and 6
mo after radiofrequency ablation, regeneration transformed
gradually to scar tissue.

After 6 mo, normal liver tissue surrounded a wide rim of
scar tissue that encircled central confluent necrotic tissue.
The scar was more cellular toward the normal liver tissue,
including small capillaries and a minor infiltrate of lym-
phocytes and single plasma cells. Toward the central
necrosis of the lesion, hypocellularity and focal calcifica-
tions were observed in the scar tissue (Figs. 1 and 2).

Mean Lesion Size

According to the measurement of tissue samples, the
mean lesion size was 3.9 cm in the large-axis diameter and
2.3 cm in the small-axis diameter and decreased to 2.0 and
1.6 cm, respectively, after 6 mo. The standard of reference
and all imaging modalities showed a comparable decrease
in lesion size. The average decrease within 6 mo was 48%
in the longitudinal diameter and 30% in the transverse
diameter. Ultrasound, CT, MRI, and PET/CT determined
both diameters equally well, compared with the standard of
reference, except for the last 3 follow-up examinations (2-

to 6-mo control), at which all morphologic imaging mo-
dalities slightly overestimated the lesion size. The mean large-
axis and small-axis diameters of radiofrequency-induced
lesions as determined with the different imaging procedures
are summarized in Table 1.

Qualitative Image Analysis

On CT, MRI, and ultrasound, the center of the ablative
coagulation was characterized as hypodense, hypointense,
or hypoechoic, respectively, compared with normal liver
parenchyma. After administration of the contrast agent, a
marked enhancement was identified surrounding all abla-
tive necroses on ultrasound images, CT images, and MR
images. This area of enhancement corresponded to the
transient zone and, later, to the area of surrounding fibrosis
and was detected on all follow-up examinations. The mean
qualitative scores for this rim of enhancement were 2.4 6

0.5 for MRI, 2.7 6 0.5 for CT, and 2.5 6 0.5 for ultrasound
immediately after radiofrequency ablation. On further follow-
up at 6 mo, the rimlike enhancement decreased to 2.0 6

0.5, 1.9 6 0.4, and 2.3 6 0.4, respectively. When PET
images were assessed qualitatively immediately after the
ablation procedure, the area of coagulation was character-
ized by decreased glucose metabolism. Homogeneous
tracer use was found in the livers of all ablated pigs when
liver tissue surrounding the coagulation necrosis was com-
pared with normal liver parenchyma. There were no areas
of a focal or rimlike increase in glucose metabolism adja-
cent to the ablative necrosis. Qualitative analysis revealed a
mean score of 1 6 0 (Fig. 3). However, an increase in tracer
use in the ablative margin surrounding the coagulation
necrosis was detected in all animals at the 3-d follow-up.
This increase in glucose uptake was visible up to 6 mo after
radiofrequency ablation (Fig. 4). Although a mean qualita-
tive score of 2.2 6 0.4 was calculated for PET images
acquired 3 d after the interventional procedure, the score
decreased to a mean of 1.4 6 0.5 after 6 mo.

Quantitative Image Analysis

The mean rc/p immediately after the interventional pro-
cedure was 0.70 6 0.11 for CT, 0.51 6 0.17 for MRI, and
0.63 6 0.10 for PET/CT. For CT, the ratio slightly decreased
between days 1 and 3 and stayed relatively constant there-
after (range, 0.59–0.65), whereas the ratio for MRI contin-
uously decreased over time. For PET, mean ratios increased
continuously within the first month, whereas the following
examinations were characterized by a decrease in ratios.

Corresponding to the qualitative image findings, increased
enhancement could be found in the periphery after radio-
frequency ablation (Fig. 4). The rp/p ratio amounted to 1.52 6

0.21 for CT immediately after radiofrequency ablation and
peaked at day 3 (1.57 6 0.20), whereas an rp/p ratio of 1.55 6

0.23 was found for MRI, with the peak mean ratio occurring
on day 10 (1.85 6 0.58). A slow decrease in the enhance-
ment ratios was seen on both imaging modalities (Fig. 5).

