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Objective: To examine the gross pathology and histopa-

thology of ablation zones created from radiofrequency

(RF) ablation and to correlate their chronological

changes.

Methods: A total of 48 in vivo ablation zones (16 rabbit

livers) were obtained immediately after and also 30 min,

1 h and 2h after RF ablation and were subjected to

haematoxylin and eosin (H&E) staining, nicotinamide

adenine dinucleotide (NADH) diaphorase staining, termi-

nal deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL) staining. Chronological changes in gross pathol-

ogy and histopathology were evaluated and correlated

with each other.

Results: Peripheral red zones on gross pathology corre-

lated with peripheral zones on H&E staining, lightly

stained peripheral zones on NADH staining and periph-

eral positive zones on TUNEL staining. Central white

zones on gross pathology correlated with combined

central and border zones on H&E staining, central

negative zones on NADH staining and combined

central-positive and middle-negative zones on TUNEL

staining. Boundary visibility between central white and

peripheral red zones on gross pathology was significantly

higher at 1 and 2h than immediately after RF ablation. As

time increased after RF ablation, visibility of the border

zone on H&E staining and the grade of positively stained

hepatocytes in the peripheral zone on TUNEL staining

increased.

Conclusion: Chronological changes in gross pathology of

RF ablation zones correlated well with histopathology.

The boundary between the central white and peripheral

red zones tended to become clear at 1 h after RF ablation.

Advances in knowledge: (1) RF ablation zones show

chronological changes on gross pathology and histopa-

thology. (2) Gross pathology and histopathology corre-

late well with each other.

INTRODUCTION
Since the first report on the use of liver radiofrequency
(RF) ablation was published in 1990,1 RF ablation
has become one of the most common local ablation
modalities. The past decade has seen significant advances
in RF ablation technology. Efforts are currently under
way to improve ablation efficiency. The efficiency of new
ablation technologies is usually evaluated by comparing
gross pathology using a conventional method and a new
method.2–5 Although many studies have investigated
histopathological evaluation and radiological–pathological
correlations of hepatic RF ablation zones,6–12 no definition
of the ablation zone on gross pathology has been estab-
lished.13 The exact boundary of the ablation zone in gross
pathology is still controversial; some studies only include
the central, white ablation zone, whereas others also

include the peripheral red zone. To define the true
ablation zone by gross pathology, correlation between
gross pathology and histopathology is essential. However,
few studies have investigated the precise correlation
between gross pathology and histopathology of RF
ablation zones.

Determining the chronological changes in the RF ablation
zone on gross pathology and histopathology is important
to precisely define the ablation zone early after RF ablation,
as tissue harvest is usually performed within a few hours of
RF ablation. Previous studies reported that histopatholog-
ical features of ablation zones induced by laser ablation or
microwave ablation change over time.14,15 They reported
that the ablation zone was divided into two zones based on
the histopathological features, central area with coagulation
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necrosis and peripheral area with dilated sinusoid and conges-
tion of erythrocytes, and the size of the ablation zone increased
progressively until several hours after ablation. Since RF ablation
is also a thermal ablation method, its ablation zones might also
change with time. However, changes in ablation zones early after
RF ablation, particularly within the first 2 h, have not been
scientifically evaluated. Consequently, no standardized method
from in vivo experimental studies exists to define the optimal
harvest time after RF ablation.

Therefore, in this study, we examined the gross pathology
and histopathology of ablation zones early after RF ablation
and correlated their chronological changes using an in vivo
rabbit liver model. In addition, we evaluated when the
boundary between the central white and peripheral red zones
on gross pathology became clear during the early stages after
RF ablation.

METHODS AND MATERIALS
Animals
This study was approved by the Institutional Animal Care and
Use Committee in the Samsung Medical Center before initiating
experiments on 16 New Zealand white rabbits (average weight,
3.1 kg). All rabbits were anaesthetized by intramuscular injection
with 5mg kg21 body weight tiletamine hydrochloride and
zolazepam hydrochloride (Zoletil50®; Virbac S.A., Carros,
France) and 0.5mg kg21 body weight xylazine (Rompun™;
Bayer Schering Pharma, Berlin, Germany). After achieving an
adequate degree of anaesthesia, we shaved the backs of the
rabbits for placement of an RF grounding pad. After grounding
pad attachment, rabbits were placed in the supine position. The
epigastric area was sterilized, and the liver was exposed by lap-
arotomy. Anaesthesia was maintained with inhaled isoflurane
gas (Forane solution; Choongwae Pharma, Seoul, Republic
of Korea).

