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Abstract
AIM: To retrospectively evaluate the effectiveness of 
impedance monitoring for predicting popping during 
radiofrequency ablation (RFA) using internally cooled 
electrodes.

METHODS: We reviewed 140 patients (94 males, 46 
females; age range 73.0 ± 11.1 year) who underwent 
RFA between February 2006 and November 2008 with 
a modified protocol using a limited power delivery 
rather than a conventional one to avoid popping. All 
the patients provided their written informed consent, 
and the study was approved by the institutional review 
board. Intraprocedural impedances were measured 
for the study subjects, and the tumors were classified 
into three types according to the characteristics of their 
impedance curves: increasing, flat, or decreasing. The 
tumors were further sorted into seven subtypes (A-G) 
depending on the curvature of the impedance curve’
s increase or decrease. Relative popping rates were 
determined for the three types and seven subtypes. A 
chi-square test was performed to estimate statistical 
significance.

RESULTS: A total of 148 nodules treated by RFA were 
analyzed. The study samples included 132 nodules of 
hepatocellular carcinoma, 14 nodules of metastatic 
liver cancer, and two nodules of intrahepatic cholangio-
carcinoma. The numbers of nodules with each imped-
ance curve type were as follows: 37 increasing-type 
nodules, 43 flat-type nodules, and 68 decreasing-type 
nodules. Popping occurrence rates were 24.3%, 46.5% 
and 64.7%, respectively. Flat-type nodules exhibited 
a significantly higher rate of popping compared to 
increasing-type nodules (P  = 0.039). Decreasing-type 
nodules exhibited a significantly higher rate of popping 
compared to increasing-type nodules (P  < 0.0001). No-
tably, nodules that showed a sharp decrease in imped-
ance in the latter ablation period (subtype E) exhibited 
a significantly higher rate of popping compared to other 
subtypes.

CONCLUSION: Intraprocedural impedance monitoring 
can be a useful tool to predict the occurrence of pop-
ping during liver tumor RFA performed with internally 
cooled electrodes.
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INTRODUCTION
In addition to resection, radiofrequency ablation (RFA) 
is one of  the most effective local treatments applied to 
liver tumors along with resection[1-10]. The procedure is 
effective for relatively small tumors or tumors that re-
cur after resection[11-13]. In addition, it can be performed 
safely in elderly patients and cirrhotic patients[14,15]. The 
RFA process involves inserting an electrode into the tu-
mor and exciting it with a radio frequency current. This 
leads to a temperature increase in, and subsequent coag-
ulation necrosis of, the tissue surrounding the electrode. 
However, complications arising from liver tumor RFA 
have been reported in numerous cases. Among those 
complications are intraperitoneal bleeding, subcapsular 
hematoma, biliary tract damage, portal vein thrombosis, 
peritoneal dissemination and gastrointestinal tract dam-
age[16-21].

There is a phenomenon called “popping” that refers 
to a form of  explosive tissue disruption caused by a 
rapid elevation of  intra-tissue pressure[22-26]. When intra-
tissue fluid vaporizes due to elevated tissue temperature, 
the tissue volume expands to approximately 1700 times 
that of  the initial volume. The mechanism underlying 
this degree of  tissue volume expansion is as follows: 
when 1 mol (18 mL) of  water turns into gas at a stan-
dard temperature, pressure and dry, its volume increases 
to 22.4 L, which is 1244.4 times the volume of  water. 
Assuming that the steam temperature is 373 K, the vol-
ume can be estimated by accounting for the increase in 
volume due to temperature with the following formula: 
1244.4 times × 373 K / 273 K = 1700 times. Protein 
coagulation occurs at a temperature of  approximately 
60 ℃, while vaporization occurs above 100 ℃. Popping 
that occurs close to the subcapsular or main vessel has 
been thought to raise the risk of  complications such as 
bleeding and dissemination.