The mean diameter of the rim of enhancement measured
4.8 6 2.1 mm on CT images, 3.0 6 0.8 mm on MR images,
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and 2.8 6 1.6 mm on ultrasound images immediately after
radiofrequency ablation (Fig. 6). Although 3–10 d after
radiofrequency ablation the rim enhancement along the
ablated tissue became more prominent than that immedi-
ately after radiofrequency ablation and often was irregular
in shape, the extent of the arterial enhancement conse-
quently decreased over time.

Quantitative evaluation of the lesion periphery, compared
with normal liver tissue, on PET demonstrated homoge-
neous glucose use immediately after the interventional
procedure (rp/p ratio, 1.01 6 0.05). Increased glucose use

in the lesion periphery, with a peak mean ratio of 1.19 6

0.09, was found between day 3 and month 1 after radio-
frequency ablation, followed by a decrease back to almost
homogeneous glucose use after 6 mo (1.07 6 0.09) (Fig. 4).

DISCUSSION

Thermal injury of normal liver tissue due to radiofrequency
ablation leads to changes in the periphery of the induced
necrosis—changes that can be detected on histopathologic
examination and with different imaging modalities.

FIGURE 1. Macroscopic tissue sample (A) obtained 3 d after radiofrequency ablation further shows blood-filled sinusoids and
extent of reactive changes in periphery of necrosis, compared with tissue samples sectioned immediately after radiofrequency
ablation. Morphologic imaging (CT [B], MRI [C], and ultrasound [D]) depict pronounced and extended enhancement in periphery of
necrosis. Enhancement corresponded on histopathology images (E) to mixture of engorged sinusoids and beginning inflammatory
reaction, with granulation and hyperemia. Regenerating liver tissue (r) surrounds zone of necrotic liver tissue, with focal
granulocytic infiltrate (g) and inner zone of necrosis (i).

FIGURE 2. Macroscopic tissue sample (A) obtained 6 mo after radiofrequency ablation demonstrates well-defined capsule
surrounding necrosis, with maximum diameter of 3 mm, corresponding to thin-rim peripheral enhancement on morphologic images
(CT [B], MRI [C], and ultrasound [D]) and fibrosis on histopathology images (E). Normal liver (n) surrounds cellular scar tissue (c)
transforming into hypocellular scar tissue (h) and central necrosis.
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We believe 3 findings from this study to be important.
The first of these is that immediately after radiofrequency
ablation, local hyperemia caused by outflow obstruction
resulted in a peripherally enhancing halo on arterial-phase
images, which often was irregular in shape and thickness.
The second important finding is that this rimlike area of
enhancement could be detected for up to 6 mo after the
ablation and might be difficult to differentiate from residual
tumor or tumor recurrence on all morphologic imaging
modalities. The third is that PET did not show increased
uptake on the first postinterventional scan. Therefore,
residual tumor seen as a hot spot in the periphery of the
ablative necrosis should be detected easily with PET and
PET/CT if the tumor is larger than 1 cm. On the basis of
these data, 18F-FDG PET or 18F-FDG PET/CT performed
within the first 2 h after the intervention may be considered
the most suitable imaging modality for therapy control after
radiofrequency ablation.

Currently, imaging of patients undergoing interventional
liver therapy is based on enhanced CT, enhanced MRI, or
enhanced ultrasound (22–25). Although hyperemia is re-
sponsible for increased enhancement immediately after the
ablation, tissue regeneration in the periphery of the necrotic
zone results in a further increase in enhancement during
subsequent follow-up. Both phenomena limit the identifi-
cation of small areas of residual tumor adjacent to the
necrotic zone. Failure to detect focal areas of untreated or
locally recurrent tumors at an early stage results in tumor

enlargement and delayed treatment. Thus, the goal of di-
agnostic follow-up is to detect residual tumor as soon as
possible after radiofrequency ablation.