Radiofrequency ablation
We used an internally cooled RF ablation system equipped with
a 200-W RF generator (VIVA RF Generator; STARmed, Goyang,
Republic of Korea) and a single 18-gauge straight-tip electrode
with a 0.7-cm active tip (Wellpoint®; STARmed). The electrode
was cooled internally to ,25 °C with chilled saline using
a peristaltic pump (VIVA Pump; STARmed). Before insertion of
RF electrodes, an additional 5-cm-long plastic sheath was placed
over the electrode and pulled back towards the handle to avoid
contact with the active tip. Under real-time ultrasound guidance
(Accuvix A30, Samsung Medison, Seoul, Republic of Korea) RF
electrodes were placed in the liver as far from intrahepatic ves-
sels, interlobar fissure and the liver capsule as possible, so that
RF ablation zones would not be influenced by these structures.
Generator power was set to 30W, and total ablation time was
5min. During RF ablation, we maintained the initial location of
the electrode tip using ultrasound guidance. We created three
ablation zones every 30min or 1 h per rabbit due to the paucity
of favourable sites for RF ablation in the liver. To evaluate the
chronological changes in ablation zones after RF ablation, tissue
harvest was performed immediately after and also 30min, 1 h
and 2 h after RF ablation. Therefore, 12 RF ablation zones were
created for each time point.

Cut sections of ablation zone
To obtain precise cut sections of ablation zones along the elec-
trode track, the sheath that was placed over the electrode was
advanced immediately after ablation and the electrode was re-
moved. Rabbits were sacrificed after RF ablation via intravenous
administration of 10ml of potassium chloride solution, and the
livers were harvested. To obtain cut sections of ablation zones,
a stiff wire was inserted into the additional sheath, and the
sheath was removed. The specimen was sliced along the stiff
wire. The shape of the ablation zones was evaluated by con-
sensus of two radiologists (MWL and KDS) to determine if
ablation zones were influenced by the surrounding intrahepatic
vessels, interlobar fissure or the liver capsule.

Histological slide preparation and staining
For each ablation zone, two tissue specimens were photographed
with a high-resolution digital camera. Histological slide prepa-
ration was performed by a histopathology specialist (JY). One
specimen per ablation zone was fixed in 10% neutral buffered
formalin, embedded in paraffin and sliced into 4-mm sections
for haematoxylin and eosin (H&E) staining and terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL)
assays. The other specimen was embedded in optimal cutting
temperature compound (Tissue Tek; Sakura Finetek, Tokyo,
Japan), quenched in isopentane and frozen in liquid nitrogen
before storage at 280 °C for evaluation of nicotinamide adenine

Figure 1. Correlation between gross pathology and histopa-

thology. The peripheral red zone on gross pathology corre-

lated with the peripheral zone on haematoxylin and eosin

(H&E) staining, the lightly stained peripheral zone on nicotin-

amide adenine dinucleotide (NADH) staining and the terminal

deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL)-positive peripheral zone. The central white zone on

gross pathology correlated with the combined border and

central zone on H&E staining, the central negative zone on

NADH staining, and the combined middle negative and central

positive zone on TUNEL staining.

BJR Song et al

2 of 7 birpublications.org/bjr Br J Radiol;90:20160361

http://birpublications.org/bjr


dinucleotide (NADH) diaphorase activity. Trimmed tissue
blocks were photographed immediately before slicing the spec-
imen for histology slides.

Evaluation of gross pathology and histopathology
On gross images, ablation zones were segmented by visual in-
spection according to colour: the central white zone and the
peripheral red zone (Figures 1 and 2). At each time point, the
visibility of the boundary between the central white and pe-
ripheral red zones was graded on a four-point scale: 0, ,25%
visible; 1, $25% and,50% visible; 2, $50% and,75% visible;
and 3, $75% visible.

