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Fig. 1. (a) A simple diagram of the experimental system, including the diffusion bubble observation system, needle-ring electrode,

oscilloscope, and pulse generation device; (b) a model of the needle-ring electrode device; (¢) the actual diagram of the needle elec-

trode; (d) the image of the diffusion bubble generated by theconductivity of 14.08 mS/cm, pulse width of 100 ps, pulse output

voltage of 250 V.
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Fig. 2. (a) Field intensity distribution of the YZ cross-section; (b) field intensity distribution of the XY cross-section.
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Table 1.  Pulse parameter table.

(fs%j‘;/l) B s TV
5 100 120 140 160 180 200
10 60 80 100 120 140 160
140.8
50 20 30 40 50 60 70
100 10 20 30 40 50 60
5 650 700 750 800 850 900
10 400 450 500 550 600 650
14.08
50 200 225 250 275 300 325
100 125 150 175 200 225 250
50 800 820 840 860 880 900
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100 600 650 700 750 800 850
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Fig. 3. Current waveform plot at different voltages (electrical conductivity-pulse width-voltage): (a) 140.8 mS/cm-100 ps-20/80 V;

(b) 140.8 mS/cm-50 ps-20/80 V; (c) 140.8 mS/cm-100 ps-90 V.
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Fig. 4. Linear fit of diffusion bubble area with voltage under different electrical conductivity: (a) 140.8 mS/cm; (b) 14.08 mS/cm;

(c) 1.408 mS/cm.
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Fig. 5. Statistical analysis of the diffusion bubble area when the needle electrode acts as an anode under different electrical conduct-

ivity: (a) 140.8 mS/cm; (b) 14.08 mS/cm.

(90992421525) pm?, (154680+27055) pm?. [£] 4(b)
W, BKTER 5, 10, 50, 100 ps B, FEAEY B E
JERE 2 650900 V, 400700 V, 200325 V,
150275 V. fKHL R T ™A A S R 51 R
(840343862) pm?, (1625146332) pm?, (60851+
14464) pm?, (92922418236) pm?. & 4(c) H, Ik
5, 10 ps B, Bk H Sl 900 'V A IS 44 A2
AH <.

% 2 N 4 ORI SE T P EUR
T T AR R AR B HLA  R . TERLS AR,
A Rk AR U R B R 3 KR
AR SR AN, ME KT K, A
FRARL I I XA A L 58 N A AR R K 58, oL
RRKHT, PG BRI, - B/A, TS
FIAFIKSE T, FR= AT BB E. HEe
A 140.8 mS/cm, k98 A 5, 10, 50, 100 ps K,
PG B h G A B A B R 430 R 115,
80, 12, 8 V. M HL F# k4 14.08 mS/cm, kA 5,
10, 50, 100 ps i, LG T B RI46 ™ A 9 B
1 HL R 43 9 R 665, 407, 218, 146 V. 24 G2k
1.408 mS/cm, k%A 50, 100 ps i}, 14 7 #Eh

WG A9 BU I L 20512 793, 669 V.
MEF R R B, 755 B AR A BIAR R W] )
HL T2 IKSE . R IR(E S S50 ST, it hn ik
R AR A AR B BRI, PR
JUKTE R P HL R, A A sl 5 . K 5(a)
LSRR 140.8 mS/em B, Bk od 5 HU O T
FURRZIR. Ik R 5, 10, 50, 100 ps B, bRy HL RS
Rl 43 91 4 300—500 V, 300—450 V, 150—250 V,
F 2 PECCHE AR R AL A )y R

Table 2.  Fitting equation for the area of diffusion
bubble with voltage.

Y=AX+B
HL 3%/ (mS-em™") K /ps
/ ) WS/ B M
5 300 —34533 115
10 655 — 52863 80
140.8
50 1452  —17757 12
100 2597  —20567 8
5 35 —23288 665
10 60 —24444 407
14.08
50 498  —108883 218
100 712 —104663 146
50 9.5 — 7541 793
1.408
100 35 —23448 669
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100—200 V, fEIZH RSP, i B 5 ik 8,
R AR T REFE AR T HL IR, LGRS 7P A R B i A
5 R JCH et R, HLAH T ARG s AR A
shyEEI K. Kl 5(b) R H S K 14.08 mS/cm i,
Jik & 5 B R S AR A . K SE A 5, 10 ps
fF, 900 'V HL Hs N A Ik o 5N E A5 4 F il ™ A= 4 1
A BKGE R 50, 100 ps B, X 7 E Y L A3 5 R
500—700 V, 400—550 V. A o i AL S L R TG
R RPE R R, B AR s K. S
A 1.408 mS/cm, XFT 5, 10, 50, 100 ps FIMK L,
L R f i 28 900 VA JEY B = A: .

