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Abstract

In comparison to traditional cancer treatment methods, such as surgery and chemotherapy, the
radiofrequency ablation (RFA) provides great advantages of minimally invasive and cost-effective
therapy with a short hospital stay. In addition, RFA also can be used for patients inoperable for
surgery or chemotherapy. In the last century, scientists have dedicated themselves to enlarging
the ablation size by designing various electrode shapes and combining conventional treatments.
This mini-review aims to illustrate the history of RFA technology, the structural design of the
electrode geometries, the auxiliary method to enhance the ablation lesion size and minimize
cancer reoccurrence, and the current challenges to RFA and their potential solutions.
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Introduction

Cancer is one of the dominant diseases causing death before the age of 70, based on the
World Health Organization (WHO) mortality data in 2019 [1]. In 2020, the estimated new
cancer cases, including 27 major cancers, were about 19.3 million, and the predicted new
cancer patients will reach 28.4 million by 2040 in the world [2,3]. The cancer-related mortality
population possibly reaches 13 million by 2030 [4], which is going to be a heavy burden for
many developing countries. Radiofrequency ablation (RFA) provides significant advantages
of minimally invasive and cost-effective therapy with a short hospital stay and low morbidity
[5,6]. In addition to all the advantages above, RFA is capable of killing tumors in undesired
resection locations or poor surgery candidates. The RFA history can be traced back to the early
19th century when English physicist Michael Faraday proposed the principle of alternative
current (AC). Then, the RFA technique benefited from the English physicist James C. Maxwell
and the German physicist Heinrich Hertz, who proved the existence of electromagnetism and
developed Maxwell’s equations. In 1881, the radiofrequency heating phenomenon was first
reported by D’ Arsonval. However, a wide medical application of RF had not occurred until
1928 when Harvey Cushing and William T Bovie [7] innovated their novel RF generator and
Bovie knife [7,8]. Unlike the current RFA technique, the Bovie knife was a monopolar electrode
mainly used to cut tissue or cauterization by applying RF current. Organ [8] first illustrated
the mechanism and experiment setup of RFA in 1976 [8,9]. In 1990, McGahan [10] replaced
the Bovie knife with the specifically designed electrode with insulated material to the distal
tip [10]. He further evaluated the RF hepatic ablation in an animal model with ultrasound
guidance in electrode placement and echogenic response [11], resulting in a liver lesion with
a size of 1x2cm. Since then, the RFA was developed into commercial products, applied to
humans, monitoring and guiding through ultrasound, computed tomography, and magnetic
resonance imaging (MRI) [12-15]. To now, the new RFA technique is still under development.
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The following section will introduce the RFA mechanism, RFA probe
structure design, auxiliary methods for lesion size enhancements,
as well as the current challenges and their potential solutions.

Mechanism of RFA

The malignant tumors are eliminated by heating in RFA therapy.
After the placement of the electrode and grounding pad on the
patient body, a certain power from the RF generator is applied to
the electrode, and the ion flow tends to follow in the direction of AC
current. With a high frequency of AC current, the target tissues, not
the electrode, produce frictional heating and induce coagulation
and cellular necrosis in the tumor when the temperature reaches
a certain level, typically above 70 °C [6,16]. Regarding frictional
heating (Joule effect), Organ [8] proposed a principle of RF lesion
making with serval parameters such as the distance from the probe
tip, RF current intensity, heating duration, and heat loss. In general,
the lesion size depends on the heat generated and the heat lost.
The heat generation is positively proportioned to the 1/(distance)
[4], (current intensity) [2], and duration time of the heating, while
the heat loss presents a negative influence on lesion size due to
heat conduction, convection (especially in perfusion organ), and
low heat resistance shunting [8,17,18]. The frequency of RFA is
another critical factor, which typically is about 300 to 500kHz in
clinical devices, whereas a lower frequency (<20kHz) may result in
stimulating neuromuscular reaction and electrolysis, and a higher
frequency (>20MHz) has the potential risk of uncontrolled lesion
volume by excessive heat generation [19,20]. Carbonization and
evaporation are two undesired conditions, which both undermine
the lesion size by rapidly increasing impedance [6,8,21,22].
Carbonization usually results from the sudden increment of the
current intensity and charred tissue around the electrode tip,
inhibiting the current flow. Evaporation is a double-edged sword in
RFA treatment. On the one hand, it limits the lesion size because of
the existing gas in the interstice with low electrical conductivity. On
the other hand, it serves as a security system to avoid the ablation
temperature higher than 100 °C under improper operation.

RFA electrode/probe structure type and design

A.  Monopolar electrode: Monopolar RFA electrode is the
most primitive design with one electrode and one grounding
pad developed from Bovie knife [10].

B.  Bipolar electrode: Unlike monopolar, bipolar RFA replaces
the grounding pad with a neutral electrode [12,23]. Therefore,
the electrical field gradient is generated, and heating takes
place between the two parallel electrodes.

C.  Multiple electrodes: With the demand for larger lesion
sizes, the multiple electrodes usually contain two to five
electrodes under treatment [24].

