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Comparison of temperature open-loop and closed-loop feedbacks in high-voltage pulsed electric
field ablation

ZHANG Ke"?, WANG Jie?
1. School of Medical Imaging, Nanjing Medical University, Nanjing 210029, China; 2. Department of Interventional Radiology, Jiangsu
Province Hospital, Nanjing 210029, China

Abstract: Objective To compare the differences between temperature open-loop and closed-loop feedbacks in high-voltage
pulsed electric field ablation. Methods Three different loads, namely cell suspension, 3D cell model and swine liver tissue
ex vivo both in temperature open-loop group and temperature closed-loop group were exposed to high-voltage square-wave
pulsed electric field with a field strength of 1.5 kV/cm, frequency of 1 Hz, pulse width of 100 ps and pulse number of 20.
Moreover, a temperature closed-loop algorithm was added in closed-loop group to control pulse delivery of temperature
sensor to the microcontroller. Electrode temperature, cell suspension conductivity and cell death rate, 3D cell model ablation
area and pathological characteristics of swine liver tissue ablation zone after electric field ablation were quantitatively
compared and qualitatively analyzed. Results The electrode temperature, cell suspension conductivity, cell death rate and
3D cell model ablation area in open-loop group after ablation were (53.2+5.5) °C, (1.43+0.03) S/m, (86.8+5.5)% and (0.46+0.15)
cm?, respectively, higher than (38.5£1.6)°C, (1.21£0.02) S/m, (73.6+10.2)% and (0.37+0.08) cm’in closed-loop group, and
the differences were statistically significant (all P<0.05). Through hematoxylin-eosin staining, coagulation necrosis caused
by thermal injury was found in swine liver tissue ablation zone in open-loop group, while widening in hepatic sinusoids,
cytoplasmic dehydration and loss, and nuclear accumulation were observed in closed-loop group. Conclusion Under the
experimental conditions, there are differences between temperature open-loop and closed-loop feedbacks groups. The
traditional temperature open-loop high-voltage pulsed electric field has a slightly stronger ablation effect than temperature

closed-loop ablation, which may be related to the increase in electrical conductivity and the enhancement of the lethal
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effects of electric field mediated by thermal effects. Temperature closed-loop feedback can avoid thermal damage effects and

achieve real non-thermal ablation.

Keywords: high-voltage; pulsed electric field; ablation; temperature; closed-loop
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Fig.1 Hardware circuit connection diagram
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Fig.2 Flowchart of temperature closed—loop feedback algorithm
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Fig.4 Ablation temperature curves
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Fig.5 Comparison of quantitative indexes after ablation

107

3Q1-UL{0.18%) Q1-UR(40.83%)

10° 3

PIPE-A

1Q1-LL(20.42%) Q1-LR(38.56%)

-10°0 10°  10* 10° 106 107
Calcein—AMFITC-A

b: [F314H

El6 AR EHRAMIKTS T

Fig.6 Comparison of solution—loaded ablation cell state distributions

a: FFIReE

b: AIFHE

7 3D AR B A AU E R E AR AT EE
Fig.7 Comparison of the ablation area of 3D cell model

222 FEMERERR  ARTH R DI E RS AT 2 (B IR )
H-E Qe @I/ N SE 88 A A0S 0T, 240 S e i L+

B4 (K 8a) o JT PR APAI PR TH Bl BRIV 220 g #1245
7, WAL Rl O XA R BN T 1 523 8 (141 8b) o



- 854 -

%
AR

H ] e

538 %:

1 302 AL AR ] R DX AL 0 A A i o 2R
e G LR R i B 5 T B0 I TR A 5 [ 4 IR A
DXCPE8¢) o PHFRZH AR Jo] [ JC B [ PR SR AE X . P
T il o 0 P R 2 8] P e 9 X 32 B R B T/ 2F
2 5] BT 228 /N I S R AT A I TR K 2 O A
FEIE o, A ] DA o 4 A IR (P 8d)

% SEENEEE
SHELFDX, %100

d: T E X, x40
8 ESRIERT S 3RS H-E R B XL

Fig.8 Comparison of H-E staining of swine liver ex vivo after ablation

c: FFIMARRFE X, x40

33t g

AR SO % e 8 FE R 8 DK il L 37 3 Rl R
JBE AR ST R T T g . HATE AR
T 43 % R 1 Jok v L 37 31 v RO A 5 A4S B
E T il DX B A W R R L A A I
DA AT A OGS . ELF 2020 48, Petrella 55142
HE IR PR S A B ARE A X5 3D B Jeg 40 A R R A 14
HEGE , F6 AL GE R T PR A RN A A s 5 kT
AR LS o % WF T e BLIERN I, SR 405 3D
i 96 210 B ASS TR R B AR P2 21 3 B 6 3 EAT T S2
S PRy A 2 SR TR 3D 40 AR TR S ] Ak R
TR, AT HE 5 40 0 T S A AT v B 2 fL
TR 2 R R 22, B AR e e AR R T SR
AT S . (HA 2= B 5T A R e AR AR 4L 2L
20 6 HE B RN 2, DR L BN 2 B 3R G, DU T A
S 7 By bR FLLR A8 LI PR S A

