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METHOD FOR ELECTROSURGERY WITH 
ENHANCED ELECTRIC FIELD AND 

MINIMAL TISSUE DAMAGE 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is related to and claims priority 
from US. provisional application 60/447,715, ?led on Feb. 
14, 2003, and hereby incorporated by reference. 

GOVERNMENT SPONSORSHIP 

[0002] The present invention Was made With support from 
the National Institutes of Health, under contract number R01 - 
EY-12888. The government has certain rights in this inven 
tion. 

FIELD OF THE INVENTION 

[0003] The present invention relates generally to an electro 
surgical device, and in particular, to the design of ef?cient 
electro-surgical probes and Waveforms for pulsed plasma 
mediated cutting, fragmentation, and evaporation of biologi 
cal tissue in ?uid media. 

BACKGROUND 

[0004] Plasma-mediated cutting of soft biological tissue in 
conductive liquid media With sub -micro second pulses of hi gh 
voltage is described in the patent of Palanker [US Pat. No. 
6,135,998]. Dissection oftissue based on explosive vaporiza 
tion by short (under feW microseconds) pulses of high voltage 
is described in the patent ofLeWis et al. [US Pat. No. 6,352, 
535]. In these applications an inlaid cylindrical electrode (ie 
a Wire embedded into a thick insulator and exposed at its end) 
is applied to ionize, evaporate and fragment tissue in proxim 
ity of electrode using dielectric breakdoWn or vaporization of 
Water induced by a high electric ?eld. An inlaid cylindrical 
electrode cannot penetrate into tissue and thus can only pro 
duce shalloW cuts on its surface. Due to the pulsed regime of 
application, this device produces a series of perforations in 
tissue, Which often do not merge into a continuous cut. In 
addition, cavitation bubbles accompanying each pulse create 
substantial collateral damage in tissue during their groWth 
and collapse phases [Effect of the Probe Geometry on 
Dynamics of Cavitation, D. Palanker, A. Vankov, and J. 
Miller, Laser- Tissue Interactions XIII, vol. 4617 SPIE 
(2002)]. The size of such a damage zone typically far exceeds 
the size of the electrode and the corresponding zone of initial 
energy deposition [Effect of the Probe Geometry on Dynam 
ics of Cavitation, D. Palanker, A. Vankov, and J. Miller, Laser 
lissue Interactions XIII, vol. 4617 SPIE (2002)]. Reduction 
in pulse energy helps to reduce the mechanical damage, but 
also leads to decreased cutting depth. 
[0005] A second mechanism of electrosurgical ablation is 
vaporization of tissue in the proximity of the probe by over 
heating a conductive medium With either a continuous radio 
frequency Waveform or With sub-millisecond long bursts of 
pulses. This mechanism is universally applicable to soft and 
hard biological tissue ranging from membranes and retina to 
skin and cartilage. In such regimes Wire electrodes are typi 
cally used, although the use of a device that could provide a 
uniform electric ?eld along its length Would be preferable. 
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[0006] Without considering end effects, the electric ?eld in 
a conductive liquid at distance r from a cylindrical electrode 
With potential U and radius r0 much smaller than its length L 
is: 

assuming that the return electrode is much larger and posi 
tioned at in?nity. The threshold electric ?eld required for 
dielectric breakdown in Water is on the order of 105-106 V/cm 
[Jones, H. M. & Kunhardt, E. E. Development of Pulsed 
Dielectric BreakdoWn In Liquids. Journal of Physics D-Ap 
pliedPhysics 28, 178-188 (1995); Jones, H. M. & Kunhardt, 
E. E. Pulsed Dielectric BreakdoWn of Pressurized Water and 
Salt Solutions. Journal of Applied Physics 77, 795-805 
(1995)]. Such a threshold electric ?eld Eth can be achieved 
With electric pulses of several kV on a Wire electrode With a 
diameter of several tens of micrometers. The threshold volt 
age required for ionization of a surface layer of Water is: 

The corresponding threshold energy is: 

Evaporation of Water in the proximity of an electrode begins 
When the temperature is elevated above 1000 C. The threshold 
voltage required for vaporization of a surface layer is: 

Where '5 is a pulse duration, y is the electrical conductivity of 
the liquid, p is the liquid density, c is the liquid heat capacity, 
and AT is the temperature change. The corresponding thresh 
old energy is: 

[0008] LoWer threshold voltage and energy, as Well as bet 
ter localization of energy deposition can be achieved by 
decreasing the radius of electrode r0, as folloWs from equa 
tions 1-5. HoWever, this approach is limited by the mechani 
cal strength of the thin Wire and its visibility. In addition, the 
problem of non-uniform distribution of electric ?eld along 
the electrode, and particularly, enhancement at the apex 
remains. 

