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Abstract

Purpose: To assess the contribution of the heat sink effect when combining thermal ablation with 

transarterial embolization(TAE).

Materials and Methods: Radiofrequency ablation(RFA) or microwave ablation(MWA) were 

performed in the liver of non-tumor bearing rabbits. Three perfusion groups were used: rabbits that 

were sacrificed then immediately ablated (non-perfused liver group to simulate embolized tumor 

with no heat sink), rabbits that underwent hepatic TAE followed by ablation (embolized liver 

group), and rabbits that underwent ablation while alive (normally perfused liver control group). 

For each perfusion group, 8 RFAs and 8 MWAs were performed. Probes were inserted using 

ultrasound guidance to avoid areas with major blood vessels. During ablation, temperatures were 

obtained from a thermocouple located 1 centimeter away from the ablation probe to assess heat 

conduction. With MWA, temperatures were also measured from the antennae tip.

Results: For RFA, embolization of normal liver did not increase temperature conduction when 

compared to the control group. However, temperature conduction was significantly increased in 

the nonperfused group (simulating embolized tumor) compared to controls(p=0.007). For MWA, 

neither embolization nor nonperfusion increased temperature conduction compared to controls. 

With MWA, the probe tip temperature was significantly higher in the nonperfused group compared 

to the control and embolized group.

Conclusions: In nonperfused tissue simulating tumor, RFA demonstrated modest enhancement 

of temperature conduction, whereas MWA did not. Embolization of normal liver did not affect 

RFA or MWA. Findings suggest that heat sink mitigation plays a limited role with combination 

embolization-ablation therapies, albeit more with RFA than MWA.
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INTRODUCTION

While percutaneous thermal ablation is highly effective for hepatic tumors measuring 3 

centimeters in diameter or less, its efficacy is limited by tumor size, as evidenced by a 

decreasing recurrence-free survival rate with larger tumors [1, 2]. Effective treatment of 

tumors in the 3–5 centimeter range has been achieved with the combination of transarterial 

embolization (TAE) or transarterial chemoembolization (TACE) with radiofrequency 

ablation (RFA) or microwave ablation (MWA). When compared to thermal ablation alone, 

the combination of TACE with thermal ablation results in an increased ablation zone size [3, 

4], decreased local recurrence rate [5–8], and improved overall survival [9, 5, 6, 10, 7, 8]. In 

fact, TACE combined with RFA has been shown to be as effective as surgery for both small 

(<3 cm) and intermediate-sized (3–5cm) HCC’s [11, 12]. The efficacy of RFA and MWA in 

combination with TACE has been shown to be similar [13, 14]. The ablation zone size has 

been shown to be similar when RFA is combined with either TACE or TAE [4].

The reason for this benefit with combination therapy is not well understood, as the 

underlying potential mechanisms have not been scientifically explored. It is uncertain 

whether the combination of embolization with ablation synergistically enhances ablation 

effects, or whether they provide simply additive effects, since TAE and TACE are well 

known to induce significant HCC necrosis [15, 16]. The most popular theory for synergistic 

potentiation of ablation is via mitigation of the “heat sink” effect [17, 18]. The heat sink 

effect describes the phenomenon whereby flowing blood adjacent to or within tissues being 

targeted for ablation results in relative tissue cooling due to heat transfer by convection [19]. 

Thus, by diminishing arterial blood flow within the target tissue via embolization, there is a 

theoretically decreased heat sink, which may result in increased conduction of heat to a 

wider volume of tissue. Additional theoretical factors may include the physiologic impact of 

hypoxia on tissue viability and interaction of heat with the chemotherapeutic agent with 

TACE. The purpose of this study was to assess the degree of contribution of the heat sink 

effect when combining thermal ablation with transarterial embolization in a rabbit model.

