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Study on the relationship between ablation parameters and ablation effectiveness of high frequency
irreversible electroporation

LIU Yu-tang, HAN Yu, XUE Zhi—xiao

(Department of Medical Instruments, School of Biomedical Engineering and Technology, Tianjin Medical University, Tianjin 300070, China)
Abstract Objective: To study the correspondence between H-FIRE parameters and ablation effect through animal experiments and
mathematical simulation. Methods: Liver and tumors were performed with different parameters (voltage 850-2 250V, pulse width symmetry
2 ps, symmetrical 5 ps and asymmetric 3-2-2-3 ps, dose 4 046.0~35 437.5 V) ablation treatment using a series of rabbit normal liver and
orthotopic liver tumor models. The ablation area was calculated, and the pathological changes of the ablation site were observed by HE
staining to compare the differences in the ablation area and effect of irreversible electroporation under different parameters. The
mathematical simulation model was established to compare the differences between theoretical ablation area and experimental ablation
area, and the curve of ablation parameters and area was established, (—test was used to evaluate the difference between groups. Results: For
H-FIRE ablation of liver tissue, the field strength distribution has a great influence on the ablation area (P<0.05). In the range of 850-
2 250 V, the ablation area was the larger when the larger the field strength. The pulse width mode had no obvious effect on the ablation area
(P>0.05), but the effect on ablation uniformity and protein denaturation in the active area was greater, and the effect of asymmetric pulse
width ablation was more uniform. Results of asymmetric pulse width H-FIRE ablation tumor were similar. However, the denaturation of
tumor nests was prominent due to the heterogeneity of tumor tissues. Conclusion: In the ablation of tissue and tumor by high frequency
irreversible electroporation, the field intensity distribution is a key factor to determine the size of the ablation area, and the pulse width
affects the uniformity of the ablation area and the degree of protein denaturation.
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Tab 1 Pulse parameter settings
5 BE/N ki s A1/ em 27 em BRbEUAS RECHHRE/(Vs)

1 850 2 1 1 2 800 3 4 046.0
2 1 500 2 1 1 2 800 3 12 600.0
3 2 000 2 1 1 3500 3 28 000.0
4 2000 3-2-2-3 1 1 2 800 1 28000.0
5 2000 3-2-2-3 1 1 2 800 3 28 000.0
6 2000 3-2-2-3 1 1 2 800 7 28 000.0
7 2 000 5 1 1 1 400 3 28 000.0
8 2250 2 1 1 3500 3 354375
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Fig 2 Ablation experiment site operation diagram
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Fig 3 Changes in liver tissue on the third day after ablation of 2 ps
pulse width and different voltage H-FIRE
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Fig 5 Comparison of actual ablation area and simulation area of

mathematical model
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Fig 6 Changes in liver tissue on the third day after H-FIRE ablation

in different pulse width modes
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Fig 7 Changes in liver tissue at various time points after H-FIRE

ablation
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Fig 8 Macroscopic and pathological maps after tumor ablation



55 2 P UIE SN 7 N BT e WL 54 SRR T E E Y S P - U 113

3 g

ARSI mast AR b WLER 2 S50 S LR I
/0, 99 E) 3 0 RS I 2 B H-FIRE 3397 ol & rp
FXF T 7 A B Jd s i) o AR 48 52 35 25 SR A5
45 KE  H-FIRE JKSEh 2 ws I, FAALIR 2 A TH
Fll A 1500 V/em 2 000 V/em .2 250 Viem A 5E
95 S B 3 il DX AR 4 i R (1.43 £0.08 )em?,
(2.25+0.33 )em?, (2.3420.13) em®,  H{H AT L, 24 bk
BSORE 3k S BT U00, 552 i 9l DX sl R/ N PR 2R B
SR TE FL R RN B URGE T 55 B 43 AT L, AT
R A b5 M 7 Rl ) A 800 T (EL B PR AR 2
HER, XoF Y il DX 3k 5 i 328 S A