In the case of unclear enhancing areas in the periphery of
the treated tumor, MRI has been proposed as advantageous
over spiral CT and ultrasound for monitoring the acute

TABLE 1
Morphologic Measurements of Coagulation on All Imaging Modalities, Compared with Standard of Reference

Imaging modality 3 h 3 d 10 d 1 mo 2 mo 3 mo 6 mo

CT

n 40 34 28 22 17 12 6

Longitudinal diameter (cm) 4.00 6 0.50 4.00 6 0.64 3.54 6 0.56 3.03 6 0.61 2.53 6 0.54 2.37 6 0.56 2.16 6 0.83
Transverse diameter (cm) 2.52 6 0.50 2.53 6 0.64 2.38 6 0.51 1.95 6 0.37 1.78 6 0.33 1.76 6 0.50 1.54 6 0.69

MRI

n 40 34 28 22 17 12 6

Longitudinal diameter (cm) 4.15 6 0.63 4.05 6 0.69 3.67 6 0.69 3.03 6 0.54 2.67 6 0.52 2.53 6 0.57 2.40 6 0.83
Transverse diameter (cm) 2.56 6 0.56 2.56 6 0.61 2.37 6 0.53 1.93 6 0.39 1.79 6 0.37 1.76 6 0.46 1.64 6 0.60

Ultrasound

n 40 34 28 22 17 12 6

Longitudinal diameter (cm) 3.80 6 0.69 3.77 6 0.49 3.71 6 0.61 3.06 6 0.60 2.66 6 0.62 2.63 6 0.66 2.36 6 1.00
Transverse diameter (cm) 2.52 6 0.47 2.44 6 0.48 2.29 6 0.49 2.00 6 0.39 1.77 6 0.37 1.78 6 0.46 1.54 6 0.59

PET/CT

n 40 34 28 22 17 12 6
Longitudinal diameter (cm) 3.97 6 0.82 3.94 6 0.76 3.45 6 0.86 3.09 6 0.60 2.65 6 0.46 2.57 6 0.58 2.44 6 0.63

Transverse diameter (cm) 2.48 6 0.46 2.47 6 0.43 2.36 6 0.51 2.05 6 0.48 1.94 6 0.32 1.86 6 0.47 1.95 6 0.62

Standard of reference

n 6 6 6 5 5 6 6
Longitudinal diameter (cm) 3.86 6 0.51 3.93 6 0.61 3.56 6 0.49 2.91 6 0.62 2.31 6 0.28 2.34 6 0.36 2.0 6 0.74

Transverse diameter (cm) 2.27 6 0.26 2.25 6 0.28 2.13 6 0.27 1.86 6 0.22 1.71 6 0.21 1.86 6 0.30 1.60 6 0.59

Values are mean 6 SD. n is number of lesions evaluated in each group. Animals that were going on through the longer follow-up period

underwent all examinations planned immediately and at the different intervals until planned sacrifice date. Three minipigs were sacrificed

after each follow-up imaging procedure. In 2 pigs (1-mo and 2-mo control groups), only 1 radiofrequency ablation could be performed

because of hypoplastic left hepatic lobe.

FIGURE 3. Qualitative image analysis according to 3-score
scale revealed increased enhancement in periphery of induced
necrosis, compared with normal liver parenchyma, on all
morphologic imaging modalities. Decrease in intensity can be
seen on follow-up-imaging. On PET, no increase in glucose
metabolism was found immediately after radiofrequency abla-
tion, leading to score of 1 in all 40 lesions. Peak enhancement
surrounding lesions can be seen at 3 d to 1 mo after radio-
frequency ablation. Error bars represent SD. US 5 ultrasound.
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effects of therapy (23,26,27). However, Kim et al. found that
dynamic MRI, enhanced using gadopentetate dimeglumine,
substantially overestimated the extent of residual tumor af-
ter radiofrequency ablation (13). The reason for this over-
estimation was that enhancement was magnified by the
accompanying tissue regeneration, which was described to
peak at 1 mo after therapy in that study (13,27,28). The
peak enhancement ratios with gadopentetate dimeglumine
were almost the same for benign periablational enhance-
ment as for residual tumor. Better differentiation may be
obtained with macromolecular (13) or tissue-specific MRI
contrast agents such as hepatobiliary and reticuloendothe-
lial system-targeted agents (29–31). Because these agents
are generally not taken up by residual viable tumor, it may
therefore be distinguished from perfusion abnormalities on
late-venous-phase images (32). Using a hepatobiliary MRI
contrast agent, we found homogeneous enhancement of the
periablational region on late-venous-phase images imme-
diately after and 6 mo after radiofrequency ablation.