MATERIALS AND METHODS

Approval was obtained from the local institutional animal care and use committee. Female 

New Zealand White rabbits (Charles River Laboratories, Chicago, Illinois) were obtained at 

the age of 11–17 weeks. Animals were allowed to acclimate for at least 48 hours prior to 

use. Both RFA and MWA were tested. For each modality, animals were divided into three 

groups. The control group consisted of rabbits undergoing thermal ablation of the untreated 

rabbit liver while alive with normally perfused livers. The embolization group consisted of 

rabbits that first underwent particle embolization of the proper hepatic artery to stasis 

followed by ablation of the liver while alive. While there is no hepatic arterial flow in rabbits 

that underwent embolization, there is expected to be normal perfusion of the liver 
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parenchyma by the portal venous system. The non-perfused group consisted of rabbits that 

were sacrificed followed by immediate ablation of the untreated liver. Since HCC derives 

nearly all of its blood flow from the hepatic arterial system, embolized tumor would be 

expected to have little to no perfusion; therefore, animal sacrifice was performed to create a 

non-perfused parenchyma environment to model embolized tumor without any heat sink 

effect due to flowing blood. In total, there were 6 groups, with 8 ablations performed per 

group. For these non-survival surgeries, ketamine (22mg/kg IM) and xylazine (5–10mg/kg 

IM) were utilized for induction. After intubation, general anesthesia was maintained with 

isofluorane (0.5–5%). Animal sacrifice was performed with potassium chloride (5–10mg/kg 

IV) with bilateral thoracotomy.

Embolization technique:

After removal of hair from the right inguinal region and administration of local anesthetic, a 

1 centimeter incision was made. The femoral artery was dissected free of the surrounding 

tissues then accessed with a 21 gauge needle, allowing insertion of a 5 French vascular 

sheath (Glidesheath Slender, Terumo, Somerset, NJ). Using a 5 French angled catheter and 

an angled hydrophilic guidewire (Terumo), the celiac artery was accessed and digital 

subtraction angiography was performed to delineate anatomy. The angled catheter was then 

advanced into the proper hepatic artery over a guidewire. In order to minimize confounders, 

particles without adjunct chemotherapeutic agents were used so that the actual heat sink 

effect could be analyzed. The entire liver was then embolized with 40 micrometer 

microspheres (Embozene, Boston Scientific, Natick, MA). Embolization was performed to 

stasis.

Thermal Ablation and Temperature Measurement:

After removal of hair from the epigastrium and administration of local anesthetic, a 5–8 

centimeter midline incision was made. The peritoneum was carefully incised, allowing 

exposure of the liver.

For animals undergoing RFA, a 7 millimeter active tip RFA electrode (Cool-Tip, Medtronic, 

Minneapolis, MN) and a 16 gauge thermocouple (Zoro, Buffalo Grove, IL) were secured to 

a plastic spacer in a parallel fashion at a distance of 1 centimeter apart. The water cooling 

system was not utilized. The ablation electrode and thermocouple were jointly advanced into 

a suitable site within the liver at a site at least 2 centimeters in thickness using ultrasound 

guidance. The electrode and thermocouple were positioned to be at least 1 centimeter from 

the liver surface, remote from major portal and hepatic veins, and remote from the hepatic 

hilum and inferior vena cava. Ablation was performed for 10 minutes. The power output 

level was constantly adjusted to keep the probe tip temperature between 90 and 99 degrees 

Celsius while keeping the impedance under 999 Ohms. The temperature of the thermocouple 

was recorded just prior to ablation and upon termination of the ablation (measured at the 

exact last second of the ablation). Up to three ablations were performed per liver, with no 

more than one ablation in each lobe.

For animals undergoing MWA, a PR-15 microwave ablation antennae (NeuWave Medical, 

Madison, WI) was utilized. Experiments were performed in an analogous fashion as for 
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RFA. Microwave ablation was performed at 30 W for 60 seconds. The antennae tip contains 

a thermocouple at the margin of the active segment that conveys real-time temperature 

measurements. Thus, temperatures were measured at all time points from the thermocouple 

1cm away from the antennae as well as from the antennae tip itself. The temperatures were 

recorded as measured with RFA.

Statistical Analysis:

Based on preliminary experiments with MWA, the mean increase in temperature at 1 cm 

away from the MWA probe after 1 minute at 30 Watts was 4°C. Using the observed standard 

deviation of 1.3°C, a sample size of 8 ablations in each group was needed to detect a 2 

degree difference at an alpha of 0.05 and power of 80%. Thus, a sample size of 8 was used 

for each group. RFA performed for 10 minutes resulted in an increase in temperature of 4 

degrees Celsius at a distance of 1 cm, and thus this parameter was used for RFA, as was a 

sample size of 8. A more remote distance with a lesser degree of temperature change was 

chosen over a closer distance with higher temperature changes, due to a greater expected 

level of temperature variability.