On H&E staining, ablation zones were segmented based on
histological findings into the central, border and peripheral
zones (Figures 1 and 3). The visibility of the border zone was
graded on a three-point scale: 0, invisible; 1, faintly visible; and
2, clearly visible. On NADH staining, ablation zones were seg-
mented based on the degree of hepatocyte staining into the
central negative zone and lightly stained peripheral zone
(Figure 1). The visibility of the lightly stained peripheral zone
was graded on a three-point scale: 0, invisible; 1, faintly visible;
and 2, clearly visible. On TUNEL staining, ablation zones were
segmented based on the degree of hepatocyte staining into the
central positive zone, middle negative zone and peripheral
positive zone (Figure 1). The degree of positively stained hep-
atocytes in the peripheral zone on TUNEL staining was graded
on a three-point scale: 0, negative; 1, weak positive; and 2, strong
positive. All evaluations were based on the consensus of a his-
topathologist (JY) and a radiologist (KDS).

Statistical analyses
The grade for visibility of the boundary between the central
white and peripheral red zones; the border zone on H&E

staining; and the lightly stained peripheral zone on NADH
staining, as well as the grade of positively stained hepatocytes in
the peripheral zone by TUNEL staining were compared for all
time points using the Kruskal–Wallis test followed by post hoc
analysis using the Mann–Whitney U test with Bonferroni cor-
rection for multiple comparisons. All statistical analyses used
commercially available software packages (PASW® Statistics,
v. 18.0; IBM Corp., New York, NY; formerly SPSS Inc., Chicago,
IL). p-values ,0.05 were considered statistically significant.

RESULTS
The shape of six ablation zones was affected by the adjacent large
vessels or fissures; these six cases were excluded from analysis. As
a result, 12 specimens were evaluated immediately after RF
ablation, 8 at 30min, 12 at 1 h and 10 at 2 h after the ablation.

Chronological changes in gross pathology
On gross images, the visibility grade of the boundary between
the central white and peripheral red zones differed significantly
at all time points (p5 0.002) and tended to increase with time
after RF ablation (Figures 4 and 5a). The visibility grade of the
boundary was significantly higher at 1 and 2 h after RF ablation
than immediately afterwards (p5 0.018 and p5 0.036). How-
ever, no significant difference was observed between the visibility
grades at 1 and 2 h after RF ablation (p5 1.000).

Chronological changes in histopathology
On H&E-stained images, the hepatocyte cytoplasm was slightly
eosinophilic, and the nuclei were reduced in size in the central
zone. In the peripheral zone, erythrocytes were packed in the
sinusoids. Between the two zones, a border zone showed dilated
sinusoids without packed erythrocytes. The border zone was
light pink on low-magnification views (Figure 3). The visibility
grade of the border zone on H&E staining 1 h after RF ablation

Figure 2. Gross pathology of radiofrequency ablation. Ablation zone was segmented into a central white zone (white arrows) and

peripheral red zone (white star). (a) Gross specimen. (b) Frozen specimen after trimming for histological slide preparation for

nicotinamide adenine dinucleotide staining. (c) Paraffin-embedded specimen after trimming for histological slide preparation for

haematoxylin and eosin and terminal deoxynucleotidyl transferase dUTP nick end labelling staining.
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was significantly higher than immediately after RF ablation
(p5 0.048) but was not significantly different among 30min, 1 h
and 2 h after RF ablation (Figures 4 and 5b). On NADH-stained
images, the ablation zone was segmented into a central negative
zone and a lightly stained peripheral zone. The peripheral zone
was clearly visible at all time points after RF ablation. This
finding did not change with time after RF ablation. TUNEL-

positive hepatocytes were seen in the central and peripheral
areas of the ablation zones, with TUNEL-negative hepatocytes
between the central and peripheral positive zones. The grade of
positively stained hepatocytes in the peripheral zone on TUNEL
staining was significantly higher at 30min and at 1 and 2 h after
RF ablation than immediately after RF ablation (p5 0.048 for
30min, 0.024 for 1 h and ,0.001 for 2 h) but was not signifi-
cantly different among 30min, 1 h and 2 h after RF ablation
(Figures 4 and 5c).

Correlation between gross pathology
and histopathology
On gross pathology, the peripheral red zone correlated with
the lightly stained peripheral zone on NADH staining, the
peripheral zone on H&E staining and the peripheral positive
zone on TUNEL staining. The central white zone on gross
pathology correlated with the central negative zone on NADH
staining. This zone also correlated with the combined central
and border zones on H&E staining and the combined central
positive and middle negative zones on TUNEL staining
(Figure 1).

