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Abstract

Purpose: To determine a minimal safe distance between the radiofrequency ablation (RFA) electrode tip and major
intrahepatic bile ducts to prevent thermal injury during hepatic RFA in a canine model.

Materials and methods: Forty healthy mongrel dogs were randomised equally into four groups based on the distance between
the electrode and large intrahepatic bile ducts during RFA of the liver, as follows: 1.0-2.9 mm, 3.0-4.9 mm, 5.0-7.9 mm, or
8.0-10.0 mm. The RFA electrodes were opened uniformly at 2 cm. During RFA, energy was sequentially raised, starting at
5 W and increasing by 5 W increments every minute to a maximum of 95 W. Animals were monitored for a maximum of 14
days post-RFA for complications and by bilirubin testing, after which they were euthanised and their livers were surgically
removed for cholangiographic and pathological examination.

Results: When the electrodes were less than 5.0 mm from the bile ducts during RFA, either full or partial-thickness bile duct
necrosis occurred, leading to a variety of serious complications. In contrast, when the distance was more than 5.0 mm
between the RFA electrode and bile ducts, serious complications occurred rarely, with pathological examinations showing
either normal bile ducts or vacuolar changes of the biliary ductal epithelium.

Conclusion: A minimum safe distance of 5.0 mm between the RFA electrode and intrahepatic bile ducts was effective in
preventing serious complications secondary to bile duct injury in a canine model.

Keywords: Radiofrequency ablation, adverse effects, abdominal injuries, reliability, safety

Introduction Although RFA is considered relatively safe, severe
complications do occur at times due to the complex
anatomy of the liver, the often close proximity of vital
structures and the intended target, and underlying
patient comorbidities. The estimated mortality rate

is 0.1%-0.5%, and major complications occur in

Percutaneous radiofrequency ablation (RFA) is a
minimally invasive therapeutic approach for liver
cancer developed over the last decade with particular
application to small hepatocellular carcinoma and
inoperable patients [1-3]. When the RFA electrode

tip is placed into the liver, RF energy causes atoms in
the cells to vibrate and create friction. This generates
localised heat up to 60°C and leads to protein
coagulation and cell death. This principle has been
applied in clinical practice to treat liver cancer with
high efficacy and safety [4].

2.2%-9.6% of patients [5, 6]. Early complications
include hepatic failure, bleeding, thrombosis, infec-
tion, ground pad burn, hepatic vascular damage,
gastrointestinal perforation, and visceral damage [5,
7-9], while late complications include bile duct injury
and tumour seeding along the electrode track [10].
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Therefore, the balance between risks and benefits
of RFA in the liver must be carefully considered in
each case.

Among the complications, bile duct injury by
thermal ablation has been reported to occur at a
rate of 0.1%—-1.0% [6, 11, 12]. During RFA therapy
of liver cancer close to or surrounding the intrahe-
patic bile ducts, reported complications resulting
from bile duct injury include bile leakage, bile
peritonitis, hemobilia, cholangitis, biliary stricture,
biloma, and biliary fistula [13-17].

The prevention of these bile duct injury-related
complications has not received sufficient attention.
In the present study we investigated the pathological
changes and complications occurring in canine
bile ducts after RFA treatment with the electrode
tip positioned at different distances from the
intrahepatic bile ducts. The aim of our study was
to determine the minimal safe distance between the
RFA electrode tip and intrahepatic bile ducts to
prevent bile duct injury during RFA of the liver
in this canine model.

Materials and methods
Animals

Forty healthy mongrel dogs (16 male and 24 female,
mean weight 12 +2kg, range 8.1-15kg) were pro-
vided by the experimental animal centre of the Third
Military Medical University, Chongqing. They were
randomly assigned to one of four groups of 10 dogs
each. All animals were handled and cared for in
accordance with the National Research Council
Guidelines for the Care and Use of Laboratory
Animals. All studies were performed with the
approval of the experimental animal committee at
the Third Military Medical University in China.