[0009] This enhancement is illustrated in FIG. 1A, Which 
shoWs the electric ?eld surrounding a Wire electrode. The 
?eld is stronger at the apex (i.e., at distance:0) and is Weaker 
in its cylindrical portion. Thus ionization and vaporization on 
such an electrode Will alWays begin and be dominant at loca 
tions of enhanced ?eld strength, leading to uneven cutting and 
excessive damage in front of these singular points, as shoWn 
in FIG. 2. 

[0010] One geometry that provides uniform enhancement 
of an electric ?eld is a ring electrode shoWn in FIG. 3. Its ?eld 
is uniform except for the points of deviation from perfectly 
round shape, such as Where the ring electrode contacts With a 
holder. Fortunately, these regions of deviation can be kept 
aWay from tissue during surgery. The threshold voltage on 
such an electrode is set by the Wire radius (equations 2 and 4) 
and thus is limited by the mechanical strength of the Wire. For 
example, a thin Wire is very Weak and ?exible and is thus 
inapplicable to manipulation of tissue. In addition, Wires thin 
ner than 25 microns are barely seen under a conventional 
surgical microscope, and this makes their use even more 
dif?cult. An additional problem With the application of thin 
Wires is that erosion of thin Wires greatly limits their lifetime. 
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[0011] Below We describe probe geometry and pulse Wave 
form structures that provide solutions to these and other prob 
lems. 