(7] 265 1) 2t R BAAS7 BE 25 () W R AR [R] A T2
Jok 5 77 AN ] 25 B0 e 38 77 A AN ) AR AR 120
AN BRIk D i 04 7 2T AR — 25 /0N 20 A B
BB SR TAS IR LI 25 R R, 2 s 5 s X AR
M 3-2-2-3 ws AXFFR 3 Fh oy 2874 fl i RO/
I 22 5 (AR B0, X BRI IE 2O L)
NE e =g D gt i 2 WL S B e S R N PR Eoa o
BB BAULE G PG Bt — 20 A THRE 5 — K
FNEE-E K, DX P B 40 AL T IR AL, B I R A AR
B, X T &, H-FIER (4978 Rl =X 35 52k 240 o
PR,

e i i L 43 B e S Rl ) kR 4 L 24
2L i FERRANE , BT B B A A iR AE, L
T X R AL B H-FIRE %) s 40 i B 545
P T R DX LA n s . XTI PR A S R, G
WIS IRE i & H-FIRE , {1 5 A5 1 2 3 AH 14714
il DX 38, YR YT T S SRR B U FEL AT
AR e i AN ) AT S T R T R i R TG
A Rl DX Bl S () 25 R, TS T RS T AN,
THAISCR AN EEAR . DAS SR S 06 S8 (7 A5 Aok
F ok i A H R R 2 ol T DX sl R K, Bk
RE, A% R B2 v & ER FE S A&
B, BRI 8 T e A 2 T A Y o [ B, 3ok
o A 0 R R S IR T I T RN TR 52 2R B, O
EL T DX T R R /IN TG B G 2% R, 3 1
TH Rl B [ A AL 5 ANKE R Ik P I 8 7 9 il X
SR P 5T 1) 2 P SO S A 3 Rl RO B
GBI ARE X TR IR IS0 R,
HLHE A 2 000 V, JE LT 28 000 Vs, I Ik iy
3-2-2-3 ps AXTFRIE A5 20 A9 18 RlSCR R FEAR

AR L5 T, AR BR DR F R & BT
Rl DX NAEAE IR N A 5140, 5 Siddiqui SF9FT 458
—H0; A AR SZ 5 v LA R S5 e 24 TG B I B

PHEI, LA A IR AT B, 458 5 Sano Arena
SR B e AROUL ) Jpk e o UL A WA ) 24598 — 2
M EL TR B H-FIER ()71 Al =X 3222 40
PR, SR T R I, R RO ] AN KR ik -5 X PRk
T I AT R DX O30T W . 22 531, 5 Sano SFUO%K
{EFLIUAS 2] AAEXTFR H-FIRE JE fE g 7= A U FR
H-FIRE PP B T Rl X B 258 A — 20, Bk iE
IS5 o 4 2R 5 7 AR AU 48 SRS [] ) Dt DR 3 5 3 —
AHESE o (AR AR A LI P R BN XS FR K b
JIr A 2 AT R DO R B A T 8 Y, 2 A
JIEA SRR, 3 Fs b IR 8 D DR ik 75 2 B 2 g A
PR AN S BB AT E— 2D R R TS . AR
Pk H-FIRE X} T Mg 4 8 e, JF s X dslk ity mg
PEVEAEASIR SE 5 A5 29600 , 5 H-FIRE A] LU
R I Jed A A AR 4518 — 30
AT I S, S5 5 R AR WE5E T H-
FIRE TEA[EF) & AN BKTE 520 A FAR S RECE R
IRl AR A 22 A, R T AE H-FIRE TH Rl
e G K SE 7 A RIS R DX R A RN 1
Filt DXl A AR 1 B MR B 2 B AN ] 52 ), 5
A AR G I R AL, PP T H-FIRE
THREA R, B0E T E A48, R T ARIRE IR
L, N H-FIRE 745 J5 IRt 78 S
B2k
[1] Davalos R V, Mir I L, Rubinsky B. Tissue ablation with irreversible
electroporation[J]. Ann Biomed Eng, 2005, 33(2):223
[2] Miller L, Leor J, Rubinsky B. Cancer cells ablation with irreversible
electroporation[J]. Technol Cancer Res Treat, 2005, 4(6):699
[3] Siddiqui I A, Kirks R C, Latouche E L, et al. High—frequency
irreversible electroporation: safety and efficacy of next—generation
irreversible electroporation adjacent to critical hepatic structures|J].
Surg Innov, 2017, 24(3):276
[4] Daniels C, Rubinsky B. Electrical field and temperature model of
nonthermal irreversible electroporation in heterogeneous tissues|J].
J Biomech Eng, 2009, 131(7):071006
[S] Maor E, Ivorra A, Leor J, et al. The effect of irreversible electropora—
tion on blood vessels[J]. Technol Cancer Res Treat, 2007, 6(4):307
[6] Li W, Fan Q, Ji Z, et al. The effects of irreversible electroporation
(IRE) on nerves[J]. PloS One, 2011, 6(4):e18831
[7]  Weiss M J, Wolfgang C L. Iireversible electroporation: a novel
pancreatic cancer therapy[J]. Curr Probl Cancer, 2013, 37(5):262
[8] Narayanan G. Irreversible electroporation for treatment of liver can—
cer{]]. J Gastroenterol Hepatol, 2011, 7(5):313
[9] Kingham T P, Karkar A M, D’ Angelica M I, et al. Ablation of
perivascular hepatic malignant tumors with irreversible electropora—
tion[J]. J Am Coll Surg, 2012, 215(3):379
[10