D. Expandable electrode: One main electrode with multiple
deployable prongs with hollow electrode tips now serves as
the most vital one in clinical trials. All prongs are uninsulated
and function as RF antenna [25-27]. In this design, there are

serval available geometries with different prong tip lengths and
diameters, with umbrella, inverted umbrella, and spring shapes
[28]. Overall, in addition to the geometry difference, multiple-
step placements are also applied to enhance the lesion size.
Although the current advanced imaging-guide technique is
helpful, it still faces difficulty in the accuracy of the electrode
placement inside the tumor.

Auxiliary methods

a)  Wetelectrode: By combing saline solution infusion, either
isotonic or hypertonic, with the RFA, the coagulation size can
increase, resulting from hydration and increased concentration
of ions. However, an inadequate infusion rate may cause an
unexpected lesion size. Therefore, a precise flow rate and
concentration of saline solution are desired [29-33]. The wet
electrode is available for monopolar and expandable electrode
[32,34].

b) Cooled electrode: With a closed hollow channel in the
electrode, the cooling fluid, typically water or saline, circulates
between the inner lumen and outer lumen of the electrode. The
cooling fluid brings an advantage in avoiding carbonization
and evaporation around the tip and further enlarges the lesion
size. However, because of the cooling effect nearby the tip, it
potentially leads to not fully killing the adjacent tumor and the
risk of seeding tumor cells in the electrode withdrawal pathway
[35].

c) Cooled wet electrode: By combining the wet electrode and
cooled electrode, scientists invented a cooled-wet electrode to
further enhance the lesion size [36-38].

d) Chemo-combination probe: Combining the benefit of
chemotherapy and RFA started in 1999 [39]. To minimize
the cancer reoccurrence and unintended damage to normal
tissues, a peripheral 1cm “surgical margin” of ablated lesions
is necessary [39-41]. Unlike the saline infusion, the chemo-
combination RFA probe delivers the anti-tumor agent during
the RFA treatment. The hyperthermia condition in peripheral
tissue facilitates the entry of therapeutic agents into tumor cells
and the destruction of the tumor tissue [42,43].

e) Others: Besides the methods described above, the RFA
is also capable of combing with resection or ethanol injection
treatments [6,22,26,44-46].

Applications of RFA

RFA is widely applied to the treatment of tumors, including
hepatic, kidney, bone, lung, breast, adrenal, prostate, head, neck,
thyroid, parathyroid, pancreas, lymph nodes, brain and bladder
cancers [47]. Hepatic tumor treatment is one major RFA application.
The hepatic tumor is one of the most common solid tumors. Only
10-20% of hepatic cancer patients can be treated by traditional
surgical resection [48]. Since McGaha and Rossi first utilized the
RFA technology for liver cancer treatments, there are numerous
experiments and clinical trials have been conducted [14,19,41,46].
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Recently, Glassberg provided a systematic review and meta-analysis
of liver cancer treatment [49]. Kidney cancer treatment is another
primary RFA application with very promising results [50,51] with
a successful rate of about 98.5% [52]. The most effective ablation
size of kidney tumors is less than 3cm in diameter. Due to the heat
sink effect, the ablation performance is weakened when the probe
is close to large renal blood vessels. In addition, the RFA is also
active in hematuria control. which does not require the surgical
margin depending on whether nephron-sparing is a priority [47].
RFA technique is also common in treating lung cancer [6,32,43].
Brace further discussed the difference in RFA treatment strategies
among liver, kidney, lung, and bone cancers [16]. Recently, RFA has
been used for new applications in thyroid cancer treatments [53].
The moving shot technique is recommended for treating thyroid
nodules because the thyroid nodules typically are elliptical and
exophytic from the thyroid gland [53]. Scientists keep investigating
the possibility of RFA and trying to deliver this minimally invasive
method to more different types of cancer patients.

Challenges

Although the interventional RFA for cancer treatment has
been developed for over a century, there are still challenges for
both doctors and patients. First of all, since most of the tumors
have irregular and unique shapes in different patients [27,54,55],
there is an urgent need to develop RF electrodes that fit various
shapes of the tumor. An adjustable electrode fit various patients
is needed, which coverage big enough to kill all tumor tissue and
small enough to prevent unnecessary damage for normal tissue.
Secondly, the current temperature or impedance-based monitoring
system is only available to detect the profile of areas surrounding
the probe tip. The detailed temperature distribution inside the
tumor and surrounding normal tissues are unknown during the
treatment [55-59]. With lack of temperature distribution profile,
the treatment performance and time face huge challenge to be
optimal. Thirdly, the blood-flow heat sink effect plays a critical
role in the performance of RFA treatments by undermining the
ablation temperature near a large blood vessel or perfusion organ
[60,61]. Heat dissipation phenomenon should be considered as
heat loss term during the experiment or calculation, which brings
the temperature uneven around the electrode. Fourthly, the method
for the accurate placement of the electrode is needed to enhance
the success rate in cancer coagulation [19,57,62]. Lastly, RFA has
advantage in short hospital stay and minimize invasive, however, it
still cannot be extend its application or has poor results for medium
and large size tumor. Lesion size is still limited to 3cm. For a medium
(3cm to 5cm) or large (5cm to 7cm) size tumor, RFA often leads to
an incomplete treatment and a high recurrence rate [55-63].