For each experimental condition, the temperature immediately before and immediately after 

ablation were compared using the paired t-test. The net change in temperature immediately 

before and immediately after ablation as measured 1 cm away from the RFA electrode or 

MWA antennae was calculated and compared between groups using the unpaired t-test, as 

were differences in antennae tip temperatures. Data were analyzed using SPSS version 22 

(IBM, Chicago, IL). Differences were considered significant at a P value less than 0.05.

RESULTS

Temperature increases at 1 cm away from the ablation probe

Measurement of the temperature 1 centimeter away from the RFA probe revealed significant 

increases in temperature with radiofrequency ablation in the control group, embolization 

group, and non-perfused group (p=0.001, 0.012, and <0.001 respectively, Table 1). With 

MWA, the temperature 1 centimeter away from the MWA antennae was also significantly 

increased with ablation in all 3 groups (p<0.001 for all).

Differences in temperature at 1 cm away from the ablation probe comparing groups

For RFA, the relative amount of temperature increase 1 centimeter away from the RFA 

electrode was not significantly different comparing the control and embolization groups 

(p=0.421) (Table 1). However, the temperature change in the non-perfused group was 

significantly greater than both the control and embolization groups (p=0.007 and p=0.002, 

respectively). For MWA, the temperature increase at 1 centimeter away from the MWA 

antennae was not significantly different between any of the groups.

Analysis of MWA probe tip temperatures

As the antennae tip temperature during MWA is not manually controlled as during RFA, 

MWA antennae tip measurements were compared between groups, revealing similar 

temperatures between the control and embolization group (87.9 ± 2.7 versus 82.0 ± 8.2, 
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p=0.07). However, the antennae tip temperature during ablation of the non-perfused livers 

(93.3 ± 4.9) was significantly higher than both the control and embolized livers (p=0.019 

and 0.005, respectively).

DISCUSSION

The combination of embolotherapies with thermal ablation has emerged as an important 

strategy for the treatment of intermediate sized tumors, which results in high response rates 

in intermediate-sized tumors that are typically achievable only with smaller tumors. While it 

is widely assumed that the heat sink effect is the reason for increased ablation zone sizes 

after embolotherapy, our results suggest that its actual role may be somewhat limited. 

Neither RFA nor MWA demonstrated increased heat conduction after TAE of normal 

parenchyma when compared to controls. However, there was significantly increased heat 

conduction with RFA but not MWA in animals with nonperfused livers. These findings 

suggests that the heat sink effect may play a role in the improved ablation efficacy achieved 

with RFA (but not MWA) in tumoral tissue that has minimal to no perfusion after TAE. 

However, the higher temperatures of the MWA probe tip in the nonperfused groups 

compared to the embolized and control groups suggests that the heat sink does have some 

degree of impact on temperatures achieved with MWA.

Transarterial embolization of HCC results in a varying degree of perfusion alteration when 

comparing tumor tissue versus normal parenchyma due to the differential blood supply from 

the hepatic arterial system. Since tumors derive the vast majority of their blood supply from 

the hepatic arterial circulation, TAE is expected to result in nearly complete abrogation of its 

blood supply. To simulate embolized tumors with minimal to no residual perfusion, the 

current study utilized rabbits that were sacrificed immediately prior to ablation. While 

arterial embolization of HCC may obstruct all perfusion to the tumor, there may be only a 

20–25% decrease in perfusion within normal hepatic parenchyma [20]. Thus, it may not be 

surprising that TAE of normal hepatic parenchyma did not result in enhanced heating of 

parenchyma near the ablation probe, for both RFA and MWA, when compared to control 

livers. However, in the non-perfused group, there was significantly enhanced heat 

conduction with RFA compared to controls, which implies that there is sufficient mitigation 

of the heat sink effect to modulate temperature conduction. These findings suggest that 

embolization likely enhance RFA of tumor tissue by diminishing the heat sink effect within 

the tumor with little to no change in the heat sink of normal parenchyma. However, the heat 

sink effect appears to have a more minor role with MWA, and thus the improved efficacy 

observed with combination embolization-MWA therapies may be related to alternative 

mechanisms.