[}

Fenner A. Prostate cancer: irreversible electroporation is a safe and

feasible option for focal therapy[J]. Nat Rev Urol, 2014, 11(11): 600
(T#% 117 )



552 4

JAH A ORI & GABA/ZR 2 R s/ U AR A H B F 52 117

DA VR TR S T a] s R R, PR e B

HR A SE R, PRIHED GABA |k 2 W Al 2 B R4

Yy e < e M ) 4 ] 5 i A A e 288 o 22 3 I

A K, FEEARBIL i 75 2E— PR

SHE K

(1] Fefl e XUmE &, T y- 24k T Ry 2L BRI RE S 45 J7 (0]
IRIERDL 224 (FAARIERR), 2017, 33(6): 693

[2] Takeshima K, Yamatsu A, Yamashita Y ,et al. Subchronic toxicity
evaluation of gamma—aminobutyric acid (GABA) in rats[J]. Food
Chem Toxicol, 2014 , 68: 128

[3] Adhikary R, Mandal V. L-theanine: A potential multifaceted natural
bioactive amide as health supplement|[J]. Asian Pac J Trop Biomed,
2017,7(9): 842

[4] AR, EEERG, K RS 28 I3 P 23 ) A 2 0 2 A [0 v 25
i, 2018, 40(11):1

(5] EBIGEAC AS I AR i 1 A T URAEE ™ 5 T A e g 1o P ) A At
ZRIE, 2018, 40(11):31

[6] Kim S, Jo K, Hong K B, et al. GABA and I-theanine mixture de—
creases sleep latency and improves NREM sleep[J]. Pharm Biol,2019,
57(1): 65

[7] Zhang H L, Li J, Li G, et al. Structural characterization and anti—
fatigue activity of polysaccharides from the roots of Morinda
officinalis[J]. Int J Biol Macromol, 2009, 44(3): 257

[8] ok, IO I 0 o A it 56 ] A g3 R DR IS (A AR 3 0.

B e S S S S S S et ST SR S

(EEF 113 71)

[11] Sugimoto K, Moriyasu F, Takeuchi H, et al. Case study to assess the
safety of irreversible electroporation near the heart[J]. Springer Plus,
2015, 4:74

[12] Deodhar A, Dickfeld T, Single G W, et al. Irreversible electropora—
tion near the heart: ventricular arrhythmias can be prevented with
ECG synchronization[]]. Am J Roentgenol, 2011, 196(3):W330

[13] Arena C B, Sano M B, Rossmeisl J H Jr, et al. High—frequency irre —
versible electroporation(H-FIRE) for non—thermal ablation with—
out muscle contraction[J]. Biomed Eng Online, 2011, 10:102