DISCUSSION
In this study, we explored chronological changes in gross
pathology and histopathology of RF ablation zones early after
RF ablation and correlated gross pathology with histopa-
thology. Both gross pathology and histopathology changed
with time after ablation and correlated well with each other.
These results provide important information for precisely
defining RF ablation zones. In addition, the boundary be-
tween the central white and peripheral red zones on gross
pathology became clear with time after ablation. This result
could be useful for determining the optimal point for har-
vesting tissue and for precisely measuring ablation zone sizes
on gross pathology.

The correlation of gross pathology with histopathology is im-
portant for defining the ablation zone. H&E staining is a basic
method for evaluating morphological changes in cells and sur-
rounding structures. However, H&E staining has limited use for
assessing the functional status and viability of cells. NADH
staining measures the function of the enzyme NADH diaphorase
and is used to evaluate cell viability.16,17 TUNEL staining detects
DNA fragmentation that results from apoptotic signaling cas-
cades and is used to evaluate cell damage.18 We used all three
staining methods to evaluate the status of hepatocytes in the
ablation zones. The central white zone on gross pathology cor-
related with the central zone on H&E staining. Hepatocytes in
this zone showed slightly eosinophilic cytoplasm and small
nuclei. However, the viability of hepatocytes could not be de-
termined with only H&E staining. The hepatocytes were not
positive on NADH staining, therefore the central white zone on
gross pathology could be considered to have dead cells. The
peripheral red zone on gross pathology correlated with the
lightly stained peripheral zone on NADH staining and the pe-
ripheral positive zone on TUNEL staining. Therefore, the pe-
ripheral red zone on gross pathology could be considered to
have damaged cells. Previous studies evaluated histological
findings of RF ablation zones. Raman et al9 correlated the gross

Figure 3. Histopathology by haematoxylin and eosin (H&E)

staining of the ablation zone. (a) Scanned image of the

H&E-stained ablation zone. Scale bar5 5mm. (b) Magnified

image of the H&E-stained ablation zone. In the central zone

(white star), the hepatocyte cytoplasm was slightly eosin-

ophilic and nuclei were reduced in size. In the peripheral

zone (black star), erythrocytes were packed in the sinusoids.

A border zone between these areas had dilated sinusoids

without packed erythrocytes (two-headed arrow). Scale

bar5400mm.
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pathology of the RF ablation zone with H&E-stained images
using a porcine liver model. The study noted haemorrhagic
materials in the peripheral area of the ablation zone that cor-
related with the peripheral red zone on gross pathology. These
results are similar to ours. However, in Ramen et al’s study,9 the
liver was harvested between 12 and 48 h after ablation. Hence,
they could not evaluate early changes in the ablation zone. Wu
et al12 also assessed changes in ablation zones during RF ablation
and at 2 h and 2, 7, 14 and 21 days after RF ablation using
radiological–pathological comparisons. The study reported that
a lightly stained peripheral zone on NADH staining correlated
with a peripheral zone that had dilated sinusoids with packed
erythrocytes, which corresponds well with our results. However,
Wu et al did not correlate gross pathology and histopathology,
and their study did not evaluate early changes (up to 2 h) after
RF ablation.

In our study, both gross pathology and histopathology findings
changed with time after RF ablation. The boundary between the
central white and peripheral red zones on gross pathology be-
came clear with time after ablation. The border zone between
the central and peripheral zones on H&E staining also became

distinct with time. Considering these results, we propose that the
clear boundary between the central white and peripheral red
zones is associated with the distinct border zone on H&E
staining. Hepatocytes in the peripheral red zone showed light
NADH staining and positive TUNEL staining. The grade of
positively stained hepatocytes on TUNEL staining was signifi-
cantly higher at 30min and at 1 and 2 h than immediately after
RF ablation. This finding suggested that more damaged hep-
atocytes entered apoptosis with time. This result is consistent
with a previous study in which a damaged zone eventually
transitioned to non-viability within 2 days after RF ablation.12

The study reported that lightly stained peripheral zone on
NADH staining increased rapidly within 2 h after ablation.12

However, we did not notice a rapid increase in the lightly
NADH-stained peripheral zone up to 2 h after RF ablation. The
reason for this discrepancy is not clear and further study on this
issue is needed.

