Electrical alternative to pulsed fiber-delivered lasers in microsurgery

Daniel Palanker,® Igor Turovets, and Aaron Lewis
Laser Center, Hadassah University Hospital, P.O. Box 12000, Jerusalem 91120,
and NanoMed Ltd., Jerusalem, Israel

(Received 15 October 1996; accepted for publication 7 March 1997

An electrical system based on a tapered microelectrode has been developed for generation of high
voltage sub-microsecond discharge in physiological medium. Different types of the resulting pulses
of current are investigated as well as the dynamics of the associated cavitation bubbles. A highly
localized zone of power dissipation—about 2fh in size—results in a low threshold energy of
cavitation bubble generation—abou{d—in comparison to laser-based intraocular microsurgical
instrumentation with fiber delivery systems. Cavitation bubble dynamics resulting from the electric
discharge is similar to that observed with ns-pulsed fiber-delivered lasers in strongly absorbing
liquid medium. Efficiency of the pulse energy conversion to the bubble energy is about 12%, which
is lower than the best results obtained with lasers. In spite of that, due to the low threshold energy,
cavitation bubbles required for effective cutting of soft tissue can be generated at energies lower
than that used in laser instrumentation with fiber-based delivery systems. The proposed device has
a potential to become a convenient and a cost-effective alternative to such lasers in vitreoretinal
microsurgery. ©1997 American Institute of Physid$S0021-897¢07)08111-5

I. INTRODUCTION relatively high energy pulse generation: between 25 mJ and
40 J and with relatively long pulse duration: hundreds of
fhicroseconds. Such high energy pulses resulting in a few
illimeter-sized cavitation bubbles cannot be applied to eye
icrosurgery. Laser-based techniques indicate that the pulse

Various pulsed lasers have been applied to soft tissu
cutting and removal in liquid environment. The mechanismm
of tissue cutting with such lasers is generally associated Wit}a,]

absorption of a short laser pulse accompanied by an expl nergies required for such applications are in the range of a

sive expansion of the overheated liquid and cavitation bubbl?ew tens of micro Joules and the pulse duration generally are

fot)rmatlgn. As a result O{I such pt)rr]ocess, thfeftlsts ue in the I'gr;gla sub-microsecond rang®!! In addition to these time/
absorption zone, as Wetl as In e area ot fast expansion a ergy characteristics it is required that any device for vit-

collaps_e of the cavitatﬁon bubple Is disrupfe‘a.There are  reoretinal surgery should be able to withstand tens of thou-
three different mechanisms of light absorption that have beegands of pulses. The previous high energy devices have a

involved in pulsed laser surgery. These are: lifetime of less than 100 pulsés

(i)  linear absorption of light by the tissdé, The device described in this article is based on a micro-

(i)  linear absorption of light by the mediufy;® and electrode and corresponding pulse generator that could be-

(iii) nonlinear absorption by tissue or medium associate¢ome an alternative to fiber-delivered lasers in vitreoretinal
with dielectric breakdown of the material. surgery. We investigate in this work the different mecha-

i f disch hi ice in physiological
In spite of differences in the mechanism of laser radia-nlsms of discharge generated by this device in physiologica

. . . L medium and the dynamics of the associated cavitation
tion absorption, the tissue cutting in all these approaches was,
: . L . bbles.
associated with the cavitation bubble formation.
_In view of the general complicated nature of Ias_er-baseql_ THEORETICAL CONSIDERATIONS

devices we have searched for ways to emulate this mecha-

nism of cavitation bubble generation by nonlaser methodolo- A primary goal was to develop electrode geometry simi-
gies. Since such cavitation bubbles result from local and fadar to that of the laser tips that have been applied to the
heat energy deposition it is logical to consider an overheatin¢pser-assisted microsurgery of the éy8.This was achiev-

of a conductive medium with a short pulse of electric cur-able with techniques that have been developed to produce a
rent. In this article we demonstrate that such an electrothin platinum wire sealed into a tapered glass pigéttéth
microsurgical cavitation can be realized in physiological methe diameter varying between 0.7 mm in its cylindrical part
dia with the potential for applications in ophthalmology. and 0.2 mm at the tipsee Fig. 18)]. The exit surface of this
Previous investigators who have considered pulsed electric&lectrode was a flat inlaid metal disk of a few tens of mi-
techniques and have seen cavitation bubble form&fioan- ~ crometers in diameter. This electrode was connected to the
sidered these bubbles either as an undesirable side’affect output of a HV pulse generator schematically shown in Fig.
as a means for shock wave generation for hard tissu&(b). The second electrode, connected to a common output,
destructiorf These electrosurgical devices were designed fowas accomplished as a concentric stainless steel needle with

an outer diameter of 1 mm.