Amnimal preparation and anaesthesia

The animals did not consume food for 24h and
water for 6 h prior to RFA. After RFA, food intake
was restricted for 6h but free access to water
resumed. The animals were anaesthetised by intra-
muscular injection of 20mg/kg ketamine hydro-
chloride (Ketalar®, Southwest Pharmaceutical,
Chongqing, China) and a 0.1 mI/kg su-mian-xin II
(846 mixture) injection (containing 60 mg xylazole,
4 g dihydroetorphine and 2.5 mg haloperidol per
mL (Institute of Veterinary Sciences, Academy of
Military Medical Sciences, Changchun, China)).
The dogs were positioned in the lateral position in
independent kennels post-RFA. Daily intramuscular
injections of 0.8 million units of penicillin were given
for 3 days after RFA.

RFA procedure

RFA was performed using a 95W, 50 kHz multi-
polar RF generator (LDRF-120S Mianyan Lide,
Sichuan, China). Dynamic imaging was performed
using ultrasonography (GE Voluson 730Pro 3D/4D,
Milwaukee, WI). All animals were anaesthetised by
an intramuscular (0.1 mI/kg~ 0.2 mI/kg) or intra-
venous (0.2 ml/kg/h~ 0.3 mI/kg/h) injection of a
mixture of 27.3% su-mian-xin II (846 mixture)
and 27.3% ketamine (Jiansu Hengrui Medicine,
Lianyungang, China). After adequate anaesthesia
was achieved, hair on the belly and posterior limbs
was shaved and residual short hair was removed
completely with 8% Na,S, and the belly was disin-
fected by povidone-iodine (PVP-I) (Southwest
Pharmaceuticals). A clinical thermometer was set
in the armpit. An electrode plate was attached to the
prepared skin on the posterior limbs and an RF
needle was inserted percutaneously into the liver
under Doppler ultrasound guidance. Our target was
the left hepatic duct extending to the portal bile ducts
within the third and fourth lobes of the left liver
(diameter 3.0 +0.5mm) (Figure 1A). The needle
contained prongs that, when fully extended, formed
an ‘umbrella’ configuration. We extended the prongs
ata 20.0 + 0.3 mm diameter to maintain the distance
from the umbrella electrode tip to the relevant bile
ducts in a range of 1.0-10 mm. The animals were
grouped according to this distance as follows: group
I, 1.0-2.9mm; group II, 3.0-4.9mm; group III,
5.0-7.9mm; and group IV, 8.0-10.0 mm. During
the course of treatment, power output was increased
from 5W to a possible maximum of 95W in
increments of 5W every 1min. The treatment was
aborted without further increase in power if imped-
ance of the RFA exceeded 500 Ohms.

Liver removal

The dogs were euthanised at 14 days after RFA.
Following euthanasia, liver tissues from the RFA
therapeutic area, including the corresponding
observed bile ducts on ultrasound imaging during
RFA, were collected from each dog through necropsy.
The dogs were pre-medicated and anaesthetised
using the same regimen as described for the RFA
application. Animal euthanasia was performed by
intravenous injection of 300 mg of thiopental sodium
(Southwest Pharmaceuticals) and 2 mg pancuronium
bromide (Southwest Pharmaceuticals), followed by
an injection of 20mL of 10% potassium chloride
(Jianming Pharmaceuticals, Hubei Province).

Monitoring of post-RFA outcomes

Animals were observed for the following health-
related parameters after RFA: respiratory status,
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Figure 1. (A) Image showing the hepatic anatomy of dogs and the proximity of the target hepatic duct to the necrotic area
induced by RFA treatment. (B, C) Complete necrosis of the bile duct wall was observed with the development of abdominal
adhesions and bile peritonitis when the liver was removed 24h after RFA. (D) Abdominal infection and inflammatory
exudates were observed when liver removal was performed 2 weeks after RFA. GB, gallbladder; CBD, common bile duct;

LBD, left bile duct; LHD, left hepatic duct.

general condition and temperature, eating and
drinking behaviours; mental state (such as dullness,
apathy, liveliness, etc.), complications, and mortality.