B N BEEXT Y S IEERAIF
BRI, AR E=UIritH £ 1
Hh A — A ik o 2 B0 in 5 0 A RE i (FR R
mJ), PSR RER | R A, %1
HhF IO ik i S i A RE LN 3 Irg.

DU A BE S A AL, 45 BIAS A L 8 | ik e
Py o T G R TR AL E DN =S F o I S
FiR. B 6, Al —HL 3t kiR, fi A BE =
A3 FBIER A, 3K A2 h T AE AN [ ik S st R 3 T
ANESERY. 18 6(a) FHSEN 140.8 mS/cm, A

3.2

BEE LA FIKSE, Fkvih 5, 10, 50, 100 ps
i, A BE = 43 B 1.25—5.00 mJ, 0.90—
6.40 mJ, 0.50—6.12 mJ, 0.25—9.00 mJ; [ 6(b)
Jik5& M 5, 10, 50, 100 ps I, % A BER I B4 9 0
6.03—11.57 mJ, 4.57—12.07 mJ, 5.70—15.10 mJ,
4.46—17.86 mJ; [ 6(c) Ik%ih 50, 100 ps A, A
AERYE R0 10.65—13.50 mJ, 12.00—24.08 mJ,
EIENE R o N I il @ D NG s e Lk (A

] 6 HoxF TR ] Ik T B fi A A3 Bl A 20
M RN R, 7 A TR T AR LA ).
WY HL Rk 140.8 mS/em, BKFE 100 ps, REH
A HIAE 7.5-—10 mJ BF 3800 1 AL B oA
125000 —15000 pm?; 1fij HL 5 % 4 14.08 mS/cm,
Ik FE 100 ps, REEHIATEHAE 7.5—10 mJ B, <L
i AR Bl 9 1000030000 pm?2. A SZ 565t 1 24
HL 5% R 140.8 mS/cm, BKHEH 5, 10 ps BFRIEFRE
WLEZ B A BE SR R 1.35—1.64 mJ. fik
YA 50, 100 s BRI IR 7= Az 3 10 P B A BE
H0.15—0.25 mJ; HL 5%k 14.08 mS/cm B, 4%
ik v T W) i 7 AR UM R i A BE S 5.80—
6.00 mJ; HL 5% K 1.408 mS/cm B}, £ k56 T #)
TR Y B R A BB 10.70-—14.00 mJ.

£ 3 ARk SE AR =
Table 3. Input energy table for different pulse parameters.
5% /(mS-cm™!) WK FE /us i A fEH /mJ
5 1.25 1.80 2.45 3.20 4.05 5.00
140.8 10 0.90 1.60 2.50 3.60 4.90 6.40
’ 50 0.50 1.12 2.00 3.12 4.50 6.12
100 0.25 1.00 2.25 4.00 6.25 9.00
5 6.03 7.00 8.03 9.14 10.32 11.57
14.08 10 4.57 5.78 7.14 8.64 10.28 12.07
’ 50 5.70 7.23 8.93 10.80 12.85 15.10
100 4.46 6.43 8.75 11.43 14.46 17.86
1.408 50 10.65 11.2 11.76 12.32 13.00 13.50
’ 100 12.00 14.08 16.33 18.75 21.33 24.08
20 10 15
—~ (a) —~ (b) —=—5 ps —~ (c) 50 ps
5 15 { = st 10 ps i - 100 ps
A r = —— 50 pis / & ol
= S 6 —+— 100 ps S
< 10} < = E
& ——5ps g 4 =
= 5| 10 ps = g 57
0 e ® ! Auk 100 ps 0 ! ‘r'/./l./. ! 0 ! 1 | | !
0 5 10 15 0 5 10 15 20 0 5 10 15 20 25
HiNAEE/mJ HANAEE/mJ HiiNRES:/mJ

Kl 6

NIRRT B T R A e AR AR AL 1R

(a) 140.8 mS/cm; (b) 14.08 mS/cm; (c) 1.408 mS/cm

Fig. 6. Fitted plot of diffusion bubbles area as a function of input energy under different electrical conductivity: (a) 140.8 mS/cm;

(b) 14.08 mS/cm; (c) 1.408 mS/cm.
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Vi 5 ps I, S AR TR B A BE SR
il 1.25-5.00 mJ, Al ABER TRy -, Y
o3 E 2 TR S FE R ECHTR], S 20—35 pm, B
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A 2035 pm, 20—50 pum, 2055 pm.