SUMMARY 

[0012] What is desired is a penetrating electrode that can 
cut tissue uniformly along an extensive cutting Zone, rather 
than just With its apex. As Will be shoWn beloW, this objective 
can be achieved through geometric tailoring of the electrode, 
careful design of the electrical pulses applied to the electrode, 
or a combination of these approaches. 
[0013] Tissue can be cut uniformly along an extensive cut 
ting Zone through the use of an electrosurgical cutting system 
that comprises an electrically conductive blade, insulators, 
and a source of pulsed electrical energy coupled to the blade. 
Inparticular, the blade has a ?rst blade surface, a secondblade 
surface, and a blade thickness. The blade thickness is the 
smallest local distance betWeen the ?rst blade surface and the 
second blade surface. First and second insulators are a?ixed 
to the ?rst and second blade surfaces, respectively. The ?rst 
blade surface and the second blade surface come together 
along a blade edge. Ideally, the blade edge is perfectly sharp, 
but in practice the blade edge Will be someWhat rounded and 
it is this rounded region betWeen the ?rst and second blade 
surfaces that Will be called the blade edge. The blade edge Will 
have an edge radius of curvature, Which ideally Will be small 
(thereby providing a sharp blade edge). In practice, the entire 
blade edge is unlikely to be used for cutting, but only a blade 
cutting portion, Which is a predetermined length of the blade 
that is used for cutting biological tissue. Unlike the ring 
electrode discussed earlier, the use of a blade provides sub 
stantial mechanical strength While the use of a blade edge 
With a small edge radius of curvature can provide a substan 
tially uniform enhanced electric ?eld along its cutting Zone. 
[0014] In preferred embodiments, biological tissue is cut 
With the electrosurgical system With a sharp blade edge by 
manipulating the blade in a biological medium such that the 
sharp blade edge is in close proximity to the tissue to be cut. 
The approach then involves applying at least one electrical 
pulse along the cutting Zone of the blade edge that contacts the 
region of biological tissue to be cut. In preferred embodi 
ments, multiple electrical pulses are applied to the sharp blade 
edge. The electrical pulses are of suf?cient strength to gener 
ate electric breakdoWn in the tissue that is in a close proximity 
to the sharp blade edge. The pulse duration is suf?ciently long 
for the generation of a streamer and spark discharge but is 
suf?ciently short to avoid the development of a high current 
arc discharge. In this case, Whether the current Was high 
Would be With comparison to the current generated in the 
biological medium prior to the development of the arc. 
[0015] Tissue can also be cut uniformly along an extensive 
cutting Zone Without the use of a blade as described above. In 
this approach, biological tissue immersed in a liquid medium 
can be cut uniformly along a cutting Zone of an electrode (not 
necessarily in the form of a blade) by ?rst forming a uniform 
vapor cavity surrounding the cutting Zone of the electrode. 
This can be accomplished through the tailoring of the elec 
trical pulses applied to the electrode. After forming the uni 
form vapor cavity, this approach involves ioniZing the vapor 
in the cavity. This results in a plasma-mediated discharge into 
the biological tissue inside the vapor cavity. 
[0016] These tWo approaches canbe combined to form very 
effective methods for cutting biological tissue. In the com 
bined approach for cutting biological tissue, a burst of pulsed 
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electrical energy is applied to a blade having a blade edge With 
a relatively small edge radius of curvature. The number of 
pulses and the energy of each pulse is chosen such that liquid 
adjacent to the blade cutting portion of the blade edge prior to 
application of the burst of pulses is, at some time prior to 
completion of the burst of pulses, vaporiZed along the entire 
blade cutting portion of the blade edge. With the combined 
approach, nonuniformities in the electric ?eld along the blade 
edge are effectively smoothed out. 
[0017] In the most preferred embodiments of these meth 
ods, the electrical pulses have alternating polarity. Alternating 
the polarity of the pulses greatly reduces the electroporation 
related tissue damage aWay from the immediate vicinity of 
the cut. 
[0018] An electrosurgical cutting system as described 
above can be readily fabricated. A blade of an electrically 
conductive material is provided. The blade Will have a ?rst 
blade surface and an opposing second blade surface. The ?rst 
and second blade surfaces join at a blade edge. In preferred 
embodiments, the ?rst and second blade surfaces in a prede 
termined cutting Zone near the blade edge are tapered to form 
a tapering region, Which is the region in Which the ?rst and 
second blade surfaces converge toWards each other. The blade 
is coated With a thin layer of insulator to form a coated blade. 
The coated blade is immersed in a conductive medium. A 
source of pulsed electrical energy is coupled to the blade. 
Pulsed electrical energy is then applied to the blade until the 
thin layer of insulator is removed from the vicinity of the 
blade edge. Preferably the thin layer of insulator is removed 
over the entire tapering region. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] FIG. 1A illustrates the electric ?eld along Wire elec 
trodes of 10, 25 and 50 microns in diameter (410, 440, and 
430 respectively) and 530 microns in length, and along the 5 
um-thick edge of a disk electrode of 400 pm in diameter 
(420). The exposed Zone of the disk electrode is 50 um from 
the edge. The electrode potential is 600V in all cases. FIG. 1B 
illustrates the edge of the disk electrode used in FIG. 1A. 
[0020] FIG. 2 shoWs the formation of a cavitation (vapor) 
cavity at the apex of the Wire electrode in saline several 
microseconds after beginning of electrical pulse. This effect 
demonstrates that electric ?eld at the apex is much higher than 
in other parts of the Wire electrode. 
[0021] FIG. 3 shoWs a 10 um-thick Wire loop electrode in 
saline With cavitation bubbles forming simultaneously along 
all its length. This effect demonstrates the uniformity in dis 
tribution of the electric ?eld along its surface. 
[0022] FIG. 4A shoWs an electrically conductive blade With 
insulators adjacent to the blade surfaces. The blade surfaces 
join at a blade edge. FIG. 4B shoWs a magni?ed vieW of the 
region around the blade edge. The blade tapering angle and 
the edge radius of curvature are shoWn. 
[0023] FIG. 4C shoWs a blade having a circular planform. 
FIG. 4D shoWs a blade With an elliptical planform. FIG. 4E 
shoWs a blade having a planform of more general shape, With 
the heavier line Weight corresponding to the blade cutting 
portion. 
[0024] FIG. 5A shoWs a blade electrode With insulated ?at 
sides and an exposed sharp edge and tapering region on a 
perimeter. FIG. 5B shoWs light emission by plasma forming 
on the exposed portion after a 200 ns pulse of 3 .4 kV in saline. 
FIG. 5C shoWs vapor (cavitation) bubbles uniformly covering 
the exposed portion 5 us after the pulse. 
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[0025] FIG. 6 shows a sequence of photographs demon 
strating formation of a uniform cavity along an electrode With 
a non-uniform electric ?eld using a sequence (burst) of 
pulses. For complete coverage of the electrode the duration of 
the burst should not exceed the lifetime of the ?rst bubble 

[0026] FIGS. 7A-C shoW a sequence illustrating the initia 
tion of an electric arc. 