Potential solutions

Considering the challenges of the irregular shape of a tumor
and the need for temperature profile control during the RFA
treatment, a computer simulation model with pre-programmed
algorithms is possibly helpful to facilitate the doctors before the
treatment [64,65]. With the given ultrasound or MRI imaging, the

simulation model with temperature distribution assists the doctor
in determining the optimal placement locations of electrodes, the
ablation time, and other operation settings [66,67]. In addition, a
novel 3D multi-modal spherical perfused electrode could enlarge
the lesion size and coagulate with the irregular and unique tumors
[68-70]. Furthermore, a new principle of high power and short
duration heating approach may lead to a more significant size of
tissue necrosis [71]. Moreover. a robotic operated electrode has
more precise control in location and expandable electrode.

Conclusion

Overall, the RFA is one of the most promising methods of cancer
treatment, which eliminates the tumor by depositing lethal thermal
energy from Joule heating. Relying on the massive experiments
and clinical research in the past century, the RFA undergoes huge
progress in structural design of the electrodes, leading to enhancing
the lesion size and reducing cancer reoccurrence. In addition, some
assisted and combined approaches have been developed with wet,
cool, wet-cool electrodes, and chemo-RFA combination approaches.
However, the RFA technology still has some limitation in treatment,
such as irregular shape tumor, heat sink effect, medium or large
size tumors. Therefore, researchers are continuously working on
further improving the RFA technology for more cancer treatments.
With novel imaging and computational techniques, RFA has a great
opportunity to improve its lesion size and treatment performance
with it original advantages, minimal invasive and short hospital
stay, and cost effective.

References

1. Bray F Laversanne M, Weiderpass E, Soerjomataram I (2021) The ever-
increasing importance of cancer as a leading cause of premature death
worldwide. Cancer 127(16): 3029-3030.

2. Ferlay ], Soerjomataram I, Dikshit R, Eser S, Mathers C, et al. (2012)
Cancer incidence and mortality worldwide: Sources, methods and major
patterns in GLOBOCAN 2012. Int ] Cancer 136(5): E359-386.

3. SungH, Ferlay ], Siegel RL, Laversanne M, Soerjomataram I, et al. (2021)
Global cancer statistics 2020: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer | Clin
71(3): 209-249.

4. Fidler MM, Bray F, Soerjomataram I (2018) The global cancer burden
and human development: A review. Scand ] Public Health 46(1): 27-36.

5. Santosham R, Dev B, Priyadarshini P, Chadga H, Anupama C, et al. (2008)
How I do it: Radiofrequency ablation. Indian ] Radiol Imaging 18(2):
166-170.

6. Chu KF, Dupuy DE (2014) Thermal ablation of tumours: Biological
mechanisms and advances in therapy. Nat Rev Cancer 14(3): 199-208.

7. Cushing H, Bovie WT (1982) Electro-surgery as an aid to the removal of
intracranial tumors. Surg Gynecol Obstet 47: 751-784.

8. Organ LW (1976) Electrophysiologic principles of radiofrequency lesion
making. Appl Neurophysiol 39(2): 69-76.

9. Geddes LA, Silva LF, Dewitt DP, Pearce JA (1977) What's new in
electrosurgical instrumentation? Med Instrum 11(6): 355-361.

10. McGahan JP, Browning PD, Brock JM, Tesluk H (1990) Hepatic ablation
using radiofrequency electrocautery. Investigative Radiology 25(3):
267-270.

Significances Bioeng Biosci

Copyright © Dayong Gao


https://pubmed.ncbi.nlm.nih.gov/34086348/
https://pubmed.ncbi.nlm.nih.gov/34086348/
https://pubmed.ncbi.nlm.nih.gov/34086348/
https://pubmed.ncbi.nlm.nih.gov/25220842/
https://pubmed.ncbi.nlm.nih.gov/25220842/
https://pubmed.ncbi.nlm.nih.gov/25220842/
https://pubmed.ncbi.nlm.nih.gov/33538338/
https://pubmed.ncbi.nlm.nih.gov/33538338/
https://pubmed.ncbi.nlm.nih.gov/33538338/
https://pubmed.ncbi.nlm.nih.gov/33538338/
https://pubmed.ncbi.nlm.nih.gov/28669281/
https://pubmed.ncbi.nlm.nih.gov/28669281/
https://pubmed.ncbi.nlm.nih.gov/24561446/
https://pubmed.ncbi.nlm.nih.gov/24561446/
https://pubmed.ncbi.nlm.nih.gov/1052287/
https://pubmed.ncbi.nlm.nih.gov/1052287/
https://pubmed.ncbi.nlm.nih.gov/340856/
https://pubmed.ncbi.nlm.nih.gov/340856/
https://pubmed.ncbi.nlm.nih.gov/2185179/
https://pubmed.ncbi.nlm.nih.gov/2185179/
https://pubmed.ncbi.nlm.nih.gov/2185179/

SBB.000620. 5(4).2022

548

11. McGahan JP, Brock JM, Tesluk H, Gu WZ, Schneider P, etal. (1992) Hepatic
ablation with use of radio-frequency electrocautery in the animal model.
] Vasc Interv Radiol 3(2): 291-297.