dAddress for correspondence: W.W. Hansen Experimental Physics Labora- To achieve high cutting efficiency, ca\{ltatlon bUbbles
tory, Free Electron Laser Center, Stanford University, Stanford, caShould be C!’eated fast enOUgh. for generation Qf high pres-
94305-4085; Electronic mail: palanker@leland.stanford.edu sures and high boundary velocity and acceleration. This re-
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— enables a fast discharge of the capaciigr (14pP on an
external loadsee Fig. 1b)]. When a thyratron was switched

Imm on, a shor{30 ns rise timga negative pulse was generated at
the electrode resulting from the discharge of the capacitance
/ electrode through the electrolyte. The pulse generator and the cables
(@) needle insulator inevitably have some parasitic capacitari@g (about 30 pF

in our casg so the resulting voltage on the electrodlk, ,
was lower than the starting voltad#, on the discharge ca-
R, C, pacity Cg:

1 il
tHY U_ =UgCo/(Co+ C,)=0.3Ug.
1 Duration of this negative pulse was =R,(Cy+Cp)~0.3
C, =+ 9 us. After switching the thyratron off, the capacitGy was
grid slowly charged back to the potentidl, through the resistor
driver R R; (10 MQ) and through the solution. At this stage the pulse
0 2 polarity was positive and the pulse duration was=(R;
+R.)Co~ 140 us. The amplitude of the electrode potential
(b) during this pulse can be estimated as follows:
FIG. 1. (a) Schematic representation of the electrode geométySche- Uu,= UoRe/(R1+ Re)%0.001U0.
matic representation of the HV pulse generator. The small internal electrode . ) .
was connected to the negative output of the genefatmint 1), whereas the The electrode potentigll) was measurediin point 1,
external needle was connected to the common oufmint 2). Fig. 1(b)] with the P6015 Tektronix HV prob&000x, 3pF,

100 MQ). The current was measured as a voltage drop on a
. . - resistorR,=100() connected between the external electrode
quirement determines the minimal peak power of the pulse nd the common output of the generafipoint 2, Fig. 1b)]

On the other hand, the cutting action should be local enoug ith the P6139A Tektronix prob&l0X, 8 pF 10’ IVQ) The

for p_revgnUop of ex_tenswg damagg n the surrounding of th(?/oltage and current pulses were registered simultaneously by
application site. This requirement Ilmlts the total energy thatIhe Tektronix TDS 520 digital oscilloscog800 MH2), and

can be used f_or the bubb_le f_O”Qa“O”: Based on the EXPEMhe data was transferred to the computer for analysis. In or-
ence of laser-induced cavitatidni® the diameter of the cavi- der to reduce the noise of the measured current we applied a
tation bubble required for precise and effective cutting of 0 MHz filtering that resulted in some delébout 30 nsof

;/r:t.reoretlnal t'sju? SEOEB be in a ran_getr?f 0.4—0.5fm5rr16an he current relative to the signal of the electrode potential.
Is corresponds to bubble energies in the range of 33 The diameter of the wire at the exit of the electrode was

Th? threshold energy of caw@atlon bubble fofma“"” can .b?ZS um. As the electrode was produced as an insulated wire
estimated as the energy required for the heating of the infini-

imal thi I d he el d 1d6°C placed inside a concentric metal needle, it had some capaci-
Erehs_lma thin \(vaéert ayer adjgcetﬂt to g.e e?c;:]ro eitot sde " tance (about 5 pF in our cageThe current charging this
E |s:2ergyir:s Ae ermér)e F y bet radius Oth eﬁelgr[ capacitance(l,) caused an energy dissipation distributed
g. (A3) in the ppen iy. For obtaining a thresho energy along the side walls of the electrode, whereas the current
of about 5y (Wh'.Ch Is less th_an the threshold Chara(_:te”s“cpassing through the exit surface of the electrddeesulted
f(;]r I?gebr -ba;, edt instrumenftm dth eReIe_c:rod;ra?Thsa in heating of the solution in front of the exit surface. Thus, in
should be abou ?&m (see Appendix Resis ancele o1 e 5rder to make the correct measurements of this current we
physiological medium also depends on the radius of the elecs'ubtracted the,, (separately measured in the )airom the
trode[Eqg. (A1) in the Appendix and fora=13 um it will be : : O
. i total current passing through the electrode in the solution:
about 7 K) in Hartmann'’s solutiorisee the Appendijx The P g 9