2 i GOROR ], % EE AR ) ik 9 T A9 < 4
0, ARH SRR P B R h 4 3 FE AU
BN, WH 5%k 14.08 mS/cm, Bk 98 R 5, 10 ps
BF, B RS A U5 A G 29 1030 pm;
Ik FE 50, 100 ps B, 8RS P B
297 20—40 pm. H-FF N 1.408 mS/cm, Ik FE N
50, 100 ps A, §HCA IR A9 U 437 B Bl 43l
254 1020 pm, 1530 um. BRILZAN, K 7 AT
SR KTE AT, 3 KA R A A
P B A R KRR R, KA RS i e L
ULV X VR ol o

FEMGETT Tt A0 e bk s 7 AR B B
MR AR RS DL R, 25 Rk 4 B
H. KRGS 1 A Bkeb R B L % 3 MY A BB L
(B, AT (5] X6 o S 7= A B e K B EAR R

F RAEESECT RA IR,
300 = g 300 @
200 £ 200F
100 F ‘ 7 100t
0 ‘é’Léll h@r’ 0 ¢-£-L---- 2L

VNN 0@000 @Q@QQ:@QQ%%

QN7 YT DT Q-7 AT e
HINRER /mJ ﬁu)\ﬁug/mJ
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(8) =
\
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(a) 140.8 mS/cm-5 ps; (b) 140.8 mS/cm-10 ps; (c) 140.8 mS/cm-50 ps; (d) 140.8 mS/cm-

100 ps; (e) 14.08 mS/cm-5 ps; (f) 14.08 mS/cm-10 ps; (g) 14.08 mS/cm-50 ps; (h) 14.08 mS/cm-100 ps; (i) 1.408 mS/cm-50 ps;

(j) 1.408 mS/cm-100 ps

Fig. 7. Distribution of bubble diameter size (electrical conductivity-pulse width): (a) 140.8 mS/cm-5 ps; (b) 140.8 mS/cm-10 ps;

(c) 140.8 mS/cm-50 ps; (d) 140.8 mS/cm-100 ps;

(e) 14.08 mS/cm-5 ps;

(f) 14.08 mS/cm-10 ps; (g) 14.08 mS/cm-50 ps;

(h) 14.08 mS/cm-100 ps; (i) 1.408 mS/cm-50 ps; (j) 1.408 mS/cm-100 ps.
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3 3 X695 7 AN [) L SRV T - B H R it
TR LR ) 5100 ps ikl WEEE T 3 B0 1A
PR BE AR T BN ELAR R A AR AR AR B . f T AT
e 2 ity 2 THT il A48 A B R BOH: i 5 3 45 HL At
DX 38R g, R T B L R b 2 o S L
AT X ST R & B S R R A A B AR s,
B AR L HA — s B AR MBI, B s
HECE AR B8]y, I FHE LIRS B 3
T BE K i S EORIE T PR S 3R A L.

S A BT EEL AR (14 E R AR A A A KR
PR AR EE S ST A R B A (8] 4 A
1), ARPEEA SR WG R (R
T 00 7 R A B 4 7 A A A R )
JICEEL LR (FF A 7 A 3 R B9 R BRI 4 AN AT
DUBZEH 4 ZcRAE:

1) PRI R kb R S =R, |
HENEE AV

2) VAL TR | KB, W06 BRI

3) VTR 58 K SRR, R R RRAT

4) R TR | PRFERRR, A A R

R LA S 6 A T AR o R Y 06
RIEPL A —F MIE 4 A1 6 1T LAWLEE RS i
S5k e R A LM R, LR E
X BRI Y A S T R R R
ARLEREHE van Es & B &1 2 F0 k vh g 37 7
A2 S BB ST 4 R — L AT T AR
50, 100, 200 J [ 2> 280 ik b = Az ) AR R,
S5 RIS B i A B S PR R Ok 34

Wi 7AW 7= A i Y R W . A
Rubinsky 55 12 fBF5E Y, S 150 B R A S AE Ik i
LU R LA, il 0.9% AE3EK S 0.5%
TR BRI A LA P BRBE, IR R AT BB %
IR it i bk v R 3. WF 5 3 1ok it ik o i 3 )R
PH a8 7R 7 B9 A8 LT T g SO i & A, H
H3AE PH (ELZ5 548 th BHB ™ A= 1Y HL A 7 1) v] A
FEFS. BEX KCLIA TR, AR A R B, 7673 0
e K+, Clm, HY, OH-PUFPES 1, i, 76
W Cl- Lt OH-%& 5k L i+, Afb A i < 9
e, HHH K& 58 8 HF, R A AR, I,
T EE LA R A ) LS SR

FHE%: 2C17 —2e™ = Clp 1, FIfl: 2HT +2e~ =H, 1.