Liver imaging by ultrasonography was performed
immediately after RFA, and cholangiography was
performed immediately after liver removal. A chol-
angiographic drain 2.2mm in diameter and 30cm
long (PR-104Q-1, Olympus, Japan) was placed
into the common bile duct, followed by an injection
of 3mL of 30% meglumine diatrizoate (Huaihai
Pharmaceutical, Shanghai). Cholangiograms were
examined to determine the presence of any biliary
lesions within the ablated zone, with or without
causing proximal bile duct dilation. Biliary stenosis
was defined by a ratio equal to or less than 50% of
the diameter of the ablated zone over the diameter
of the bile duct situated close to the inferior ablated
zone [18].

Complications resulting from bile duct injury
were monitored. The live animals had blood tests
to determine bilirubin levels on days 1, 3, 5, 7, 10,
and 14 after RFA. All animals underwent open
abdominal necropsy to identify complications result-
ing post-mortem.

Histopathological examination was performed
on liver tissue samples (thickness <1cm) obtained
during necropsy (as described above) at 14 days
after RFA. Liver tissues were fixed in 100 mL/L

formaldehyde (Southwest Pharmaceuticals,) for 24 h,
embedded in paraffin, sectioned in slices of 5pum,
stained with saffron haematoxylin and eosin
(HE stained), and examined under a light micro-
scope for pathological changes. The formalin-fixed
slices of the liver tissues were evaluated by one of two
pathologists for pathological changes in the bile ducts
surrounding the ablation zones.

Stauistical analysis

Data are reported as means + SEM (x + 5). Dogs that
died before liver removal were excluded from data
analysis, except for mortality. Chi-square (x%) test,
Fisher’s exact test, and repeated measures analysis
of variance design were used for comparisons of
outcomes, including histopathological, radiological
and bilirubin changes, between the different animal
groups. P values of <0.05 were considered signifi-
cant. Statistical analysis was performed using SPSS
13.0 software (Chicago).

Results
Post-RFA complications

In group I, three dogs died (7.5%) before the end of
follow-up. The first dog died within 12 h, the second
died within 24 h, and the third died within 72 h after
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Figure 2. Recovery among the treatment groups at
different times after RFA. Nineteen animals (95%) were
in recovery in groups III and IV (>5mm) at over
72h post-RFA. In comparison, 11 animals (55%) were
in recovery in groups I and II (<5mm) at over 72h
post-RFA.

RFA. During necropsy, severe cases of bile leakage
and biliary peritonitis were detected (Figure 1B, 1C).
These dogs were excluded from the later bilirubin
analyses, but were included in the histological and
radiological analyses. There were cases of decreased
appetite, dullness, or drowsiness within 24h after
RFA. At 72h after RFA, only four dogs were in
recovery (returned to healthy living behaviours, such
as eating, drinking, normal gait and lively, etc.)
(Figure 2), while three dogs experienced significant
weight loss.

In group II, one dog died due to biliary peritonitis
within 48 h after RFA. Seven dogs returned to their
previous state of health within 72h after RFA
(Figure 2). However, 2 dogs in this group showed
significant weight loss.

In group III, all dogs recovered except for one case
of slight weight loss within 72 h after RFA. In group
IV, only one dog had decreased appetite within 48 h
after RFA. All dogs had recovered by the next day
(Figure 2).

One case of subcutaneous abscesses in group IV,
three cases of abdominal adhesions in group I, and
two cases of abdominal adhesions in group II were
observed when liver removal was performed.

Radiological study

The distances between the bile ducts and the RFA
electrode tip strongly influenced the degree of bile
duct injury detected radiologically (Table I). We
found 18 radiological abnormalities (90%) among
20 liver ablations with distances <5mm (groups I
and II), but only three lesions (15%) with distances

Table I. Radiological abnormalities according to the
distance between the RFA electrode tip and intrahepatic
bile ducts.

Stenosis
No and/or
Group n  lesions dilation Extravasation Interruption

I 10 0 5 3 2
II 10 2 7 0 1
IIT 10 7 3 0 0
v 10 10 0 0 0
X2 25.163 11.413 9.730 3.964
P 0.000* 0.010* 0.021* 0.265

No lesion: comparison of group I and group II, P=0.474;
comparison of group III and group IV, P=0.211.

Stenosis and/or dilation: comparison of group I and group II,
P=0.650; comparison of group III and group IV, P=0.211
*Comparison of radiological abnormalities in the four groups,
P <0.05.