12. McGahan JP, Gu WZ, Brock JM, Tesluk H, Jones CD (1996) Hepatic ablation
using bipolar radiofrequency electrocautery. Acad Radiol 3(5): 418-422.

13.Rhim H, Dodd GD (1999) Radiofrequency thermal ablation of liver
tumors. ] Clin Ultrasound 27(5): 221-229.

14.Pearson AS, Izzo F, Fleming RY, Ellis LM, Delrio P, et al. (1999)
Intraoperative radiofrequency ablation or cryoablation for hepatic
malignancies. Am ] Surg 178(6): 592-599.

15. Curley SA, Izzo F, Delrio P, Ellis LM, Granchi ], etal. (1999) Radiofrequency
ablation of unresectable primary and metastatic hepatic malignancies:
Results in 123 patients. Ann Surg 230(1): 1-8.

16.Brace CL (2009) Radiofrequency and microwave ablation of the liver,
lung, kidney, and bone: what are the differences? Curr Probl Diagn
Radiol 38(3): 135-143.

17. Aronow S (1960) The use of radio-frequency power in making lesions in
the brain. Neurosurg 17: 431-438.

18.Wang Z, Aarya I, Gueorguieva M, Liu D, Luo H, et al. (2012) Image-
based 3D modeling and validation of radiofrequency interstitial tumor
ablation using a tissue-mimicking breast phantom. Int ] Comput Assist
Radiol Surg 7(6): 941-948.

19.Ni Y, Mulier S, Miao Y, Michel L, Marchal G (2005) A review of the general
aspects of radiofrequency ablation. Abdom Imaging 30(4): 381-400.

20. Chang K (2005) Encyclopedia of RF and microwave engineering. John
Wiley & Sons Inc, Hoboken, New Jersey, USA, 6: 252-254.

21.Hand JW (1981) Heating techniques in hyperthermia II. Non-ionizing
electromagnetic waves. Br ] Radiol 54(642): 446-459.

22.Vanagas T, Gulbinas A, Pundzius ], Barauskas G (2010) Radiofrequency
ablation of liver tumors (I): Blological background. Medicina (Kaunas)
46(1):13-17.

23.Bruners P, Lipka ], Glinther RW, Schmitz Rode T, Mahnken AH (2008)
Bipolar Radiofrequency ablation: Is the shape of the coagulation volume
different in comparison to monopolar RF-ablation using variable active
tip lengths? Minimally Invasive Ther Allied Technol 17(5): 267-274.

24. Goldberg S, Gazelle G, Dawson S, Rittman W, Mueller P, et al. (1995)
Tissue ablation with radiofrequency using multiprobe arrays. Academic
Radiology 2(8): 670-674.

25. Curley SA (2001) Radiofrequency ablation of malignant liver tumors.
Oncologist 6(1): 14-23.

26.McGahan JP, Van Raalte VA (2005) History of ablation. Tumor Ablation,
pp: 3-16.

27.Hong K, Georgiades C (2010) Radiofrequency ablation: Mechanism of
action and devices. ] Vasc Interv Radiol 21(8): S179-186.

28. Mulier S, Miao Y, Mulier P, Dupas B, Pereira P, etal. (2005) Electrodes and
multiple electrode systems for radiofrequency ablation: a proposal for
updated terminology. Euro Radiol 15(4): 798-808.

29. Livraghi T, Goldberg SN, Monti F Bizzini A, Lazzaroni S, et al. (1997)
Saline-enhanced radio-frequency tissue ablation in the treatment of
liver metastases. Radiology 202(1): 205-210.

30. Miao Y, Ni Y, Mulier S, Wang K, Hoey MF, et al. (1997) Ex vivo experiment
on radiofrequency liver ablation with saline infusion through a screw-
tip cannulated electrode. ] Surg Res 71(1): 19-24.

31. Curley MG, Hamilton PS (1997) Creation of large thermal lesions in
liver using saline-enhanced RF ablation. Proceedings of the 19" Annual
International Conference of the IEEE Engineering in Medicine and
Biology Society. ‘Magnificent Milestones and Emerging Opportunities in
Medical Engineering’ (Cat. No.97CH36136).

32.Jin GY, Han YM, Lee YS, Lee YC (2008) Radiofrequency ablation using a
monopolar wet electrode for the treatment of inoperable non-small cell
lung cancer: A preliminary report. Korean ] Radiol 9(2): 140-147.

33.Ahmed M, Lobo SM, Weinstein ], Kruskal JB, Gazelle GS, et al. (2002)
Improved coagulation with saline solution pretreatment during
radiofrequency tumor ablation in a canine model. ] Vasc Interv Radiol
13(7): 717-724.

34. Mulier S,NiY, Miao Y, Rosiere A, Khoury A, etal. (2003) Size and geometry
of hepatic radiofrequency lesions. Eur ] Surg Oncol 29(10): 867-878.