In RFA procedures, two types of  devices with dif-
ferent kinds of  tips, the “internally cooled electrode” 
needle and the “expandable electrode” needle, are com-
mercially available for ablation. It has been reported 
that the probability of  popping is higher when using the 
internally cooled electrode due to the likelihood of  intra-
tissue pressure increasing more rapidly[27]. According to 
the literature, there is a higher probability of  scattered 
recurrence with the internally cool electrode[28]. The con-
ventional RFA protocol involves power delivery starting 
from 40 W followed by a power increase of  10 W every 
minute when using a 2-cm exposed tip; power delivery 
is started at 60 W, then increased by 20 W every minute 
when using a 3-cm exposed tip. Power output is in-
creased with no limitations until a break occurs. A modi-
fied protocol to address the concern of  complications 
from RFA has been introduced in recent years, and the 
authors reported that the likelihood of  popping during 
RFA may be reduced by limiting power delivery[24]. We 

have applied these findings to our RFA procedure, limit-
ing power delivery for the treatment of  nodules on the 
surface of  the liver or close to main vessels; however, a 
challenge still remained with respect to implementation 
of  the modified protocol: in our hospital, popping oc-
curred during 73 out of  148 sessions.

In our search for a safer RFA procedure, we reviewed 
305 consecutive cases in which RFA was performed us-
ing the standard conventional protocol between June 
2004 and January 2006. Of  these 305 cases, major com-
plications occurred in three cases (0.98%): a subcapsular 
hemorrhage, an intraperitoneal hemorrhage and a case 
of  hemobilia (Figure 1). Steam popping had occurred in 
all three cases during RFA and it was therefore deemed 
as a potential contributor to the complications listed 
above.

In the present study, we retrospectively analyzed 
our RFA cases in which the modified protocol was ap-
plied between February 2006 and November 2008. The 
purpose of  our study is to assess intraprocedural imped-
ance monitoring to predict the likelihood of  popping 
as hypothesized based on the aforementioned popping 
mechanism.

MATERIALS AND METHODS
Patients
Between February 2006 and November 2008, 280 pa-
tients in our hospital underwent RFA using internally 
cooled electrodes (Covidien) according to the modified 
protocol with limited power delivery to prevent pop-
ping. Among these individuals, 140 patients (94 males, 
46 females; age range 73.0 ± 11.1 year) and 148 sessions 
were retrospectively analyzed in this study, excluding the 
54 patients who showed unstable impedance curves and 
the 86 patients who did not reach the break point during 
RFA. In our hospital, RFA is indicated for tumors that 
are 3 cm or less in the largest dimension, and for patients 
with no more than three tumors. Patients with impaired 
liver function could also be candidates for RFA if  they 
are free of  ascites. Among the 140 patients analyzed, 35 
had undergone transcatheter arterial chemoembolization 
(TACE) prior to RFA. All patients provided their written 
informed consent before treatment, and the study was 
approved by the institutional review board.

Ablation method for preventing popping 
RFA was performed by three surgeons who specialize 
in liver surgery with 10, 20 and 25 year of  experience, 
respectively. Midazolam (Dormicum; Astellas, Tokyo, 
Japan) was used for sedation at a dose of  0.03-0.06 mg/
kg, and lidocaine (Xylocaine; Fujisawa, Tokyo, Japan) 
was used for local anesthesia. Cefazolin (Cefamezin; As-
tellas, Tokyo, Japan) was administered prophylactically 
against infection for 1-2 d following RFA. Abdominal 
ultrasound (Nemio; Toshiba, Tokyo, Japan) was used to 
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place the radiofrequency (RF) electrode in the tumors. A 
17-gauge internally cooled electrode with either a 2-cm 
or 3-cm exposed tip was used, depending on the tumor 

size as observed during the study period. For tumors 
smaller than 2 cm in diameter, a 2-cm exposed tip was 
used, while for tumors 2 cm or larger in diameter, a 3-cm 
exposed tip was used. Overlapping ablation was per-
formed in three cases in which the tumors were greater 
than 3 cm in diameter. The electrodes were then con-
nected to a generator (Series CC-1, Radionics: Covidien 
at present). Power was delivered using an impedance 
control mode to avoid popping. The RF voltage was 
initially 40 V and was increased by 5 V every minute 
to a maximum of  60 V, with no limitations on ablation 
time (Figure 2). This protocol was applied consistently 
whether using a 2-cm or 3-cm exposed tip.