Table II. Radiological abnormalities according to the
distance (<5mm or >5mm) between the RFA electrode
tip and intrahepatic bile ducts.

Stenosis
No and/or
Group n lesion  dilation Extravasation Interruption

<5mm 20 2 12 3 3
>5mm 20 17 3 0 0

X 22.556 8.640

P 0.000*  0.003* 0.231 0.231

*Comparison of radiological abnormalities in groups I and II with
groups III and IV, P<0.05.

>5mm (groups III and IV) (Table II). No radiolog-
ical abnormalities were observed when the bile ducts
were >8 mm away from the electrode tip, as in group
IV (Table I). The numbers of radiological lesions
observed in relation to the distances between the
RFA electrode tip and intrahepatic bile ducts are
shown in Table II.

Histopathological examination

Significant differences were observed in the extent of
pathological changes based on the distance between
the bile ducts and the RFA electrode tip (Table III).

When distances between the RFA electrode tip
and bile ducts were <5 mm, irreversible histological
lesions were noted in 19 of 20 animals (95%),
including partial thickness necrosis (the epithelium
was dislocated, fibroblasts were infiltrating, and part
of bile duct structure remained) and full thickness
necrosis (extensive cytolysis, fibrosis and hyalinisa-
tion, loss of bile duct structure) of the bile ducts.
In contrast, with distances >5mm, only five ani-
mals with histological lesions (25%) were observed
(Table III; Figure 3A, 3B). Among the samples
showing full-thickness necrosis, 12 of 13 animals
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Table III. Histological lesions of the intrahepatic ducts according to the distance between the
RFA electrode tip and intrahepatic bile ducts (<5 mm or >5 mm).

Full thickness Partial thickness Epithelium vacuolar Normal
Group n necrosis necrosis change epithelium
<5mm 20 12 7 1 0
>5mm 20 1 4 6 9
X2 13.789 1.129 4.329 9.176
P 0.000* 0.288 0.037* 0.002*

*Comparison of histological lesions in groups I and II with groups III and IV, P < 0.05.

Figure 3. Histopathological examinations in the different study groups. (A) Histological appearance (H&E) of the necrotic
bile duct (BD) wall after hepatic RFA in group I. Liver removal was performed 2 weeks after RFA. There was total
destruction of epithelial cells and the subepithelial glands of the bile ducts. The bile duct wall showed full thickness necrosis,
with extensive cytolysis, karyolysis, collagen degeneration, fibrosis and hyalinisation, and loss of bile duct histological
structure. Necrosis (N) of the entire bile duct wall was evident (original magnification HE x 200). (B) Histological
appearance of incomplete necrosis of the bile ducts in samples from group 2. The bile duct walls showed partial thickness
necrosis, the epithelium was dislocated, collagen fibers were swollen and hyperplastic, and fibroblasts were infiltrating.
However, part of the glandular structure remained (original magnification H&E x 200). (C) Most samples from group III
showed vacuolar changes within the epithelial cytoplasm (original magnification H&E x 400). (D) There were no relevant
changes in the epithelium of bile duct samples from group IV animals (original magnification H&E x 400).

(92.3%) were in groups I and II (Table III; When the distance between the bile ducts and the

Figure 3A). Because bile peritonitis occurred in
animals that died early at no later than 72h after
RFA, the four cases were counted as full thickness
necrosis in histopathological examinations. More
severe histopathological lesions were associated
with closer distances between the bile ducts and the
RFA electrode tip.

In addition, reversible histological lesions such as
epithelial vacuole changes (excessive epithelial prolif-
eration and excessive vacuolisation in the cytoplasm)
occurred in 6 of 20 cases when the RFA electrode tip
was >5mm from nearby intrahepatic bile ducts
(Table III; Figure 3C).

RFA electrode tip was >8mm, histopathological
examinations of the bile ducts in contact with
the necrotic area showed that the integrity of the
bile ducts had been preserved and the relevant
epithelial cells showed no significant abnormalities
(Figure 3D).