35. Goldberg SN, Solbiati L, Hahn PF, Cosman E, Conrad JE, et al. (1998)
Large-volume tissue ablation with radio frequency by using a clustered,
internally cooled electrode technique: Laboratory and clinical experience
in liver metastases. Radiology 209(2): 371-379.

36.Ni Y, Miao Y, Mulier S, Yu ], Baert AL, et al. (2000) A novel “cooled-wet”
electrode for radiofrequency ablation. Eur Radiol 10(5): 852-554.

37.Lee JM, Han JK, Kim SH, Sohn KL, Choi SH, et al. (2005) Bipolar
radiofrequency ablation in ex vivo bovine liver with the open-perfused
system versus the cooled-wet system. Eur Radiol 15(4): 759-764.

38. Goldberg SN, Grassi CJ, Cardella JE, Charboneau JW, Gerald Dodd D, et
al. (2009) Image-guided tumor ablation: Standardization of terminology
and reporting criteria. ] Vasc Interv Radiol 20(7): S377-390.

39. Kainuma O, Asano T, Aoyama H, Takayama W, Nakagohri T, et al. (1999)
Combined therapy with radiofrequency thermal ablation and intra-
arterial infusion chemotherapy for hepatic metastases from colorectal
cancer. Hepatogastroenterology 46(26): 1071-1077.

40. Kunzli BM, Abitabile P, Maurer CA (2011) Radiofrequency ablation of
liver tumors: Actual limitations and potential solutions in the future.
World ] Hepatol 3(1): 8-14.

41.Hwang JE, Kim SH, Jin ], Hong JY, Kim M]J, et al. (2014) Combination of
percutaneous radiofrequency ablation and systemic chemotherapy are
effective treatment modalities for metachronous liver metastases from
gastric cancer. Clin Exp Metastasis 31(1): 25-32.

42.Shi Y, Zhang F, Bai Z, Wang ], Qiu L, et al. (2017) Orthotopic esophageal
cancers: Intra-esophageal hyperthermia-enhanced direct chemotherapy
in rats. Radiology 282(1): 103-12.

43.]i ], Weng Q, Zhang F, Xiong F, Jin Y, et al. (2018) Non-small-cell lung
cancer: Feasibility of intra-tumoral radiofrequency hyperthermia-
enhanced herpes simplex virus thymidine kinase gene therapy.
Radiology 288(2): 612-220.

44.Kornprat P, Jarnagin WR, DeMatteo RP, Fong Y, Blumgart LH, et al.
(2007) Role of intraoperative thermoablation combined with resection
in the treatment of hepatic metastasis from colorectal cancer. Arch Surg
142(11): 1087-1092.

45.Stang A, Fischbach R, Teichmann W, Bokemeyer C, Braumann D, et
al. (2009) A systematic review on the clinical benefit and role of
radiofrequency ablation as treatment of colorectal liver metastases. Eur
J Cancer 45(10): 1748-1756.

46. Wells SA, Hinshaw JL, Lubner MG, Ziemlewicz TJ, Brace CL, et al. (2015)
Liver ablation: Best practice. Radiol Clin North Am 53(5): 933-971.

47.Friedman M, Mikityansky I, Kam A, Libutti SK, McClellan Walther M,
et al. (2004) Radiofrequency ablation of cancer. Cardiovasc Intervent
Radiol 27(5): 427-434.

48. Bowles BJ, Machi J, Limm WM, Severino R, Oishi 4], et al. (2001) Safety
and efficacy of radiofrequency thermal ablation in advanced liver
tumors. Arch Surg 136(8): 864-869.

49. Glassberg MB, Ghosh S, Clymer JW, Rana QA, Nicole FC, et al. (2019)
Microwave ablation compared with radiofrequency ablation for
treatment of hepatocellular carcinoma and liver metastases: A
systematic review and meta-analysis. Onco Targets and Therapy 12:
6407-6438.