The occurrence of  a break was considered as one of  
the reasons for terminating ablation. During RFA, pa-
tients were monitored for popping before reaching the 
first break; the impedance curve reflects the data collect-
ed prior to popping. The time that elapsed prior to the 
break was recorded by the performing surgeon. When it 
was determined that coagulation necrosis was obtained 
after review of  the echogram or by measuring the tem-
perature in the ablated site after the first break, the pro-
cedure was terminated; otherwise, it continued even after 
reaching a break multiple times. The equipment was con-
figured so that a break automatically occurred when the 
impedance increased to 25 Ω before the start of  RFA. 
Thereafter the RF power was automatically returned to 0 
W. The occurrence of  popping is defined as the audible 
explosion sound confirmed by the rapidly expanding, 
highly echoic area.

RF system
During each procedure, a computer with monitoring 
software was connected to the main unit of  the genera-
tor to record the RF power (W), RF current (mA), RF 
voltage (V), temperature (℃), and impedance (Ω) simul-
taneously (Figure 3).

Statistical analysis
All statistical analyses were conducted using JMP 8.0.2 
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Figure 1  A case showing subcapsular (A, B) and intraperitoneal (C, D) 
hemorrhage after popping, which occurred during radiofrequency abla-
tion for hepatocellular carcinoma. A, C: Before ablation; B, D: After ablation. 
RFA: Radiofrequency ablation; HCC: Hepatocellular carcinoma.
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Figure 2  The ablation protocol to avoid popping involves the initiation 
of power delivery from 40 V with increases of 5 V every minute to a maxi-
mum of 60 V until a break is observed. 
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RESULTS
A total of  140 patients and 148 nodules treated by RFA 
were analyzed. The study samples included 132 nodules 
of  hepatocellular carcinoma, 14 nodules of  metastatic 
liver cancer, and two nodules of  intrahepatic cholangio-
carcinoma. Popping occurred in 73 out of  the 148 RFA 
sessions (Table 1).

All 148 nodules were classified into three types ac-
cording to the characteristics of  their impedance curves 
up to the point where the first break took place (Figure 
4): increasing-type nodules showed an increase in imped-
ance; flat-type nodules showed a flat impedance curve; 
and decreasing-type nodules showed a decrease in im-
pedance. Popping rates were determined for each type. 
The nodules were further sorted into seven subtypes, A 
to G, depending on the curvature of  each impedance 
curve’s increase or decrease up to the first break point. 
Likewise, popping rates were determined for each sub-
type (Figure 4).

Though there was no significant difference among 
subtypes in terms of  maximum tumor diameters, type B 
exhibited significantly higher ICGR 15 levels than type 
C (P = 0.028). There was no distinct difference among 
subtypes in terms of  tumor location (Table 2).

The nodule distribution was as follows: 37, 43 and 

software (Macintosh; SAS institute Japan). A χ 2 test was 
performed to identify any significant differences among 
the three types and among the seven subtypes. Differ-
ences were considered statistically significant at P < 0.05.

Real time graphics 

Radionics cool-tip RFA system

RF power (W)

Temperature (℃)

Impedance (Ω)

RF current (mA)

RF voltage (V)

Figure 3  Radio frequency power, radio frequency current, radio frequency voltage, temperature and impedance were intraoperatively monitored using the 
equipment as shown in the diagram. RF: Radio frequency.
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Data are presented by mean ± SD or n. RFA: Radiofrequency ablation; 
ICGR 15: Indocyanine green retention rate at 15 min. 

Table 1  Patient characteristics (140 patients, 148 nodules)

Characteristics Value

Male/female (n/n) 94/46
Age (yr)   73.0 ± 11.1
ICGR 15 (%)   22.6 ± 14.4
Maximum tumor diameters (mm) 21.9 ± 7.1
Hepatocellular carcinomas 132
Metastatic liver cancers   14
Intrahepatic cholangiocarcinomas     2
Tumor locations
Segment 1     3
Segment 2   11
Segment 3   23
Segment 4   13
Segment 5   20
Segment 6   22
Segment 7   23
Segment 8   33
RFA needle lengths (2 cm/3 cm) 79/69
Ablation time (s) 862 ± 613
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68 for increasing, flat and decreasing types, respectively. 
Popping occurred with nine increasing-type nodules 
(24.3%), 20 flat-type nodules (46.5%), and 44 decreasing-
type nodules (64.7%) (Figure 5). Flat-type nodules ex-
hibited a significantly higher rate of  popping compared 
to increasing-type nodules (P = 0.039). Decreasing-type 
nodules exhibited a significantly higher rate of  pop-
ping compared to increasing-type nodules (P < 0.0001). 
Regarding the subtype analysis, the popping occurrence 
rates were 1/2 (50%) for nodule subtype A, 3/9 (33.3%) 
for B, 5/26 (19.2%) for C, 20/43 (46.5%) for D, 19/23 
(86.4%) for E, 14/21 (66.7%) for F and 11/24 (45.8%) 
for G (Figure 5). Notably, subtype E showed a rapid de-
crease in impedance during the latter half  of  the ablation 
period and exhibited a significantly higher rate of  pop-
ping compared to subtypes B (P = 0.006), C (P < 0.0001), 
D (P = 0.004) and G (P = 0.008). The results for sub-
type A could not be examined statistically because of  the 
small number of  samples.