. S =lot— .. The capacitance-originated current inside the so-
parasitic heat transfer from water to the metal wire is deterlution was slightly(up to 10% greater than in the air due to
mined by the electrode dimensions and duration of heatin

Eq. (Ad) in the Appendif. Thus, to limit such heat transfer t%he fact that the tapered part of the electrode exiting from the

during the pulse by 5% of the discharge energy, the pulsgqeeeglcj[li?:nﬁg' 1a)] had some additional capacitance inside

duration should be limited by about 03 (see the Appen- We used a standard Hartmann’s solution as a physiologi-

dix). The pulse duration is. determined by-the- dischargingcal medium. Photographs of the discharge were taken on an
capacitanceC and the resistance of the circuit=R,C. inverted microscope with<x50 objective using a charge

Thus, for obtaining the discharge duratior=0.3 us, C coupled devicdCCD) camera(LN/CCD-512-TKB/1, Princ-

Sh_OU|d be about .40 PF. F(_)r obtaining a _dlscharge ENerY¥%ton Instruments, Ing. The fast flash photography of cavi-

E=5uJ, the charging potent@ of the capac!tance should tation bubbles has been accomplished witlk B0 objective

be about 500 \[see Eq(AS) in the Appendi}. using a SLL-250 flash lamp-pumped dye lad€andela

Corp., Wayland, USA The pulse duration of this laser was

about 0.5us, the delay between the electric pulse and the
For realization of the proposed idea we used a homelight pulse has been varied using a delay generator DDT-20

made HV pulse generator based on a thyratron switch thgCandela Corp.

Ill. MATERIALS AND METHODS
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FIG. 2. Time dependence of the electrode poteritialand current pass-

ing through the exit surface of the electro@el) during the discharge.
The current is presented at positive polarity for convenience of observa-
tion. The delay(about 30 nsin the start of the current relative to the
voltage results from filtering of the current signé) Discharge starts in
liquid. Note the complete switching off of the dischargdJat., =0.7 kV,

when the current becomes zero at non-zero poteftiaive 3, t~ 0.55

). (b) Discharge starts in liquid. Note the second pulse of current and
corresponding drop of the voltage after the switching off of the current at
0.32 us on curve 4. With the increase of the electrode potential a second
pulse was generated earlier and two pulses of current overlap, becoming
indistinguishable(The short peak of current at 60 ns is a remnant of the
electrode capacitance-originated curjeiit) Discharge starts inside the

L small oxygen bubble sitting on the electrode. The peaks of current are
by 3 L1 about twice as shorter and higher than corresponding peaks of the dis-
charge starting in liquidb).

IV. RESULTS down the voltage reductiorjFig. 2@), curves 2. At

The resulting pulse profiles of the electrode poteritial ~ Ymac—=0.7 KV [Fig. 2@), curves 3, the current falls to zero
and the current passing through the exit surface of the eledSWitched ofi when the potential is still at the half of the
trode(l) are presented on Fig. 2. At,,=0.3 kV [Fig. 2a), maximum. This switching off of the current results from gas
curves J the voltage and current simultaneously decreas@eneration on the surface of electrode that disconnects the
with a time constant of about 0.8s. As the potential in- liquid from the metal surface.
creases, the nature of the discharge changes: The current At higher electrode potentials the second pulse of current
drops much faster after about O, resulting in slowing is generated after the first ofieee Fig. 2b)], and with an
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FIG. 3. Micrographs of the sparks generated during the discharge. Original (a) t, us
magnification isx500. The wire diameter at the exit is 20m. Bar = 20
um. (&) Typical discharge al ., = 2.7 kV in liquid. Lighted area with
dimensions of about Zm emits reddish light in front of the electrode. 1 e 8 Umax=09 kV
Reflection of this light on the electrode exit surface is seen at the right of the 9 Umax=2.0 KV
arrow. (b) Typical spark generated inside the oxygen bubble remained on 1000 4 . max= <.
the tip after the previous pulse application. The spark length seems to be 3 4 10 Umax=2.8kV
shorter than the bubble diameter as it reaches the boundary above or below [
the bubble’s equator.