[0027] FIGS. 8A-C shoWn an electrode as a blade edge and 
biological tissue immersed in saline. FIG. 8A shoWs the elec 
trode before the vapor cavity formation. FIG. 8B shoWs a 
vapor cavity forming over the portion of the electrode not 
covered by the insulator. When the electrical potential is high 
enough, an electric discharge occurs betWeen the electrode 
and the tissue as shoWn in FIG. 8C. As shoWn in FIG. 8C, the 
discharge is concentrated in the region of smallest separation 
(least resistance) betWeen the electrode and the tissue. 
[0028] FIG. 9 shoWs that etching of a 15 um-thick Tungsten 
blade by electric discharges at surgical settings leaves the 
blade edge sharp as it shortens. 

DETAILED DESCRIPTION 

[0029] Referring noW to the draWings, Where similar ele 
ments are numbered the same, FIG. 4A depicts an electrically 
conductive blade 100 having a ?rst blade surface 110, a sec 
ond blade surface 120, and a blade edge 130. In practice, the 
blade edge 130 is someWhat rounded, the edge radius of 
curvature 140 being shoWn in the magni?ed vieW of FIG. 4B. 
A ?rst insulator 210 is a?ixed to the ?rst blade surface 110. 
Similarly, a second insulator 220 is a?ixed to the secondblade 
surface 120. To complete an electrosurgical cutting system, a 
source of pulsed electrical energy 300 is coupled to the blade 
100. The other terminal from the source of pulsed electrical 
energy 300 is connected to a return electrode (not shoWn) 
immersed in the medium in Which the blade 100 is inserted. 

[0030] At any position on the blade 100, the blade thickness 
is the smallest distance betWeen the ?rst blade surface 110 
and the second blade surface 120. In preferred embodiments, 
in the region adjacent the blade edge 130, the blade thickness 
is reduced approximately linearly as the ?rst 110 and second 
120 blade surfaces approach the blade edge 130. A blade 
tapering angle 150 is the angle of convergence of the ?rst 110 
and second 120 blade surfaces as the blade edge 130 is 
approached. In preferred embodiments the blade tapering 
angle 150 is less than 45 degrees; in more preferred embodi 
ments the blade tapering angle 150 is less than 30 degrees; 
and in the most preferred embodiments the blade tapering 
angle 150 is less than 15 degrees. 
[0031] Although in some embodiments the ?rst 210 and 
second 220 insulators extend completely to the blade edge 
130, in preferred embodiments the ?rst 210 and second 220 
insulators terminate prior to the blade edge 130. This leaves 
an exposed portion of the blade 100. As shoWn in FIGS. 4A 
and 4B, in the most preferred embodiments the exposed por 
tion of the blade 100 extends through all or most of the 
tapering region. The exposed portion of the blade 100 
betWeen the blade edge 130 and the ?rst 210 and second 220 
insulators does not signi?cantly reduce the electric ?eld on 
the blade edge 130, but it decreases electrical impedance and 
thus increases the energy deposited into the biological tissue. 
Ending the ?rst 210 and second 220 insulators some distance 
from the blade edge 130 keeps the insulators aWay from 
stresses induced by pulsed heating, vaporiZation and ioniZa 
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tion. The extra distance also provides for some depth of metal 
for etching, Which helps to increase the productive lifetime of 
the blade 100. 
[0032] FIGS. 4C-E shoW a variety of planform, or in-plane, 
shapes that are useful in various embodiments of the blade 
100. In a canonical embodiment shoWn in FIG. 4C, the blade 
100 takes the form of a disk, and hence the blade 100 is 
sometimes denoted a disk electrode. In such a blade 100, the 
?rst and second blade surfaces each has a radius of curvature 
in a plane perpendicular to the thickness, (sometimes knoWn 
as the planar or in-plane radius of curvature 160) that is 
constant at all points on the blade 100. In another canonical 
embodiment shoWn in FIG. 4D, the blade 100 has an elliptical 
planform and the planar radius of curvature 160 (shoWn only 
schematically) varies considerably along the blade edge. 
[0033] The planform shoWn in FIG. 4E is more general. In 
preferred embodiments the planar radius of curvature 160 is 
much larger than the edge radius of curvature, at least in the 
blade cutting portion 170. The blade cutting portion 170 is a 
predetermined length of the blade 100 that is used for cutting 
biological tissue. In FIG. 4E, the blade cutting portion 170 has 
been chosen to coincide With the heavier line. In preferred 
embodiments the planar radius of curvature 160 in the blade 
cutting portion 170 is at least 5, 10, 25, 50, 100, or even 
thousands of times greater than the edge radius of curvature. 
Regions Where the planar radius of curvature 160 is much 
greater than the edge radius of curvature are considered to 
have a sharp blade edge. Having an extensive blade cutting 
portion 170 With a sharp blade edge facilitates uniform (or 
nearly uniform) enhancement of the electric ?eld along the 
blade edge of the blade cutting portion 170. 