With respect to the lengths of  the needles that were 
used, popping occurred during 36 out of  the 79 (45.6%) 
RFA sessions using a 2-cm exposed tip, and 37 out of  
the 69 (53.6%) RFAs using a 3-cm exposed tip (P = 
0.328). The distribution of  nodules treated by a 2-cm 
exposed tip was as follows: A (n = 2), B (n = 5), C (n = 
14), D (n = 23), E (n = 11), F (n = 12) and G (n = 12). 
The distribution of  those treated using a 3-cm exposed 
tip was as follows: A (n = 0), B (n = 4), C (n = 12), D 
(n = 20), E (n = 12), F (n = 9) and G (n = 12). Popping 
was most common in the subtype E nodules, which 
showed a rapid decrease in impedance during the latter 
half  of  ablation, regardless of  the exposed tip length 
(2 cm: 9/11 = 81.8%; 3 cm: 10/12 = 83.3%). Among 
14 metastatic liver cancer samples, popping occurred in 
seven cases with the highest occurrence in subtypes E 

(2/3 = 66.7%) and F (2/3 = 66.7%). Popping occurred 
in neither of  the two intrahepatic cholangiocarcinomas. 
TACE was performed prior to RFA in 35 nodules; in 
these TACE cases, popping was found in subtypes C (2/6 
= 33.3%), D (4/8 = 50.0%), E (3/3 = 100%), F (3/9 
= 66.6%) and G (3/9 = 66.6%). No nodule of  TACE 
was classified as subtype A or B. We also evaluated 48 
nodules located on the surface of  the liver and 100 nod-
ules close to major vessels. Among 48 nodules that were 
on the surface of  the liver, popping was observed in 
subtypes A (1/1 = 100%), B (1/3 = 33.3%), C (2/10 = 
20.0%), D (4/10 = 40.0%), E (9/11 = 81.8%), F (4/7 = 
57.1%) and G (4/6 = 66.7%). Among 100 nodules close 
to major vessels, popping occurred in subtypes A (0/1 
= 0%), B (2/6 = 33.3%), C (3/16 = 18.8%), D (16/33 
= 48.5%), E (10/12 = 83.3%), F (10/14 = 71.4%) and 
G (7/18 = 38.9%). Among the samples in which TACE 
was performed prior to RFA, popping was observed in 
subtype E most frequently, regardless of  tumor location.

DISCUSSION
Although the rate of  complications caused by RFA var-
ies among hospitals, it is generally between 2.2% and 
9.5%[29-33]. Peritoneal dissemination is one of  the most 
serious complications that should be avoided and for 
which certain types of  tumors are reportedly at a high 
risk, particularly subcapsular liver tumors and hepatocel-
lular carcinomas that are poorly differentiated or that 
have high levels of  alpha fetoprotein[34,35]. Several studies 
have also shown that tumors abutting the main portal 
vein are at a high risk of  rapid intrahepatic dissemina-
tion[36,37]. Consequently, RFA should be performed with 
special caution when treating tumors that have devel-
oped close to the subcapsular or main vessel. In our hos-
pital, because of  these risks, liver tumors in these regions 
have been treated by RFA with limited power delivery to 
avoid complications.

Our results showed that decreases in impedance, par-
ticularly a rapid decrease in impedance during the latter 
half  of  the ablation period, strongly predict popping. We 
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Figure 4  The graph showing the characteristic impedance curve shapes 
leading to the break point. The graph showing the seven characteristic imped-
ance curves leading to the break point, which dictated the subgroups into which 
the previously classified nodules were further sorted. A-C: Increasing type; D: 
Flat type; E-G: Decreasing type; B, D, F: Three characteristic impedance curve 
shapes leading to the first break point, into which the 148 nodules were classi-
fied: increasing, flat and decreasing. 