W

3

increase of voltage the delay between these two pulses dez
creases. AU, higher than 1.4 k\V[Fig. 2(b), curves 6,
these two pulses completely overlap andWy,,=2.7 kV
[Fig. 2b), curves 1, they became indistinguishabléThe
sharp peak at 60 ns is the remnant of the capacitance-
originated current through the walls of the electrodehe
discharge at a voltage range of 1.4—2.7 kV was accompanied
by emission of the reddish lighsee Fig. 8a)] and sound
wave generation. AtJ,,,=2.7 kV, the radius of the light
spot was about Zm.

As was mentioned above, each fast discharge of the ca-
pacitor (when the central electrode played the role of the 1+ *
cathod¢ was accompanied by a slow charging phase during 0 1 02 03 04 05 06 07
which it became an anode. The electrode potential at this t us
phase did not exce,ed a few volts and the pulse duration WaﬁG. 4. Power dissipation in the liquid in front of the electrode at different
about 140us. At this stage oxygen generated on the eleCxytarting potentials. These curves are the result of multiplication of the cor-
trode was accumulated in the bubl¢f0 um in diameter at responding values of the voltage on current at each moment of time pre-
Umax=2.7 kV) that was slowly dissolving and rising up in sgnted in _Fig. 2(a) Discharge starts in liquid. The_ curves have a flat top
the solution. When the electric pulses were generated at v'tlzedg;aég';;’;ti?:tjgg”ks\’/ f‘cnuc:vtg%_ez(tgogg;tgrggcs"’t‘grg?ﬁsirg:‘ng a
repetition rate exceeding 10 Hz these bubbles did not havgygen bubble. The curves have no flat top, and the exponential decay has
enough time to move away between the pulses. In this casetige time constant of about 60 ns at all starting potentials.
discharge could start in the gaseous phase, as can be seen in
Fig. 3b). This discharge was shorter and had a higher peak
power[see Fig. 2c)] than in the case of a discharge startingior probably indicates that the gas-containing insoluble
in a liquid environmen{Fig. 2(b)]. However, the total en- bubble covered only a part of the electrode enabling some
ergy released during the discharge at the same voltage mlischarge into the liquid also.
these two cases remained the same. An interesting feature of The curves of power dissipatigdV = U X I) in a liquid
the discharge starting in gas was that after the voltagend in a gas bubble are presented in Fig®) 4nd 4b),
dropped below the threshold and the gas discharge wagspectively in a semi-logarithmic scale. The discharge start-
switched off, there is still some nonzero current. Such behawing in liquid had a duration full width half maximum

100 4

Powe

104
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FIG. 5. Sequence of micrographs presenting the dynamics of cavitation
bubbles generated a&f ., = 2.7 kV. The tip diameter is 20@m and
original magnification is 108. The delay between the electric pulse and the FIG. 6. Dependence of the maximal volume of the primary cavitation
flash pulse is shown in the corner of each frafineus). The tip was held at  bubble on the pulse energy. The wire diameter wag20 The intersection

an angle(about 157 with the horizon, as it is schematically shown in Fig. of the linear approximation of the curve with abscissa — @13— repre-
1(b), thus only a central part of the picture is seen in focus. sents the threshold energy of the cavitation bubble generation.