Hepatocellular carcinoma and metastases from neuroen-
docrine tumors typically present as lesions showing early
arterial enhancement (33). When radiofrequency ablation is
performed on patients with these malignancies, differenti-

ation of early arterial hyperemia from residual tumor may
be difficult. Although enhancement surrounding the region
of radiofrequency ablation was detected over the 6-mo
period, a slow decay of the enhancement ratios and a de-
crease in the mean diameter of the peripheral enhancement
were detected over time. One would expect small areas of
residual tumor to grow, leading to a further increase in en-
hancement. Thus, a decrease in enhancement over time will
indicate hyperemia and regenerated tissue rather than resid-
ual or recurrent tumor. Hence, a close follow-up may reli-
ably detect untreated regions of viable tumor (1,11). Beyond
this issue, accurate comparison of pretreatment and post-
treatment studies at 3- to 6-mo intervals may further im-
prove diagnostic reliability when differentiating viable tumor
from tissue regeneration. However, the objective of this study
was not the evaluation of different imaging modalities when
differentiating benign from malignant periablational tissue
but the assessment of morphologic characteristics after ra-
diofrequency ablation.

When patients with liver metastases from tumors of the
gastrointestinal tract are assessed, peripheral enhancement
is not expected to cause interpretative problems. On imag-
ing studies, hepatic metastases from gastrointestinal tumors

FIGURE 4. Transverse images acquired
immediately, 10 d, and 6 mo after radio-
frequency ablation demonstrate periph-
eral enhancement in arterial phase at all
follow-up intervals on MRI (A), CT (B),
and ultrasound (C). Extent and intensity
of enhancement show decay within 6 mo.
Functional data provided by PET/CT (1)
and PET (2) demonstrate area of de-
creased 18F-FDG uptake surrounded by
homogeneous tracer distribution imme-
diately after radiofrequency ablation (D).
Tissue regeneration with proliferative ac-
tivity induced increased glucose metab-
olism (arrows) from 3 d (E) to 3 mo after
radiofrequency ablation. Six months after
interventional procedure, homogeneous
tracer distribution can be found again (F).
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appear mostly as hypodense (CT), hypointense (MRI), or
hypoechoic (ultrasound) lesions surrounded by normally
enhanced liver parenchyma. In these cases, the peripheral
enhancement will not be mistaken for residual tumor, thus
not compromising image assessment.

18F-FDG PET and 18F-FDG PET/CT have been used
increasingly not only for the diagnosis, staging, and
restaging of malignant tumors but also for therapy assess-
ment after liver interventions. In 3 initial studies, 18F-FDG
PET and 18F-FDG PET/CT were found to be more sensitive
than morphologic imaging procedures in detecting residual

tumor and tumor recurrence (14,15,34). The time point at
which tumor recurrence was detected was considerably
earlier for 18F-FDG PET than for morphologic imaging
(15). However, none of these studies reported the time
interval between the liver intervention and PET. This
interval must be considered important, because regenerative
tissue in the periphery of the ablative necrosis may present
as areas of focally increased glucose metabolism (16).
Although homogeneous tracer distribution was detected
surrounding the area of necrosis immediately after radio-
frequency ablation, tissue regeneration with proliferative
activity induced increased glucose metabolism from 3 d to
3 mo after radiofrequency ablation. In our study, both
qualitative and quantitative image assessment showed peak
tracer uptake between 3 d and 1 mo after radiofrequency
ablation, whereas a decrease to almost baseline values was
detected at the 6-mo follow-up. Thus, 18F-FDG PET and
18F-FDG PET/CT for the assessment of radiofrequency
ablation should be performed either immediately or 6 mo
after radiofrequency ablation.