Measuring the size of the RF ablation zone precisely is important
for evaluating ablation efficiency in experimental studies. His-
topathology allows measurement of the ablation zones by direct
evaluation of cells’ viability. However, histopathological

Figure 4. Chronological changes in radiofrequency ablation zone. As time after radiofrequency ablation increased, the boundary

between the central white and peripheral red zone on gross pathology became more clear (white arrowheads); the border zone

with dilated sinusoids but without packed red blood cells on haematoxylin and eosin (H&E) staining became visible (arrows); and

the grade of positively stained hepatocytes in the peripheral zone on terminal deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL) staining increased (black arrowheads). Scale bar55mm.
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examinations are costly and time consuming. In addition, tissues
shrink during processing such as during formalin fixing and
paraffin embedding.19,20 Fixed tissue blocks must be trimmed
for histological slides. If tissue blocks are excessively trimmed,
the cut section diameter of ablation zones can decrease.
For these reasons, ablation zone sizes were measured by
gross pathology in previous studies comparing ablation
performance.4,5 The peripheral red zone includes damaged
cells, therefore measuring the entire ablation zone, including
the central white and peripheral red zones, would be better.
However, the boundary between the peripheral red zone and
the surrounding normal liver parenchyma is not clear on
gross pathology. Therefore, measuring the size of the entire
ablation zone consistently is technically difficult. In our study,
the boundary between the central white zone and peripheral
red zone became clear 1 and 2 h after RF ablation. Therefore,
measuring the central white zone on gross pathology at least
1 h after RF ablation might give the precise size of the abla-
tion zone.

RF ablation is usually performed under the guidance of im-
aging studies such as ultrasound or CT. Therefore, it is relevant
to correlate our results to imaging findings. Raman et al9

evaluated the chronological changes of ultrasonogram after RF
ablation. According to the study of Raman et al, early sono-
gram obtained within 2min after ablation showed echogenic
cloud, and late sonogram obtained 2–5min after ablation
showed fading echogenic cloud centrally within larger hypo-
echoic lesion that is demarcated by thin hyperechoic rim. This
result means that the imaging findings of ablation zone also
changes as time goes on. In order to correlate ultrasonographic

findings with gross pathology and histopathology, the gross
specimens should be harvested immediately after evaluating
ultrasonographic findings of the ablation zone at a specific time
point. However, to our knowledge, these data are not currently
available in the literature. We are wondering if hyperechoic rim
may be overserved even after 1 and 2 h after RF ablation on
ultrasonogram. Then, the most outer echogenic zone and inner
hypoechoic zone on ultrasonogram may be correlated to the
peripheral zone and the central zone on gross pathology and
histopathology, respectively. Further study is warranted to
validate this issue.

Our study had limitations. First, we could not directly compare
photographs of gross specimens with scanned histological slide
images because the slides required fixation and trimming.
However, we obtained photographs of tissue blocks immedi-
ately before slicing specimens for slides. By comparing tissue
block photographs with gross specimen photographs and
slide scanned images, correlation errors could be minimized.
Second, we did not evaluate chronological changes in the
ablation zone size after RF ablation. To monitor size changes
in vivo, radiological–pathological correlations are needed. This
issue was beyond the scope of our study.

In conclusion, chronological changes in the gross pathology of
RF ablation zones correlated well with histopathology. The
boundary between the central white and peripheral red zone on
gross pathology became clear 1 h after RF ablation. To minimize
errors in size measurements of RF ablation zones, we recom-
mend that the central white zone be measured on gross speci-
mens harvested at least 1 h after RF ablation.

Figure 5. Evaluation of chronological changes of radiofrequency (RF) ablation zone. Stars5p,0.05. (a) Visibility

grade of the boundary between the central white and peripheral red zone on gross pathology. Grade increased with

time after RF ablation. (b) Visibility grade of border zone on haematoxylin and eosin (H&E) staining. Grade at 1 h after RF

ablation was significantly higher than immediately after ablation (p50.048). (c) Grade of positively stained hepatocytes in

the peripheral zone on terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining was significantly

higher at 30min, and at 1 and 2 h after RF ablation than immediately after RF ablation (p50.048, 0.024 and ,0.001,

respectively).
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