] necting its center with the center of the tifpame 5. The
(FWHM) that varied between 300 ns at then,=0.3 kV. secondary bubbles were generated from both, the ring and
(curve J) and about 150 ns &t y,=2.7 KV (curve 7. Atthis the sten(frames 6,7. These bubbles were ejected away from
voltage, the pulse profile had a flat top of about 100 ns duthe tip at different velocitiegabout 5 and 17 m/s, respec-
ration followed by the exponential decay area with a timetjvely) and then collapsed and disappeared at the distances of
constant of about 60 ns. The power profile of the discharg@pout 0.25 and 0.65 mm, respectively, at aboutug6after
starting in a gas bubble had no flat top, and the time constaife pulse(frame §. The maximal volume of the primary
of the exponential decay area was about 60 M3t vary-  cavitation bubble linearly increased with the pulse energy
ing between 0.9 and 2.9 kjcurves 8-10, Fig. @)]. (see Fig. 6 The threshold energy of bubble generation,
During an application of a large amount of pulses degg, . which is a point of intersection of the linear approxi-
radation of the electrodes was observed, i.e., the wire Wagation of the graph with the abscissa, is about 33 Effi-
etched inside the insulator. The rate of etching depended n@fency of the discharge energy conversion to the energy of
only on amount of charge transferred, but also on the voltagge cavitation bUbbIEE pup/ (Epuise — Ernresy] is about 12%.
applied. Deepening of the pit in front of the wire resulted in (The energy of the bubble is estimated Bg,=P -V nay >
an increase of the probability that it will be filled with gas, whereP is the atmospheric pressure, avig,, is the maxi-
and at some stage only a discharge starting in gas was ohsa| volume of the bubble
served. When this pit became so deep that the electric field
across it \'Nag.lower thqn the threshold requwed fqr 988, DISCUSSION
discharge ignition, the discharge was terminated. This phe-
nomenon determines the lifetime of the electrode. For ex- The nature of the observed discharges becomes more
ample, atU,,=2.4 kV the electrode withstands about clear analyzing the resistance of the sys@&wU/l, Fig. 7).
300 000 pulses. During this period the wire had been etched@he graphs shown in Fig. 7 were obtained by division of the
to about 40um in depth and the resulting cavity prevented electrode potentiglU) on the currentl), presented in Fig. 2,
the discharge. The average metal expenditure rate was abdbus the same indices of the curves correspond to the same
5% 10 12 g per pulse, or about 25 electron charge units peexperimental conditions. The resistance is infinite at the be-
atom of Pt. ginning of the pulse and reduces during the fir&0 ns due
to the delay in the current signal relative to the potential
resulting from filtering, as it was mentioned above. Thus, the
The sequence of micrographs of cavitation bubbles gengraphs of resistance are depicted starting from 40 ns. At low
erated at the electrode with a 20n wire atU ,,,=2.7 kVis  potential [U,,,,=0.3 kV, Fig. 7a), curve ] the resistance
shown in Fig. 5. The delay time between the electric pulseeduces from 22 to 13 during the pulse, which probably
and the flash of dye laser is showin us) in the corner of results from heating of the solution. Reduction of the resis-
each frame. The spark generated in the vicinity of the electance at the beginning of the pulse becomes faster at higher
trode is clearly seen as a white spot in front of the wire. Thevoltage(curves 2, 4, as the medium is heated faster at higher
average velocity of the bubble boundary during the firgtsl  discharge power. The resistance during the first pulse of cur-
of the growth phasdframes 1,2 was about 90 m/s. The rent is more than twice as high than the theoretical estima-
primary cavitation bubble grew in about 26 (frames 2,3,  tions described above. The discrepancy is probably associ-
reaching the maximal diameter of about 0.5 mm. During theated with the formation of a high resistivity sheath with low
collapse the bubble had a mushroom-like shépeme 4, ion concentration near the electrode at high voltage pulse
that was eventually transformed to a ring and a stem conapplication'® As the potential increases, the gas generation