R 7 AR B ) P S8 A 7 2 O TE T il 45 SR v
PRI o IS I A R 3R F T RN AR I IR

o S JBK o T 2R 7 e % SRR (] 1140 /)N R L 25 i A
IGBT J- 4 il U5 44 5 I8 vmi s Jok o 2% 26 254 ik e
J A LI Sk g ] P R R v R 3 11 S e
7% R bk b A A 254 . 36 F Arduino S i 4%
FIF- G A by Jok v o] R B85 R 5000 A o F 865 O T i
(NGRS ER GRA € TR I SV
2 25 U J24 1 B S g A P LA e A A ek W
IR ot B B 7T 9 A R P BEORG Aff 1) JE£F IR R e
—EAH TR BT A, TR AT R R b B A A
FRURAS, S2gbaE R woR , bkoh & 2R U TR 52 (18 3) 5
TP Sk B T e HE RN H A TR+ B SR
PEAIG , S B0k oA R — 3504 TR U8k 3, P A R iR
JEE AR B B 5 7E B B s (K1 4) .

TH A5 R, FF PR R AR A 3 £ 2 P4 3 3 734
ISR = i B 4 S D A B 7 4 £ R 2 - S W
FET-HRIG K TR (F 5) . JFHR4L 3D Mg 580 £71
2 7H il DX T AR R T P IR AL 53X — 5 F Petrella 2501
Fesmire % [RIFFE— 3. TF AL B IR A1 407 2R Al
JEL L IX i B [P IR T I 1 AT A2 A B (1 8)
TCE B B 20 T il v BT PR, AR A
RIFETEIE— D0 T I M ROR . XA
i &35 S 1 3D 41 i A R G e 8 S 1 — A5 b AT DL &
P, PR VA AN SE T ARG I PR T o0 32, A R4 [
I A7 eSS R T A S R T (&1 6) 5 TF R4 B A% T il
TR K T AT R A, (F 2 30 il DX AS 2 P 3R 4 34 57 (1A
7a) o AT LIHEWT , 4 500 TT 20 = e e 3 7 il R 52
BRI T A T R 2 e AR R R RO, T —
A ) TR L, B A 5 S — A5 1 R bk ) R
RAONE o T I AT A T il ) 2 9 ) 2 1 A 1L 0
i, HEBR T IR BB, PR I X5 Y 6 T in 35
J(E7b)

H T 1 EL 3 0 Rl A U T B e e 1
FEFFUE T ARG 24 h DUF 0 PRI B8 AR A 3 il Ak
PR 2 S5 JC IR VAR A SO Al X . SR A
563 PO A R SR Rl X (] 8b 18] 8d) {7 1L JHF 1 52
B8 S A T R K RO B L n D e A [ 4 R
%R AR AT I, 3 i e 37 T Wl R S B 2209 2 485 SR
Chen 55" [ Kim %R 45 5 — 8, MR Z P L
B RA L5, B T A T 2R A
FRZEL Tl A B 200 555 10 DX, BRIV AT TG B P S B 1Y)
JRERIX ] . PR AR 25 R 2 sh 40 B2 3R JE %
TF GV AT HEAT A W6 B ) 76 AR 3l ) 52 3 R A7 2l 25
Lo MR T BRGSO HA LR 8l , P e
7 B0 RS PR L ZUAN[R] B R R 4R 20 8030 ke 46 i1
JERTA], o] GE X A ACR A2, G ik — &



7 b

- 855 -

TR 5 il B2 PH B S 453 9 il 14 B A%, WU
PE— B SIS AR AL

£ 1, AR G R T B i e ik vl FL 7 R L
VIR B Rl A E 22 001 . (EIZ SR A5 PF T L IR EETT
P R 28R P4 it T JBE PAT RS , 3k T RE S RSO A
SRR RN G SR A G o i P B B 5 E S G A
PO, 52 B ECIE T B BT

[5&% k]

[1] BERTACCHINI C, MARGOTTI P M, BERGAMINI E, et al. Design
of an irreversible electroporation system for clinical use[J]. Technol
Cancer Res Treat, 2007, 6(4): 313-320.

[2] DAVALOS R V, MIR I L, RUBINSKY B. Tissue ablation with
irreversible electroporation [J]. Ann Biomed Eng, 2005, 33(2):
223-231.