[14] Sano M B, Arena C B, DeWitt M R, et al. In-vitro bipolar nano— and
microsecond electro —pulse bursts for irreversible electroporation
therapies|J]. Bioelectrochemistry, 2014, 100: 69

[15] Sano M B, Arena C B, Bittleman K R, et al. Bursts of bipolar mi—
crosecond pulses inhibit tumor growth [J]. Sci Rep, 2015, 5:14999

[16] Sano M B, Fan R E, Xing L. Asymmetric waveforms decrease lethal
thresholds in high frequency irreversible electroporation thera —
pies[J]. Sci Rep, 2017, 7:40747

[17] Zhao Y, Bhonsle S, Dong S, et al. Characterization of conductivity

changes during high —frequency irreversible electroporation for

rPE LA HZY, 2015, 17(10): 1091
(9] R KRR 7, 2, S S MRAL I F S 1 SR (). S I M % 2 2
i, 2016,3(3):174

Yamatsu A, Yamashita Y, Maru I, et al. The improvement of sleep by o—

[10

[}

ral intake of GABA and apocynum leaf extract[J]. Nutr Sci Vita—
minol, 2015, 61(2):182

ZEEIL AR T )4 2 A BRI /N R MRR B A S B 72 0]
iRk, 2009, 30(15): 214

RIS R AR, et A y— B T N/ U B A 5 M ], 7
W 5B 8, 2018, 17(11): 68

Liang C L, Marks G A .GABA A receptors are located in cholinergic

[1

—

[2

—

[3

—

terminals in the nucleus pontis oralis of the rat: Implications for
REM sleep control[]]. Brain Res, 2014, 1543: 58
[14] 222 2 A5 A VLIS AMARAE K A= T y—20E T TR 5 H B AR 0%
BRI SCE (I BR A, 2014, 45(3):190
[15] TR ARG 575 55 L 2R y- 2 T TR A 2 R iR
S AR AT 228 PR A JBORT A Bt I P o 22388 Jot S SR A S L[], Y
B L2240, 2010, 25(2):127
XN, PRIEE. 2R R A A BRI P B 25 BEA FAT TS E e (). 1R A
=24 (B A2, 2006, 33(5): 287
RS 5 A3 A O SRR S R X e U AT A o 22
JRBAMAB R BE A2 MR )] O LA BTG, 2018, 18(3): 243
RPN, KA SRS S BT A X R AR AE 5-HT
DA JR P K B BT i (152 ML) ). BRI R 2R 7, 2018, 34(12): 21
(2019-03-30 Wk )

[16

—

(17

—

=
o)
=

B S e S ata S S o e e SRS

treatment planning[J]. IEEE Trans Biomed Eng, 2018, 65(8):1810

[18] Sahakian A V, Al-Angari H M, Adeyanju O O. Electrode activation
sequencing employing conductivity changes in irreversible
electroporation tissue ablation[J]. IEEE Trans Biomed Eng, 2012,
59(3): 604

[19] Neal R E 2nd, Garcia P A, Robertson J L, et al. Experimental char—
acterization and numerical modeling of tissue electrical conductivity
during pulsed electric fields for irreversible electroporation treat—
ment planning[J]. IEEE Trans Biomed Eng, 2012, 59(4):1076

[20] Davalos R V, Mir L. M, Rubinsky B. Tissue ablation with irreversible
electroporation[J]. Ann Biomed Eng, 2005, 33(2): 223

[21] Siddiqui I A, Latouche E L, DeWitt M R, et al. Induction of rapid,
reproducible hepatic ablations using next—generation, high frequency
irreversible electroporation (H-FIRE) in vivo[J]. HPB, 2016, 18(9):
726

[22] Rolong A, Schmelz E M, Davalos R V. High—frequency irreversible
electroporation targets resilient tumor —initiating cells in ovarian
cancer|]]. Integr Biol, 2017, 9(12): 979

(2019-10-29 W)