Table 2  Tumor characteristics for each impedance type (148 
nodules)

Impedance 
subtype

Maximum tumor 
diameter (mm)1

ICGR 15 
(%)1

Tumor location 
(segments 1,2,3,4,5,6,7,8)2

A 20.3± 6.0 17.8 ± 13.9 (0,1,0,0,0,0,0,1)
B 20.4 ± 5.3  29.8 ± 10.7a (1,1,1,1,1,2,1,1)
C 21.2 ± 8.1 19.9 ± 11.1 (0,3,3,3,5,3,3,6)
D 22.7 ± 6.7 24.2 ± 17.9   (0,2,8,4,8,6,4,11)
E 22.7 ± 6.3 21.4 ± 10.2 (1,2,1,2,1,3,8,5)
F 22.3 ± 7.8 24.1 ± 15.9 (1,1,4,1,3,5,3,3)
G 20.9 ± 8.1 20.2 ± 14.0 (0,1,5,2,2,4,4,6)

aP = 0.028 vs type C (P = 0.028). 1Data are means ± SD; 2Data are numbers 
of nodules. ICGR 15: Indocyanine green retention rate at 15 min.
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investigated tumor location, diameter, and hepatic func-
tion reserve in each subtype of  impedance. We used an 
ICGR value of  15 min for the hepatic functional reserve 
test. The principle is that indocyanine green (ICG) is 
transported to the liver in association with lipoprotein in 
the blood and then ingested by hepatocytes. We calcu-
lated the retention rate of  ICG after 15 min of  injection. 
If  hepatic functional reserve is impaired, the retention 
rate is high. The result achieved with an ICGR of  15 
min showed that the rate of  popping was slightly higher 
in subtype B than in subtype C (P = 0.028). There were 
no significant differences among subgroups. We did not 
find any relationship between the impedance curve and 
the hepatic function reserve. Tumor location and diam-
eter were also similar among the subtypes.

 The reason for the drop in impedance just before 
the occurrence of  popping is that the elevation of  intra-
tissue temperature activates intra-tissue molecular move-
ment, which results in higher electrical conductivity. 
Electrical conductivity is the amount of  electricity that 
a substance can conduct, and it varies for different sub-
stances, e.g., 5% NaCl has an electrical conductivity of  
67 mS/cm, and 5% HCl has an electrical conductivity of  
395 mS/cm. The electrical conductivity of  a substance 
increases as the temperature rises, and it can be estimat-
ed with the formula kT = k25 [1 + 0.02 (T - 25)], where kT 
is the electrical conductivity at temperature T (℃), and 
k25 is the electrical conductivity at 25 ℃. Because tissue 
impedance is inversely related to electrical conductivity, 
tissue temperature increases as tissue impedance de-

Iida H et al . Popping prediction during radiofrequency ablation

Type                                                               Popping occurrence rate

Increasing type 9/37 (24.3%)

1/2 (50%)

3/9 (33.3%)

5/26 (19.2%)

Flat type

20/43 (46.5%)

Decreasing type 44/68 (64.7%)

19/23 (86.4%)

14/21 (66.7%)

11/24 (45.8%)

A

B

C

D

E

F

G 

Figure 5  Subtype E (nodules that showed a rapid decrease in impedance during the latter half of the ablation) exhibited a significantly higher rate of pop-
ping compared to subtypes B, C, D and G (P < 0.05). Decreasing-type nodules exhibited a significantly higher rate of popping compared to increasing-type nodules 
(P < 0.0001). Flat-type nodules exhibited a significantly higher rate of popping compared to increasing-type nodules (P = 0.039). 
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creases. Thus, an abrupt decrease in impedance can be 
an indication of  a rapid increase in intra-tissue tempera-
ture, possibly leading to steam popping following the 
vaporization of  intra-tissue fluid.