BRI 2 2KCl + 2H50 = Cly 1+ +Hy 1 +2KOH.

TN FRW], KCL i i i A ) AU S5 1%
126 FEL o7 B IE Bb . ASBIFSY 45 SR 5 o SR A 191 A fik
R S R H A A A H b 2 Tk I HR Y 2 BR
th—%, BUBKSE iR B SR = R S R
A2 SO A TTHE i A = A

ARG A TEAKE W AR E S AF T VA BE 43
B4 1.83% F1 200%, PHAK b IS AE B )R
P i, TSR B B AR D T K.
AR T 5 58 4 Z I p2E 5. TdE— 2 5k
PR S I ™ A A I S B R TR A E R SO
AIREAFAE CI-5 OH- KR LR FAMAR S HA.
FRYE IR BLA 255 (] 5 FR), s 1 24500
WY A AU 5 1 OKr ™ AR A0 R A A T B A
A HAHIA B T AT, 7T 40 0 L s AP i 2 1)
ST BN, BT REfAE SRR

R4 BRRMSECT AR BT HAR RS SR GRS

Table 4. The maximum bubble diameter size and average bubble size generated under each pulse parameter.
HLF% /(mS-cm™1) ik 5E /s BRSBTS HR T/ pm
5 0/0 60/23 85/27 130/28 145/31 160/32
10 0/0 100/21 135/27 155/25 190/28 220/29
1os 50 33/16 80/26 90/32 130/39 160/38 220/37
100 24/14 100/27 130/37 190/36 200/44 225/42
5 25/14 40/23 55/24 70/24 75/25 90/23
10 35/19 55/23 65/25 80/25 95/28 115/25
108 50 20/18 40/22 115/25 135/28 145/29 200/31
100 35/17 80/25 90/28 110/29 175/33 190/35
50 15/13 18/14 20/15 22/14 25/16 30/16
1408 100 35,/20 42/19 42/21 52/23 55/24 62/22
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Abstract

Pulsed electric field is a novel physical energy source for treating atrial fibrillation and tumor ablation,
which has advantages over traditional thermal ablation, such as being non-thermal, short treatment time, tissue
selectivity, and low contact pressure requirements. The diffusion bubbles generated during physical ablation
may lead to gas embolism and silent cerebral events, with potential hazards such as tissue damage and cerebral
ischemia. Previous studies have shown that the number of bubbles generated is correlated with the electrical
properties of the treated object, pulse parameters (pulse waveform, treatment time and input energy), and
electrodes. The number of bubbles are more significant at the cathode than at the anode, and the number of
bubbles positively correlates with the input energy. However, to the best of our knowledge, no studies have been
conducted to investigate the effects of ablation pulse parameters on diffusion bubbles. Therefore, in our
experiment, a platform for producing pulses and observing diffusion bubble is built, and the needle-ring
electrode we made realizes the capture and measurement of diffusion bubbles. Since pulses with a voltage of 3
kV and a pulse width of 100 ps are commonly used as ablation parameters for atrial fibrillation and tumor in
pulsed field ablation (PFA), the pulse width of unipolar pulse is selected as 5, 10, 50, and 100 us, and the
number of pulses applied is 1. The pulse voltage is determined according to the parameters commonly used in
PFA and the simulation calculation of the field strength distribution of the needle-ring electrode. After
determining the parameters, this experiment explicitly investigates the relationships among diffusion bubbles
and solution conductivity, pulse voltage, pulse width, input energy, and other parameters. Meanwhile, the size
distributions of diffusion bubbles under different operating conditions are statistically investigated. Besides, the
possible causes of diffuse bubbles are also explored. We evaluate the number of bubbles by measuring the cross-
sectional area of the diffusion bubbles from a top-down perspective. The experimental results show that the area
of diffusion bubbles generated in the liquid is positively correlated with pulse voltage and input energy; high
conductivity and long pulse width can enhance the thermal effect and increase the area of diffusion bubbles;
diffusion bubbles with a diameter larger than 100 pm are easily generated under high conductivity and high
pulse width conditions. By speculating on the results, the electrolytic reaction may be the main source of
diffusion bubbles when the needle electrode is the cathode. This study is expected to optimize future pulsed
electric field ablation parameters.

Keywords: pulsed electric field, diffusion bubble, ablation parameter, electrolysis reaction, risk of embolism
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