Electrode With Uniformly Enhanced Field for Dielectric 
BreakdoWn in Liquid 

[0034] The electric ?eld around a sharp exposed blade edge 
is similar to that on a ring electrode, but the radius of curvature 
is not limited by mechanical strength anymore. The blade 
edge can be sharpened much more because the mechanical 
strength for this structure is provided by the blade. In addi 
tion, visibility of this electrode is no longer a problemithe 
macroscopic blade can be easily observed While its very sharp 
blade edge might not be Well resolved in a conventional 
surgical microscope. Thus the blade edge of such an electrode 
can have an edge radius of curvature much smaller than 10 
microns. This Will strongly reduce the threshold voltage and 
energy, as Well as the penetration depth of the ?eld into the 
tissue, Which in turn leads to a cleaner cut With a smaller Zone 
of damaged tissue. The distribution of electric ?eld along a 5 
um-thick blade edge on a disk electrode is shoWn in FIG. 1. 
[0035] The small radius of curvature and loW threshold 
energy make the interaction Zone With tissue very shalloW, 
thus fast cutting can be achieved at suf?ciently high pulse 
repetition rates. Cutting tissue by small steps at high repeti 
tion rate results in a very smooth action leaving very clean 
edges of the lesion. For successful insertion of such thin 
electrode into tissue the layer of insulator on its ?at sides (?rst 
and second blade surfaces) should be thinicomparable or 
thinner than the edge radius of curvature. 
[0036] Providing the blade edge is sharp With nearly uni 
form edge radius of curvature, the electric ?eld on the blade 
edge remains uniform, or nearly uniform, even if the planar 
shape of the electrode is not exactly round. The electric ?eld 
remains uniform as long as the planar radius of curvature of 
the blade remains much larger than the edge radius of curva 
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ture of the blade edge and the edge radius of curvature is 
uniform or nearly so. Thus a disk electrode can be deformed 
into an ellipse or other shape of a blade. Such a blade elec 
trode Will preserve a substantially uniform distribution of 
electric ?eld along the blade edge and can be used for uniform 
dissection or ablation of tissue With any part on its perimeter. 
Examples of uniform formation of vapor bubbles and ioniza 
tion along the blade edge of such an electrode are shoWn in 
FIGS. 5A-C. 

Optimal Tapering Angle and Material for the Blade Electrode 

[0037] The ?eld enhancement at the blade edge of the blade 
electrode depends on the blade tapering angle. The loWer the 
tapering angle, the more effective is the enhancement of the 
electric ?eld. In addition, a loWer blade tapering angle facili 
tates access to tissue and penetration into it. The threshold 
energy is reduced by a factor of 2 When the tapering angle 
changes from 30° to 0°. Thus, for maximal enhancement of 
the ?eld, as Well as for the most convenient access to tissue 
and penetration into it, the blade tapering angle should pref 
erably be less than 45 °, and more preferably less than 30°, and 
most preferably less than 15°. 
[0038] To reduce the rate of etching of the blade by hot 
plasma, the blade electrode should be made of a material 
capable of Withstanding high temperatures. In addition, the 
material should be hard enough to provide su?icient rigidity 
When used as a thin blade. Additionally, to reduce the out?oW 
of heat from the treated area via the blade electrode, it should 
be made of a material With loW thermal conductivity. Mate 
rials ?tting all these characteristics are for example, Tungsten, 
and more preferably Titanium since its thermal conductivity 
is 8 times loWer. 