[3] DEWITT M R, LATOUCHE E L, KAUFMAN J D, et al. Simplified
non-thermal tissue ablation with a single insertion device enabled by
bipolar high-frequency pulses[ J]. IEEE Trans Biomed Eng, 2020, 67
(7): 2043-2051.

[4] AGNASS P, VAN VELDHUISEN E, VAN GEMERT M J, et al.
Mathematical modeling of the thermal effects of irreversible
electroporation for in vitro, in vivo, and clinical use: a systematic
review[J]. Int J Hyperthermia, 2020, 37(1): 486-505.

[5] CHARALAMBOUS P, MORIS D, KARACHALIOU G S, et al. The
efficacy and safety of the open approach irreversible electroporation
in the treatment of pancreatic cancer: a systematic review[J]. Eur J
Surg Oncol, 2020, 46(9): 1565-1572.

[6] BELFIORE M P, REGINELLI A, MAGGIALETTI N, et al.
Preliminary results in unresectable cholangiocarcinoma treated by
CT percutaneous irreversible electroporation: feasibility, safety and
efficacy[ J]. Med Oncol, 2020, 37(5): 45.

[7] MARTIN R C, DURHAM A N, BESSELINK M G, et al. Irreversible
electroporation in locally advanced pancreatic cancer: a call for
standardization of energy delivery[J]. J Surg Oncol, 2016, 114(7):
865-871.

[8] LOPEZ-ALONSO B, SARNAGO H, LUCIA O, et al. Real-time
impedance monitoring during electroporation processes in vegetal
tissue using a high-performance generator[J]. Sensors (Basel), 2020,
20(11): 3158.

[9] OBRIEN T J, BONAKDAR M, BHONSLE S, et al. Effects of

internal electrode cooling on irreversible electroporation using a
perfused organ model[ J]. Int ] Hyperthermia, 2018, 35(1): 44-55.

[10] PETRELLA R A, FESMIRE C C, KAUFMAN J D, et al.
Algorithmically controlled electroporation: a technique for closed loop
temperature regulated pulsed electric field cancer ablation[J]. IEEE
Trans Biomed Eng, 2020, 67(8): 2176-2186.

[11] SANO M B, PETRELLA R A, KAUFMAN J D, et al. Electro-thermal
therapy: microsecond duration pulsed electric field tissue ablation
with dynamic temperature control algorithms[J]. Comput Biol Med,
2020, 121: 103807.

[12] RUARUS A H, VROOMEN L G, PUIJK R S, et al. Conductivity rise
during irreversible electroporation: true permeabilization or heat?[J].
Cardiovasc Intervent Radiol, 2018, 41(8): 1257-1266.

[13] RAO X, CHEN X D, ZHOU 1J, et al. A digital controlled pulse
generator for a possible tumor therapy combining irreversible
electroporation with nanosecond pulse stimulation[J]. IEEE Trans
Biomed Circuits Syst, 2020, 14(3): 595-605.

[14] #45% . —A SR T 8 F ILAL CN201720297729.9[P]. 2018-
02-09.

SHAN C'Y. A high-frequency irreversible electroporation instrument:
CN201720297729.9[ P]. 2018-02-09.

L15] M 2. SR AT Rk ok & AE R T A4 20 L3 208 09 45 AR 52 B B
7 [D]. ER: R K F,2016.

RUI S Q. Simulation and experimental study of biologicaltissue
thermal effects underhigh-frequency nanosecond pulse bursts[D].
Chonggqing: Chongqing University, 2016.

[16] FESMIRE C C, PETRELLA R A, KAUFMAN J D, et al. Irreversible
electroporation is a thermally mediated ablation modality for pulses
on the order of one microsecond[J]. Bioelectrochemistry, 2020, 135
(10): 107544.

[17] VOGEL J A, VAN VELDHUISEN E, ALLES L K, et al. Time-
dependent impact of irreversible electroporation on pathology and
ablation size in the porcine liver: a 24-hour experimental study[J].
Technol Cancer Res Treat, 2019, 18: 1-9.

[18] PARTRIDGE B R, O'BRIEN T J, LORENZO M F, et al. High-
frequency irreversible electroporation for treatment of primary liver
cancer: a proof-of-principle study in canine hepatocellular carcinoma
[T]. T Vasc Interv Radiol, 2020, 31(3): 482-491.

[19] CHEN X H, REN Z R, ZHU T Y, et al. Electric ablation with
irreversible electroporation (IRE) in vital hepatic structures and follow-
up investigation[ J]. Sci Rep, 2015, 5: 16233.

[20] KIM H B, SUNG C K, BAIK K, et al. Changes of apoptosis in tumor
tissues with time after irreversible electroporation [J]. Biochem
Biophys Res Commun, 2013, 435(4): 651-656.

(% %% FEiEs)