Toral/direct bilirubin testing

As expected, total and direct bilirubin levels rose
sharply after RFA compared with pretherapy, and
then gradually decreased over time. Total bilirubin
showed a significant increase (P=0.000 < 0.05) after
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Table IV. Comparisons of total bilirubin (TBIL) between the treatment groups at different times after RFA.

Total bilirubin (umol/L) [x % s]

Group n Pretherapy 1day 3 days 5 days 7 days 10 days 14 days P
<5mm 16 0.83+0.26 12.16 £6.76 7.63+5.59 4.98+4.79 3.38+3.17 2.51+2.17 2.09+1.77 F=29.282
>5mm 20 0.94+0.27 1.614+0.78 1.24+0.71 1.024+0.33 0.99+0.27 0.824+0.25 0.89+0.23 P=0.000*

*Comparisons at the corresponding phase point of groups I and II with groups III and IV, P < 0.05.

Table V. Comparisons of direct bilirubin (DBIL) between the treatment groups at different times after RFA.

Direct bilirubin (umol/L) [x =+ ]

Group n Pretherapy 1day 3 days 5 days 7 days 10 days 14 days P
<5mm 16 0.21£0.07 9.28+5.83 5.09 +3.64 3.53+£3.12 2.51+£2.42 1.74£1.63 1.14£1.27 F=3545
>5mm 20 0.21+0.08 0.65+0.54 0.51+0.68 0.40+£0.38 0.35+0.24 0.24+0.17 0.23+0.22 P=0.000*

*Comparisons at the corresponding phase point of groups I and II with groups III and IV, P=0.00 < 0.05.

RFA when distances were <5 mm (groups I and II)
compared with distances >5 mm (groups III and IV).
Moreover, the total bilirubin remained elevated
above normal at 14 days when the distances were
<5 mm. However, when the distances were >5 mm,
total bilirubin was normal by the tenth day after RFA
(Table IV).

We also observed that direct bilirubin increased
significantly after RFA (P=0.00 < 0.05) when dis-
tances were <5 mm (groups I and II) in comparison
with distances >5 mm (groups III and IV) (Table V).

Discussion

According to the World Health Organisation
(WHO), hepatocellular carcinoma (HCC) will have
the highest incidence of all cancers by 2020.
Currently, in most cases of HCC, hepatectomy is
the best curative treatment option [19]. However,
various considerations limit the use of surgical
resection for HCC. For example, patients with
significant underlying heart and lung diseases or
cirrhosis with poor hepatic functional reserve may
not tolerate hepatectomy. Therefore, a variety of less
invasive alternative therapies, such as percutaneous
ethanol injection (PEI), microwave therapy, radio-
frequency ablation (RFA), laser therapy and trans-
arterial chemoembolisation (TACE) have been
developed for the treatment of malignant hepatic
tumours [20-23].

Among these less invasive techniques, RFA is
performed more widely than the others, in part
because it results in effective coagulative necrosis of
the tumour, requires fewer treatment sessions, and
achieves both low residual tumour rates as well as
high survival rates [24]. Multiple-electrode RFA
appears to be a safe and effective means of achieving

local control of large or multiple hepatic malignan-
cies at short-term follow-up [25]. However, whether
RFA can lead to long-term survival or possible cures
equal to that provided by liver surgery remains
controversial [26]. Nevertheless, in cases of unre-
sectable liver tumours or inoperable patients, RFA is
gaining increasing acceptance over other techniques
as a generally safe and effective therapeutic modality.

Although RFA is safe in most cases, severe
complications are not rare, partly because patients
with unresectable liver cancer or who are not surgical
candidates generally have significant comorbidities.
It is therefore important to balance the risks and
benefits of RFA for individual patients. Among
major post-RFA complications, biliary complications
are relatively intractable and include bile leakage, bile
peritonitis, haemobilia, cholangitis, biliary stricture,
biloma, and various biliary fistulae [27-29]. Whether
complications occur in the post-treatment period is
often the key to good outcomes after RFA treatment
of liver cancer.

With RFA, the tumour is destroyed with the
delivery of thermal energy to targeted tissues via an
alternating current through an inserted needle elec-
trode. Heat up to 60°C is created by friction resulting
from the vibration of charged ions within atoms of
the cells triggered by the alternating current, leading
to the intended effects of protein coagulation and cell
death [30].