Pulse Structure for Minimization of Electroporation 

[0039] One of the mechanisms of tissue damage in electro 
surgery is electroporation. This is a direct effect of high 
electric ?elds on the membranes of cells. Electroporation 
results in an increase of the cell permeability and may lead to 
cell injury or death. To reduce this effect a voltage-balanced 
or a charge-balanced pair of pulses of opposite polarity 
instead of a single pulse of one polarity can be applied. This 
change leads to signi?cant reduction in tissue damage. For 
example, application of a single pulse of 200 ns duration and 
4 kV in amplitude produces electroporation-related damage 
on the order of 260 um, While charge-balanced bi-phasic 
pulses applied to the same electrode at the same amplitude 
produces only 90 um of electroporation-related damage 
(measured on chorioallantoic membrane of chicken embryo 
using Propidium Iodide staining technique). In addition to its 
biological advantage, alternating the polarity of the pulses 
also decreases the erosion rate of the electrode. 

[0040] In a preferred embodiment, a microblade of 0.2-0.6 
mm in length With insulated ?at sides and exposed sharp 
edges serves as an electrode using bi-phasic charge-balanced 
Waveforms With pulse duration varying from 0.1 to 5 us. 
Retinal dissection has been performed With complete and 
partial vitrectomy on excised pig eyes and in-vivo rabbit eyes. 
Results Were analyzed clinically and histologically. When no 
energy is applied the instrument can be used as a vitreoretinal 
pick to elevate and expose membranes. A train of charge 
balanced pulses of alternating polarity can create uniform 
cutting along the edge of the blade Without generation of 
visible gas in vitreous or ?uid medium. Smooth cutting With 
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out turbulent ?oW or other mechanical interference occurs 
When operating at repetition rates around 100 Hz. Histology 
and propidium iodide staining of live tissue demonstrate that 
the collateral damage zone extends 40-80 um from the edge. 
With different Waveforms the blade electrode can also coagu 
late. 
[0041] To reduce electroporation, a symmetric AC Wave 
form, (voltage-balanced rather that charge-balanced) can be 
applied, Which results in a damage zone less than 40 um. 

Pulsed Waveform for Neutralization of “Hot Spots”. 