Significances Bioeng Biosci

Copyright © Dayong Gao


https://pubmed.ncbi.nlm.nih.gov/1627876/
https://pubmed.ncbi.nlm.nih.gov/1627876/
https://pubmed.ncbi.nlm.nih.gov/1627876/
https://pubmed.ncbi.nlm.nih.gov/8796695/
https://pubmed.ncbi.nlm.nih.gov/8796695/
https://pubmed.ncbi.nlm.nih.gov/10355885/
https://pubmed.ncbi.nlm.nih.gov/10355885/
https://pubmed.ncbi.nlm.nih.gov/10670879/
https://pubmed.ncbi.nlm.nih.gov/10670879/
https://pubmed.ncbi.nlm.nih.gov/10670879/
https://pubmed.ncbi.nlm.nih.gov/10400029/
https://pubmed.ncbi.nlm.nih.gov/10400029/
https://pubmed.ncbi.nlm.nih.gov/10400029/
https://pubmed.ncbi.nlm.nih.gov/19298912/
https://pubmed.ncbi.nlm.nih.gov/19298912/
https://pubmed.ncbi.nlm.nih.gov/19298912/
https://pubmed.ncbi.nlm.nih.gov/13794467/
https://pubmed.ncbi.nlm.nih.gov/13794467/
https://pubmed.ncbi.nlm.nih.gov/22688380/
https://pubmed.ncbi.nlm.nih.gov/22688380/
https://pubmed.ncbi.nlm.nih.gov/22688380/
https://pubmed.ncbi.nlm.nih.gov/22688380/
https://pubmed.ncbi.nlm.nih.gov/15776302/
https://pubmed.ncbi.nlm.nih.gov/15776302/
https://pubmed.ncbi.nlm.nih.gov/7016235/
https://pubmed.ncbi.nlm.nih.gov/7016235/
https://pubmed.ncbi.nlm.nih.gov/20234157/
https://pubmed.ncbi.nlm.nih.gov/20234157/
https://pubmed.ncbi.nlm.nih.gov/20234157/
https://pubmed.ncbi.nlm.nih.gov/18855208/
https://pubmed.ncbi.nlm.nih.gov/18855208/
https://pubmed.ncbi.nlm.nih.gov/18855208/
https://pubmed.ncbi.nlm.nih.gov/18855208/
https://pubmed.ncbi.nlm.nih.gov/9419623/
https://pubmed.ncbi.nlm.nih.gov/9419623/
https://pubmed.ncbi.nlm.nih.gov/9419623/
https://pubmed.ncbi.nlm.nih.gov/11161225/
https://pubmed.ncbi.nlm.nih.gov/11161225/
https://link.springer.com/chapter/10.1007/0-387-28674-8_1
https://link.springer.com/chapter/10.1007/0-387-28674-8_1
https://pubmed.ncbi.nlm.nih.gov/20656227/
https://pubmed.ncbi.nlm.nih.gov/20656227/
https://pubmed.ncbi.nlm.nih.gov/15711846/
https://pubmed.ncbi.nlm.nih.gov/15711846/
https://pubmed.ncbi.nlm.nih.gov/15711846/
https://pubmed.ncbi.nlm.nih.gov/8988212/
https://pubmed.ncbi.nlm.nih.gov/8988212/
https://pubmed.ncbi.nlm.nih.gov/8988212/
https://pubmed.ncbi.nlm.nih.gov/9271273/
https://pubmed.ncbi.nlm.nih.gov/9271273/
https://pubmed.ncbi.nlm.nih.gov/9271273/
https://pubmed.ncbi.nlm.nih.gov/18385561/
https://pubmed.ncbi.nlm.nih.gov/18385561/
https://pubmed.ncbi.nlm.nih.gov/18385561/
https://pubmed.ncbi.nlm.nih.gov/12119331/
https://pubmed.ncbi.nlm.nih.gov/12119331/
https://pubmed.ncbi.nlm.nih.gov/12119331/
https://pubmed.ncbi.nlm.nih.gov/12119331/
https://pubmed.ncbi.nlm.nih.gov/14624780/
https://pubmed.ncbi.nlm.nih.gov/14624780/
https://pubmed.ncbi.nlm.nih.gov/9807561/
https://pubmed.ncbi.nlm.nih.gov/9807561/
https://pubmed.ncbi.nlm.nih.gov/9807561/
https://pubmed.ncbi.nlm.nih.gov/9807561/
https://pubmed.ncbi.nlm.nih.gov/10823647/
https://pubmed.ncbi.nlm.nih.gov/10823647/
https://pubmed.ncbi.nlm.nih.gov/15248081/
https://pubmed.ncbi.nlm.nih.gov/15248081/
https://pubmed.ncbi.nlm.nih.gov/15248081/
https://pubmed.ncbi.nlm.nih.gov/19560026/
https://pubmed.ncbi.nlm.nih.gov/19560026/
https://pubmed.ncbi.nlm.nih.gov/19560026/
https://pubmed.ncbi.nlm.nih.gov/10370669/
https://pubmed.ncbi.nlm.nih.gov/10370669/
https://pubmed.ncbi.nlm.nih.gov/10370669/
https://pubmed.ncbi.nlm.nih.gov/10370669/
https://pubmed.ncbi.nlm.nih.gov/23975154/
https://pubmed.ncbi.nlm.nih.gov/23975154/
https://pubmed.ncbi.nlm.nih.gov/23975154/
https://pubmed.ncbi.nlm.nih.gov/23975154/
https://pubmed.ncbi.nlm.nih.gov/27404050/
https://pubmed.ncbi.nlm.nih.gov/27404050/
https://pubmed.ncbi.nlm.nih.gov/27404050/
https://pubmed.ncbi.nlm.nih.gov/29893649/
https://pubmed.ncbi.nlm.nih.gov/29893649/
https://pubmed.ncbi.nlm.nih.gov/29893649/
https://pubmed.ncbi.nlm.nih.gov/29893649/
https://pubmed.ncbi.nlm.nih.gov/18025338/
https://pubmed.ncbi.nlm.nih.gov/18025338/
https://pubmed.ncbi.nlm.nih.gov/18025338/
https://pubmed.ncbi.nlm.nih.gov/18025338/
https://pubmed.ncbi.nlm.nih.gov/19356924/
https://pubmed.ncbi.nlm.nih.gov/19356924/
https://pubmed.ncbi.nlm.nih.gov/19356924/
https://pubmed.ncbi.nlm.nih.gov/19356924/
https://pubmed.ncbi.nlm.nih.gov/26321447/
https://pubmed.ncbi.nlm.nih.gov/26321447/
https://pubmed.ncbi.nlm.nih.gov/15383844/
https://pubmed.ncbi.nlm.nih.gov/15383844/
https://pubmed.ncbi.nlm.nih.gov/15383844/
https://jamanetwork.com/journals/jamasurgery/fullarticle/391884
https://jamanetwork.com/journals/jamasurgery/fullarticle/391884
https://jamanetwork.com/journals/jamasurgery/fullarticle/391884
https://pubmed.ncbi.nlm.nih.gov/31496742/
https://pubmed.ncbi.nlm.nih.gov/31496742/
https://pubmed.ncbi.nlm.nih.gov/31496742/
https://pubmed.ncbi.nlm.nih.gov/31496742/
https://pubmed.ncbi.nlm.nih.gov/31496742/