In order to ensure adequate destruction of tumour
tissue, it may be appropriate to damage some of the
normal liver tissue surrounding the tumour. The
intrahepatic bile duct may be injured unavoidably
during RFA because of the dense distribution of bile
ducts throughout the liver. We have found that,
generally, minor complications occur when a small
branch bile duct is injured, but when a larger bile
duct is damaged, serious complications may result.
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Therefore, RFA at a farther and safer distance away
from the bile duct is a principle followed by many
surgeons. However, a key question is: what distance
between the RFA electrode tip and a major bile duct
is considered safe if a tumour target lies close to such
a bile duct?

Intrahepatic bile ducts run along and in contact
with hepatic blood vessels, including the hepatic
arteries and hepatic veins, extending as far as
Glisson’s capsule. Vascular flow nearby is considered
protective of bile duct injury due to dissipation of the
thermal effects of RFA generated in the ablated area
(‘cooling effect’ or ‘heat-sink effect’) [31, 32]. Many
cases of HCC in our hospital can be divided into
3 stages: chronic hepatitis B infection, cirrhosis,
and hepatocellular carcinoma. As the fibrotic
changes of cirrhosis progress, an increase in liver
tissue impedance and a decrease in charged ion
concentrations lead to diminished effectiveness of the
heat generated by RFA therapy.

According to the heat-sink effect mediated by a
large amount of blood flow in the inferior vena cava
(IVC), Huang et al. showed that RFA is relatively
safe when the distance between the RFA probe tip
and the IVC was more than 2 mm [33]. Some studies
have shown that cooling of the bile ducts with a cold
5% glucose isotonic solution significantly protected
intrahepatic bile ducts from damage caused by the
heat generated by RFA when performed close to
bile ducts [18, 34, 35]. Pitton et al. presumed that
a minimum of 10.0 mm from the bile ducts was a safe
distance to prevent bile duct injury from RFA
therapy [36].

Our current data, in particular the histopathology
findings, have shown that tissue necrosis created
by RFA continues for 7 days after the procedure.
We chose a time point of 14 days after RFA for
removal of livers from experimental animals in order
to allow for extended follow-up of the natural
evolution of these lesions, in particular necrosis of
injured bile ducts whose luminal diameter tended to
decrease over time [37].

Based on the different study endpoints reflective of
bile duct health, including overall complications,
Doppler ultrasound imaging, serum bilirubin levels,
and pathological examinations of liver tissue, we
found that when the distance of the RFA electrode
tip was >5.0mm from a major bile duct, RFA was
less likely to cause serious complications. Bilirubin
levels, as well as results from both imaging and
histopathology studies, suggest that a minimal safe
distance of >5.0 mm between the RFA electrode tip
and bile ducts is effective for preventing severe and
irreversible bile duct injury.

Compared with the normal liver tissue of the
animals in our study before RFA, most HCC
patients have underlying liver cirrhosis. As cirrhotic

tissue can reduce heat conduction to the surrounding
area, the range of thermal ablative effects would
therefore be reduced in cirrhotic patients such that
a minimal distance of 5.0 mm should remain effec-
tive at preventing RFA-induced bile duct injury in
cirrhotic patients [38, 39].

In conclusion, our study in a canine model has
shown that the incidence of RFA-related bile duct
injury was significantly lowered by having a minimal
distance of 5.0 mm between the RFA electrode tip
and bile ducts. When RFA was performed with the
electrode tip at least 5.0mm away from major
intrahepatic bile ducts, the changes and injuries to
the bile duct epithelium were slight and reversible,
and rarely caused major complications. In contrast,
severe and irreversible bile duct injuries and serious
complications were significantly more common when
RFA was performed with the electrode tip closer
than 5.0 mm from major bile ducts. We propose that
5.0 mm is a safe minimal distance between the RFA
electrode tip and bile ducts for RFA of liver tumours.
Further investigation is required in clinical practice
to validate this minimal safe distance for RFA in
both cirrhotic and non-cirrhotic patients with liver
tumours.
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