The additional CT component of combined PET/CT will
ensure accurate localization of sites of residual or recurrent
tumor. This additional information can be considered cru-
cial for the success of reinterventions to eliminate these
areas of tumor. Hence, it seems likely that PET/CT will
substantially benefit the early assessment of therapy re-
sponse to radiofrequency ablation. However, further studies
addressing this issue in a clinical setting are required.

Our study had some limitations. The main limitation was
the use of normal liver for the radiofrequency ablation
procedure. Cirrhotic liver and liver tumors may conduct the
radiofrequency current differently and may show a different
extent of regenerative tissue in the periphery of the necro-
sis. Thus, imaging characteristics may vary. Further studies
are required to address the question of the extent to which
tissue regeneration obscures residual or recurrent tumor.
Up to now, there has been no model of liver tumors or
metastases in pigs, and our own series designed to imple-
ment a rodent tumor cell line in domestic pigs showed no
useful results. Even if rodent models for percutaneous
tumor ablation of liver lesions were to exist, these models
would not be suitable for long-term follow-up intervals of
up to 6 mo.

Because this study examined only healthy animals,
further research is needed to evaluate whether the potential
advantage of PET and PET/CT over morphologic imaging
immediately after radiofrequency ablation translates into a
faster and more accurate assessment of residual tumor in
patients who survive longer after ablation.

The comparison of morphologic imaging and 18F-FDG
PET or 18F-FDG PET/CT is useful only for 18F-FDG PET–
positive tumors. Hepatocellular carcinoma and neuroendo-
crine tumors often show no increased glucose metabolism.
In these cases, more specific tracers such as 68Ga-DOTATOC
for neuroendocrine carcinoma should be used when com-
paring morphologic and functional imaging findings.

FIGURE 5. Graph shows mean enhancement ratio of lesion
periphery to normal liver parenchyma for CT and MRI as well as
mean ratio of activity concentration of lesion periphery to
activity concentration of normal liver parenchyma on PET.
Because of rimlike increase in enhancement at periphery of
coagulation, ratios are elevated for morphologic imaging mo-
dalities, with slow decay beginning at follow-up interval of 1 mo.
Homogeneous tracer distribution on PET leads to mean ratio of
1.01 for functional data analysis immediately after radiofre-
quency ablation, whereas ratio increase of nearly 20% can be
seen between 3 d and 1 mo after interventional procedure. At
6 mo, interval mean ratio approaches baseline values. Error
bars represent SD.

FIGURE 6. Graph shows mean extent of enhancement in
periablational region for MRI, CT, and ultrasound (US). Three to
10 d after radiofrequency ablation, enhancement along ablated
tissue became more prominent than immediately after radio-
frequency ablation; consequently, slow decay of extent of
arterial enhancement can be seen.
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CONCLUSION

Detection of residual tumor with 18F-FDG PET and 18F-
FDG PET/CT immediately or 6 mo after radiofrequency
ablation of liver lesions will not be hampered by increased
cell metabolism. However, between these 2 follow-up dates,
increased tracer uptake due to regenerative tissue may
hamper the detection of residual tumor. In contrast, mor-
phologic imaging findings may be difficult to interpret
immediately and up to 6 mo after radiofrequency ablation
because of increased periablational enhancement.
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33. Paul SB, Gulati MS. Spectrum of hepatocellular carcinoma on triple phase

helical CT: a pictorial essay. Clin Imaging. 2002;26:270–279.

34. Veit P, Antoch G, Stergar H, Bockisch A, Forsting M, Kuehl H. Detection of

residual tumor after radiofrequency ablation of liver metastasis with dual-

modality PET/CT: initial results. Eur Radiol. 2006;16:80–87.

1844 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 48 • No. 11 • November 2007