SBB.000620. 5(4).2022

549

50.Jacobsohn KM, Ahrar K, Wood CG, Matin SF (2007) Is radiofrequency
ablation safe for solitary kidneys? Urology 69(5): 819-823.

51. Chang I, Mikityansky I, Wray Cahen D, Pritchard WF, Karanian JW, et al.
(2004) Effects of perfusion on radiofrequency ablation in swine kidneys.
Radiology 231(2): 500-505.

52.Park S, Cadeddu JA (2007) Outcomes of radiofrequency ablation for
kidney cancer. Cancer Control 14(3): 205-210.

53. Orloff LA, Noel JE, Stack BC, Marika Russell D, Angelos P, et al. (2022)
Radiofrequency ablation and related ultrasound-guided ablation
technologies for treatment of benign and malignant thyroid disease: An
international multidisciplinary consensus statement of the American
head and neck society endocrine surgery section with the Asia pacific
society of thyroid surgery, associazione medici endocrinologi, British
association of endocrine and thyroid surgeons, European thyroid
association, Italian Society of endocrine surgery units, Korean society
of thyroid radiology, latin American thyroid society, and thyroid nodules
therapies association. Head Neck 44(3): 633-660.

54. Campbell S, Uzzo RG, Allaf ME, Bass EB, Cadeddu JA, et al. (2017) Renal
mass and localized renal cancer: AUA guideline. ] Urol 198(3): 520-229.

55.Habibi M, Berger RD, Calkins H (2021) Radiofrequency ablation:
Technological trends, challenges, and opportunities. Europace 23(4):
511-519.

56.Berjano E]J (2006) Theoretical modeling for radiofrequency ablation:
State-of-the-art and challenges for the future. Biomed Eng Online 5: 24.

57.Yang L, Wen R, Qin ], Chui CK, Lim KB, et al. (2010) A Robotic system
for overlapping radiofrequency ablation in large tumor treatment. IEEE
15(6): 887-897.

58.Ren H, Guo W, Sam Ge S, Lim W (2014) Coverage planning in computer-
assisted ablation based on genetic algorithm. Comput Biol Med 49: 36-
45.

59. Schumann C, Rieder C, Haase S, Teichert K, Siiss P, et al. (2015) Interactive
multi-criteria planning for radiofrequency ablation. Int ] Comput Assist
Radiol Surg 10(6): 879-889.

60. Fang Z, Zhang B, Zhang W (2017) Current solutions for the heat-sink
effect of blood vessels with radiofrequency ablation: A review and future
work. Advanced computational methods in life system modeling and
simulation. Communications in Computer and Information Science 761:
113-122.

61.Chen R, Lu F, Wu F, Jiang Ta, Xie L, et al. (2018) An analytical solution
for temperature distributions in hepatic radiofrequency ablation

incorporating the heat-sink effect of large vessels. Phys Med Biol 63(23):
235026.

62.S1 W, Liao X, Qian Y, Wang Q (2018) Mixed reality guided radiofrequency
needle placement: A pilot study. IEEE 6: 31493-31502.

63.Ruvio G, Cavagnaro M (2019) New clinical indications for microwave
thermal ablation and corresponding challenges in the applicator design.
2019 Photonlcs & Electromagnetics Research Symposium- Spring
(PIERS-Spring), IEEE, Italy.

64. Liang L, Cool D, Kakani N, Wang G, Ding H, et al. (2020) Automatic
radiofrequency ablation planning for liver tumors with multiple
constraints based on set covering. IEEE Trans Med Imaging 39(5): 1459-
1471.

65. Singh S, Melnik R (2020) Thermal ablation of biological tissues in disease
treatment: A review of computational models and future directions.
Electromagn Biol Med 39(2): 49-88.

66. Pohlan ], Kress W, Hermann KG, Mews ], Kroes M, et al. (2020) Computed
tomography thermography for ablation zone prediction in microwave
ablation and cryoablation: advantages and challenges in an ex vivo
porcine liver model. ] Comput Assist Tomogr 44(5): 744-749.