A. Cavitation bubble dynamics
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35 o trolysis of the medium or its evaporation. The threshold en-
[ o1 ergy of the vapor bubble generation should be proportional
a2 to the difference between the boiling and the ambient
o4 temperature$®> We measured the potential at which a
[ A (o5 switching off of the current was observggimilar to curve 3,
a1 06 Fig. 2(a)] at different temperatures up to the boiling point.
I a7 No change of this potential with the liquid temperature has
been detected. This observation indicates that the gas causing
204 the disconnection of the liquid from the metal is not a water
[ vapor, but probably hydrogen resulting from the electrolysis
of water. If the electric field in the gas layer is high enough,
N the electron avalanche is generated in this layer, that then
i propagates inside the liquid. The threshold potential of
w0l such a discharge generation was about 400 V, the same as
[ the threshold of the glow discharge on the cathode observed
i when a dc voltage is appli¢d.This second pulse of current
5¢ started at this voltage at about 350 ns after the first one
[ (curve 4. Resistance during this pulse was about &k
substantially lower than that of the first pulse. As the poten-
tial increased, the two pulses fused and the resistance re-
duced to about 3R (U,,=1.1 kV, curve 5. The electron
avalanche started earlier as the potential increased and resis-
30 tance remained constant during the dischdmeves 6,7.
o 8 Umax=0.9 kV Thus, the discharge process can be divided into the fol-
#9 Umax=2.0kV lowing stages: First—generation of the layer of hydrogen gas
25 210 Umax=2.8kV on the surface of electrode at the beginning of the discharge.
Second—electric breakdown and electron avalanche genera-
tion starting in the gas layer and propagating into the liquid
medium. At this stage water is overheated and this results in
the water vapor bubble growth. When the collapsing vapor
bubble moves away together with the generated hydrogen
gas a slow charge of the capacitor occurs. At this stage the
electrode has a lowa few voltg positive potential, and thus,
the oxygen gas is generated on its surface. This gas accumu-
lates into smallabout 50um) bubble that slowly rise up in
the solution. If the pulse repetition rate is so hi§e—20 Hz
that the oxygen bubble could not dissolve or move away of
the electrode before the next pulse, the following discharge
occurs inside the oxygen bubble. The resistance of the dis-
0 01 02 03 04 05 06 07 charge starting inside the oxygen bubble located on the elec-
(b) t, s trode[see Fig. Th), obtained by division of the correspond-
ing signals(U over |I) shown in Fig. Zc)] was constant
FIG. 7. Time dependence of the resistance of the discharge. These curvéIfing the discharge. This resistance reduced from 5 1,3 k
are the result of division of the voltage on the current presented in Fig. 2gs theU max increased from 0.9 to 2.8 kV. As the resistivity
The signal starts at inﬁnity_ due to the delay Qf the current relative to theof the plasma is much lower than that of the electrolyte, the
voltage resulting from filtering of the current signéd) Discharge starts in . . . . .
liquid. 1: U,,=0.32 kV, 2: U,.,=054 kv, 4: U,.=09 kv, 5. resistance during spark generation phase is determined
Umax=1.1 KV, 6: Upu= 1.4 KV, 7: Ua=2.7 KV. Switching off of the ~ mainly by the potential drop inside the liquid in the sur-
discharge is clearly seen by a sharp increase of the resisieumees 2,4,h rounding of the plasma. Thus, it depends mainly on dimen-

Tran5|_t|on from _the discharge n _Ilqwd o the spa_lrk generation Is seen as %ions of the plasma-liquid interface, and not on the wire di-
reduction of resistance. The minimal resistance in the liquid phase is abou

13 kQ, while during the spark generation it decrease from 6 t€)3ak the ~ ameter. o _ o _
Umax increase from 0.9 to 2.7 k\curves 4-7. (b) Discharge starts inside As shown in Fig. 5, dynamics of cavitation bubble is

the oxygen bubble. Resistance is constant during the discharge and reducgignilar to that observed with the ArF excimer laser in a
from 5 to 4 K} as theU p increase from 0.9 to 2.8 kV. strongly absorbing liquid environmehtGeneration of the
mushroom-like shape at the collapse stage, and ejection of
the secondary bubbles in the forward direction results from
on the electrode surface results in an increase of the resithe influence of the tip on the bubble growth and collapse.
tance up to the complete disconnection seen on curve Efficiency of the discharge energy conversion to the energy
(Umax=0.9 kV). The gas generation on the surface of theof the cavitation bubble is about 12%, which is about twice
electrode could result from two different processes: the elecas low as that obtained with the Nd:YAG and ArF excimer