The most favorable pattern of  impedance curvature 
exhibited during the ablation period is the increasing 
type, which indicates that tissue coagulation occurs in 
parallel with an elevation in tissue temperature alongside 
a gradual increase in tissue impedance. If  the tempera-
ture of  intra-tissue fluid rises above 100  ℃ and starts 
to vaporize, the tissue impedance decreases, resulting in 
popping. As for the reason for the variation in imped-
ance curves obtained with the same RFA protocol, we 
believe that fluid produced through coagulation may 
have played a part in some way.

Between June 2004 and January 2006, when we 
implemented RFA in the conventional protocol, major 
complications associated with RFA were observed in 
three out of  305 cases (0.98%). It was determined that 
popping had occurred during all three cases. Following 
this outcome, we opted for a lower power output when 
treating tumors on the surface of  the liver or in close 
proximity to major vessels. Although no significant dif-
ferences were found, this modified protocol may have 
contributed to a decrease in complications; hemobilia as 
a postoperative complication occurred in only one out 
of  473 cases (0.21%). The rates of  local recurrence were 
equivalent in the conventional and modified protocols: 
42 out of  305 cases (13.8%) between June 2004 and 
January 2006, and 48 out of  473 cases (10.1%) between 
February 2006 and November 2008. Based on the pres-
ent study findings, we reduce the power delivery if  we 
observe impedance curvatures that signal imminent pop-
ping. Between December 2008 and November 2011, we 
performed RFA on 731 nodules using the modified pro-
tocol; popping occurred for only 44 nodules (6.0%). No 
severe complication was observed in any of  these cases. 

There were several limitations on our analysis that 
have to be acknowledged. The first limitation concerns 
the patients excluded: for the 54 patients who showed 
unstable impedance curves, popping remained unpre-
dictable; for the 86 patients who did not reach the break 
point during RFA (meaning that complete coagulation 
necrosis had not been achieved according to the present 
consensus on break points), there was a relatively higher 
risk of  tumor recurrence. Second, due to a limitation 
resulting from the nature of  our retrospective study 
design, a further prospective study will be necessary to 
confirm whether using the modified method actually im-
proves the complication rate among patients whose tu-
mors are close to major vessels or located subcapsularly.

In conclusion, by monitoring intraprocedural imped-
ance during the RFA procedure, it is possible to predict 
popping in certain cases.
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COMMENTS
Background
Radiofrequency ablation (RFA) is one of the most effective and safe treat-
ments administered to patients with liver tumors. Certain complications may 
be induced in association with RFA, such as liver abscess, gastrointestinal 
tract injury, bleeding, subcapsular hematoma, biliary tract injury, portal vein 
thrombosis, and peritoneal seeding. A modified protocol used to address the 
concern of complications related to RFA has been introduced in recent years. 
This procedure reportedly decreased the frequency of popping by limiting 
power delivery. 
Research frontiers
Popping is a phenomenon of vapor explosion that can occur during RFA. Pop-
ping occurs if water vaporizes prior to tumor coagulation and may pose a risk of 
complications. RFA using low power delivery has been advocated to avoid this 
phenomenon. The authors applied this procedure for the treatment of tumors 
near Glisson’s capsule or the surface of the liver.
Innovations and breakthroughs
The authors monitored and analyzed the impedance curves to identify the char-
acteristic warning signs that precede popping. It was found that popping was 
most frequent in nodules that exhibited a rapid decrease in impedance during 
the latter half of the ablation. This is the first such investigation.
Applications
By monitoring the intraprocedural impedance during RFA, it is possible in 
certain cases to predict popping. To avoid popping, power delivery should be 
limited when an impedance curve displays the characteristic warning signs.
Terminology
Popping is a phenomenon that refers to a form of explosive tissue disruption 
caused by a rapid elevation of intra-tissue pressure. The occurrence of pop-
ping should be avoided during RFA due to the risk of complications. During 
RFA, tumor necrosis is caused by protein coagulation, which occurs at a 
temperature of approximately 60 ℃. However, if the temperature rises above 
100 ℃ prior to achieving protein coagulation, intra-tissue fluid vaporizes and 
the tissue volume expands to approximately 1700 times that of the initial 
volume. This is the mechanism underlying popping, which can be anticipated 
through the use of intraprocedural impedance monitoring.
Peer review
The topic deals with the issue of RFA efficacy control, and the ideas presented 
seem to be of interest for those involved in liver tumor management. The manu-
script is well structured. Materials and methods are appropriately characterized 
and results with tables and pictures provide evidence to draw conclusions.
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