67.Park BJ], Hunt S], Nadolski GJ, Gade TP (2020) Augmented reality
improves procedural efficiency and reduces radiation dose for CT-
guided lesion targeting: A phantom study using HoloLens 2. Sci Rep
10(1): 18620.

68. Hanks B, Frecker M, Moyer M (2018) Optimization of an endoscopic
radiofrequency ablation electrode. Journal of Medical Devices 12(3):
031002.

69.Lee YN, Jeong S, Choi HJ, Cho JH, Cheon YK, et al. (2019) The safety
of newly developed automatic temperature-controlled endobiliary
radiofrequency ablation system for malignant biliary strictures: A
prospective multicenter study. ] Gastroenterol Hepatol 34(8): 1454-
1459.

70.Yu P, Fu T, Wu C, Jiang Y, Yang ] (2021) Automatic radiofrequency
ablation planning for liver tumors: A planning method based on the
genetic algorithm with multiple constraints. 2021 the 3™ International
Conference on Intelligent Medicine and Health, New York, USA, pp: 8-14.

71.Ravi V, Poudyal A, Abid QUA, Larsen T, Krishnan K, et al .(2021) High-
power short duration vs. conventional radiofrequency ablation of atrial
fibrillation: A systematic review and meta-analysis. Europace 23(5):
710-721.

For possible submissions Click below:

Significances Bioeng Biosci

Copyright © Dayong Gao


https://pubmed.ncbi.nlm.nih.gov/17482911/
https://pubmed.ncbi.nlm.nih.gov/17482911/
https://pubmed.ncbi.nlm.nih.gov/15128994/
https://pubmed.ncbi.nlm.nih.gov/15128994/
https://pubmed.ncbi.nlm.nih.gov/15128994/
https://pubmed.ncbi.nlm.nih.gov/17615525/
https://pubmed.ncbi.nlm.nih.gov/17615525/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/34939714/
https://pubmed.ncbi.nlm.nih.gov/28479239/
https://pubmed.ncbi.nlm.nih.gov/28479239/
https://pubmed.ncbi.nlm.nih.gov/33253390/
https://pubmed.ncbi.nlm.nih.gov/33253390/
https://pubmed.ncbi.nlm.nih.gov/33253390/
https://pubmed.ncbi.nlm.nih.gov/16620380/
https://pubmed.ncbi.nlm.nih.gov/16620380/
https://pubmed.ncbi.nlm.nih.gov/24736202/
https://pubmed.ncbi.nlm.nih.gov/24736202/
https://pubmed.ncbi.nlm.nih.gov/24736202/
https://pubmed.ncbi.nlm.nih.gov/25903775/
https://pubmed.ncbi.nlm.nih.gov/25903775/
https://pubmed.ncbi.nlm.nih.gov/25903775/
https://link.springer.com/chapter/10.1007/978-981-10-6370-1_12
https://link.springer.com/chapter/10.1007/978-981-10-6370-1_12
https://link.springer.com/chapter/10.1007/978-981-10-6370-1_12
https://link.springer.com/chapter/10.1007/978-981-10-6370-1_12
https://link.springer.com/chapter/10.1007/978-981-10-6370-1_12
https://pubmed.ncbi.nlm.nih.gov/30511647/
https://pubmed.ncbi.nlm.nih.gov/30511647/
https://pubmed.ncbi.nlm.nih.gov/30511647/
https://pubmed.ncbi.nlm.nih.gov/30511647/
https://pubmed.ncbi.nlm.nih.gov/31689185/
https://pubmed.ncbi.nlm.nih.gov/31689185/
https://pubmed.ncbi.nlm.nih.gov/31689185/
https://pubmed.ncbi.nlm.nih.gov/31689185/
https://pubmed.ncbi.nlm.nih.gov/32233691/
https://pubmed.ncbi.nlm.nih.gov/32233691/
https://pubmed.ncbi.nlm.nih.gov/32233691/
https://pubmed.ncbi.nlm.nih.gov/32842063/
https://pubmed.ncbi.nlm.nih.gov/32842063/
https://pubmed.ncbi.nlm.nih.gov/32842063/
https://pubmed.ncbi.nlm.nih.gov/32842063/
https://pubmed.ncbi.nlm.nih.gov/33122766/
https://pubmed.ncbi.nlm.nih.gov/33122766/
https://pubmed.ncbi.nlm.nih.gov/33122766/
https://pubmed.ncbi.nlm.nih.gov/33122766/
https://pubmed.ncbi.nlm.nih.gov/30861593/
https://pubmed.ncbi.nlm.nih.gov/30861593/
https://pubmed.ncbi.nlm.nih.gov/30861593/
https://pubmed.ncbi.nlm.nih.gov/30861593/
https://pubmed.ncbi.nlm.nih.gov/30861593/
https://pubmed.ncbi.nlm.nih.gov/33523184/
https://pubmed.ncbi.nlm.nih.gov/33523184/
https://pubmed.ncbi.nlm.nih.gov/33523184/
https://pubmed.ncbi.nlm.nih.gov/33523184/
https://crimsonpublishers.com/online-submission.php
https://crimsonpublishers.com/online-submission.php
https://crimsonpublishers.com/online-submission.php

	Abstract
	References