304

Resistance, kOhm

0 -;‘—I—I—I—.—I—h&l—‘-‘ﬂ—lﬂ-‘-‘—l—l—l—.—l—uﬂ—'—l—l—l—l—‘d—l—lﬂ—‘
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laser! On the other hand, the threshold energy of cavitatiorACKNOWLEDGMENTS
bubble generation — 3.3.J — obtained with an electric ) i _
discharge is at least five times lower than that obtained with  1he authors thank Galina Fish and Rima Glazer for
fiber delivery-based laser systems applied to vitreoretina’lnuch help with preparation of the microelectrodes.
surgeryt?14 Both these parameters, the threshold and the
efficiency of the bubble generation are determined by the
primary heat distribution in space, which is different in theseAPPENDIX
two cases. In vitreoretinal surgery cavitation bubbles of
about 0.4-0.5 mm in diameter are generally ustd-*!°
Electric discharge generates such bubbles at the energies
32 and 62uJ, respectively, which is lower than the corre-
sponding laser pulse energies!®14

One specific aspect of the electric discharge application Y
for generation of cavitation bubble is a possible electropora- “oma

tion of the adjacent tissue by a strong electric field. The . o . .
distancer from the electrode at which the electric field be- wherey is the resistivity of the solution. The current density

comes lower than the threshold valg, during the dis- near the electrode on a surface of half-a-sphere with radius

charge with the starting potentibl can be estimated as fol- IS
lowing: ) U Ua
]

To estimate the parameters of the required electric pulse
th{s shape of the electrode can be assumed for simplicity as
ﬁ)alf-a-sphere. The resistance of the solution between such
electrode of radius and the large electrode at infinity’ls

(A1)

C2mR

whereU is the electrode potential. Thus the density of the

o U-a Joule heat power in this area will be
= uz.a?
Wjoulzjz'y: ,y_r4 :

wherea is the radius of the electrodk=1 atr<D(D/2) or This power will heat the water with a rate

k=2 atr>D(D/2) andD is the diameter of the insulator at dT U?.a?
the exit plane of the tip. Assumind=2 kV, a=12 um, and ar y-p-Cr’
En=1 kV/cm?2° we obtainr = 0.35 mm. The data for the
threshold electric field of the electropermeabilizatfowas
obtained for application of 10 pulses with 1@& duration. ) -
Electropermeabilization is a transient phenomenon, and gefiliS rate is

erally do not influence cell viability at such conditions. To dT u?

cause unrepairable cell injury higher electric fields are FTa m- (A2)
required?® In addition, much shorter—submicrosecond—

pulses are applied in our case, so the distance of about 0.35e total energy of the pulse that will dissipate as heat in the
mm is, probably, an overestimation of safe distance of applisolution will be

cation of the electrodes with respect to possible electroper- fm U2

where p is the water densityf1 g/cn?), and C is its heat
capacity[4.19 J(g- grad]. At the electrode surfacé =a)

meabilization effect. However, even this estimation results in  E=
lower value than the effects caused by cavitdtibduring
the laser applications in retinal surgery. The efficiency ofAfter substituting Eqs(A1) and (A2) under the integral we
cutting of various ocular tissues, as well as the safety issuasbtain
such as an extent of collateral damage in the vicinity to the
application site and the delayed physiological response is a E=2ma’CpAT, (A3)
matter of an ongoing investigation in our laboratéfy. whereAT is the total temperature rise in the surface layer of
The similarity of the energies, the bubble dimensionsthe liquid during the pulse. The threshold energy of cavita-
and dynamics indicates that the described electrical devicgon bubble formation is the energy required for heating of
has a potential to become a cost-effective alternative to vitwater to 100 °C= Thus, the threshold energy of abouju3
reoretinal surgical equipment based on the fiber-deliveredorresponds to the electrode radm®f about 13um (as-
pulsed lasers. In addition, electric discharge may allow thesuming room temperature as 20)°@s the resistivityy =~
investigation of the mechanics of the tissue disruption by70 Q) cm (for Hartmann'’s solutioy) the resistance of the so-
cavitation bubble, as it enables the independent variation dfition R with such an electrode will be about 4.8 kAs the
the rise time, peak power, pulse duration and shape alonglectrode is not a hemisphere, but rather an inlaid disk, the
with dimensions of the interaction zone. Such variations ar@ctual resistance will be higher by factef2 2! Thus, it will
difficult to achieve with lasers, and it could be very helpful be about 6.8 &. On the other hand, as the resistivity of the
for evaluation of the roles of such parameters as pressursplution reduces with temperature, in different areas of the
deformation, boundary velocity and acceleration in the proheated zone it will be different, so for accurate calculations
cess of soft tissue cutting. this effect should also be taken in consideration.

— dt,
o R
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