The finding of a heat sink effect with RFA but not MWA with combination embolization-

ablation is in line with several studies that have shown that the heat sink effect plays a 

significantly greater role for RFA than MWA when performed adjacent to major vessels [21–

23]. One possible explanation is the physics of these two modalities; RFA depends on 

current flow, which can be affected by varying resistances of local structures, such as blood 

vessels. In contrast, MWA generates heat via oscillation of molecules without reliance on 

current flow. However, the finding that the antennae tip temperature was higher after MWA 

Puza et al. Page 5

Cardiovasc Intervent Radiol. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of non-perfused liver parenchyma than the control or embolization group suggests that there 

may be some degree of heat sink effect. However, it should be noted that the ablation times 

were markedly different in the current experiments (10 minutes for RFA and 1 minute for 

MWA), which were based on the differences in ablation speed and magnitude, in order to 

keep the ablation zone sizes of appropriate size for the rabbit liver. Also, there are likely to 

be additional physical and physiologic factors that contribute to combination therapy 

effectiveness. Finally, it is possible that there is no actual synergism between embolization 

and MWA, with improved responses being simply due to overlapping effects (i.e. viable 

cells after embolization may be destroyed with ablation).

One of the main limitations of this study is the analysis of combination therapy on non-

tumor bearing rabbits. The VX2 rabbit tumor model is known for its tumor size variability, 

tumoral heterogeneity, variable tumor hypervascularity, and unpredictable degrees of 

spontaneous necrosis, all of which would confound heat conduction with ablation [24]. For 

these reasons, we felt that nonperfused normal parenchyma would reasonably simulate the 

effect of tumor embolization on tumor perfusion while avoiding the numerous confounders 

introduced with tumor models. Another limitation is the use of TAE instead of TACE. While 

TACE has been utilized in the vast majority of literature on combination therapies, TAE was 

utilized in in this study to study the heat sink effect because the presence of 

chemotherapeutic agent should not affect heat conduction. Another limitation is the potential 

impact of medium and large vessels on the conduction of temperatures and the heat sink 

effect in treated areas of the liver [19]. Attempts were made to minimize this confounding 

effect by avoiding areas of liver with sizable vessels. Finally, ablation zone diameter 

measurements and histopathologic analysis were not performed because it has already been 

established that ablation and infarction zone size are increased with combination therapy [4]. 

Instead, the purpose of this study was instead to assess alterations in temperature conduction 

related to the heat sink effect caused by changes in tissue perfusion. Furthermore, the 

physical zone of ablation or necrosis could be affected by hypoxia-related cell death or other 

yet-unknown effects of combination therapy.

In summary, the findings from the current study suggests that the heat sink effect likely 

plays a limited role in potentiating combination therapies involving embolization and 

thermal ablation. Our results suggest that embolization does not alter the heat sink effect 

occurring with ablation of normal liver. However, the enhanced heat conduction in 

nonperfused tissue with RFA but not MWA suggests a synergistic mechanism when 

combining embolization with RFA but not MWA for treatment of tumors. Our findings 

suggest that mitigation of the heat sink effect with embolization contributes to enhanced 

tumoral destruction after RFA but only minimally with MWA, and without significantly 

affecting normal parenchyma. Given this overall modest contribution of the heat sink effect 

with combination embolization-ablation, further studies are needed into potential factors that 

may contribute to the ablation zone potentiation achieved with combination therapies.
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Table 1.

Temperature measurements in degrees Celsius 1 centimeter away from the ablation probe after 10 minutes of 

RFA and 60 seconds of MWA (mean ± standard deviation).

RFA MWA

pre post change p-val pre post change p-val

Control 37.8±1.9 42.1±2.4 4.3±2.3 0.001 38.6±0.8 42.6±1.9 4.0±1.3 <0.001

Embolized 38.1±0.6 41.4±2.9 3.3±2.7 0.012 39.0±1.7 43.2±2.6 4.2±1.5 <0.001

Non-perfused 35.9±0.5 43.1±1.2 7.1±1.0 <0.001 36.3±0.9 40.1±1.3 3.8±1.3 <0.001

Control vs embolized P=0.421 P=0.76

Control vs non-perfused P=0.007 P=0.79

Embolized vs non-perfused P=0.002 P=0.58
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