[0042] Uneven distribution of the electric ?eld along the 
electrode affects its performance not only in the regime of 
dielectric breakdoWn in liquid, but also in the regime of 
evaporation of Water. This effect can be neutralized using 
specially designed pulse Waveforms. The energy should be 
delivered in a burst of pulses in such a Way that evaporation of 
the liquid, leading to vapor bubble groWth, ?rst occurs in the 
areas of high electric ?eld. Providing that the electric ?eld is 
not suf?ciently strong for ionization inside the vapor bubble, 
the vapor bubble Will isolate that part of electrode from the 
conductive ?uid. Hence, evaporation Will begin in the sur 
rounding areas having a someWhat Weaker electric ?eld. This 
process should continue until the last area of the electrode is 
covered by the vapor cavity before the ?rst bubble collapses 
exposing the electrode in that area. This requirement sets the 
amplitude and optimal duration of the pulse or burst of pulses. 
The size of individual bubbles and the number of them can be 
set by choosing the energy of each pulse in the burst and by 
number of pulses. An example of such process producing 
uniform vapor cavity along an electrode With a non-uniform 
electric ?eld is shoWn in the sequence of photos of FIG. 6. 
[0043] In the example of FIG. 6, the Wire diameter is 25 
microns and the Wire length is 1 mm. A single burst of pulses 
is applied to the Wire, having a burst duration of 30 us, and 
containing pulses (or minipulses) having a duration of 2.5 ps 
separated by a pulse interval of 2.5 ps. The pulse voltage is 
360 V. 
[0044] The lifetime of an empty spherical cavity of radius 
R0 in Water (density p:l000 kg/m3) and under atmospheric 
pressure (Po:l05 N/m2) is t:0.9lRo(p/Po)l/2. That means an 
empty bubble With radius 100 um Will collapse in approxi 
mately 10 us. If the bubble is not empty, i.e. if the vapor 
pressure inside is signi?cant, the lifetime Will increase. No 
simple estimates for the cavity lifetime is knoWn, but as a ?rst 
approximation P, Which is a difference betWeen the pressure 
outside and inside the bubble, can replace Po. Thus if the 
vapor pressure inside is 0.9 Po, then P:0.l Po, and the life 
time t Will increase by a factor of 101/2, approximately 3. As 
the vapor pressure inside the cavity approaches atmospheric 
pressure the lifetime of the bubble extends to in?nity. The 
amount of vapor inside the cavity depends on the dynamics of 
the cavity formation. If the bubble is formed as a result of a 
very fast (as compared to lifetime of the cavitation bubble, 
Which is typically above 10 microseconds) explosion the 
cavity quickly becomes very cold and is virtually empty. If the 
bubble is formed by sloW (above 10 microseconds) heating 
and vaporization, the vapor pressure inside Will be higher and 
closer to ambient pressure. These theoretical guidelines can 
be used to help design Waveforms, but some experimentation 
is likely to be necessary to determine the best Waveforms for 
any particular set of circumstances. 
[0045] The duration of a burst of pulses is preferably less 
than 10 ms, and can be less than 1 ms or even less than 0.1 ms, 
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to reduce thermal damage to tissue being cut. The duration of 
pulses Within a burst is preferably between 10 ns and 10 us. 
Preferably, adj acent pulses Within a burst of pulses have 
opposite polarity to reduce electroporation damage to tissue. 
Preferably, bursts are repetitively applied to the electrode 
such that successive bursts are separated by a burst interval of 
1 ms or more. 

[0046] After the vapor cavity covers the entire electrode, 
With the proper level of the electric ?eld, ioniZation of the 
vapor can occur. FIGS. 7A-C illustrate the start of electric 
discharge in a saline solution. In FIGS. 7A-C, the electrode is 
a metal anode, glass serves as an insulator, the saline solution 
is the liquid conductive medium, and a cathode is immersed in 
the saline solution. FIG. 7A shoWs the early formation of a 
vapor cavity in the saline solution. R1 is the resistance from an 
equipotential through point A to an equipotential through 
point B. R2 is the electrical resistance from the equipotential 
through point B to the cathode. R2 is typically much larger 
than R1, because not all of the anode is blocked by the vapor 
cavity. Thus, only a small fraction of the anode potential U 
(i.e., U Rl/(Rl+R2)) is present across the vapor cavity. In 
other Words, the saline alongside the vapor cavity acts as a 
shunt resistor and thus the voltage drop across a vapor cavity 
is small until the vapor cavity completely covers the elec 
trode. 

[0047] FIG. 7B shoWs the vapor cavity at a later time in 
Which it has groWn to completely encompass the anode. 
Therefore the entire anode potential U is present across the 
vapor cavity, since current How is blocked by the vapor cavity. 
FIG. 7C shoWs ignition of an electric discharge 500 inside the 
cavity. When the electrical potential different from A to B 
exceeds the ioniZation threshold for the vapor cavity, the gas 
in the vapor cavity ioniZes and current ?oWs from the elec 
trode, across the vapor cavity to the conductive liquid 
medium. Preferably, the anode voltage U is selected so that U 
is greater than the ioniZation threshold for the complete vapor 
cavity of FIG. 7B, and U R1/(R1+R2) is less than the ioniZa 
tion threshold of the partial vapor cavity of FIG. 7A. Selection 
of the anode voltage according to this condition ensures that 
the partial vapor cavity of FIG. 7A does not break doWn until 
it has groWn to completely cover the anode. 

[0048] Ideally the bubbles formed during this process groW 
sloWly, on the order of tens of microseconds, so that the 
maximum velocity associated With bubble groWth is beloW 
about 10 m/ s. Such sloW groWing bubbles are not as mechani 
cally damaging as cavitation bubbles that have maximum 
velocities on the order of 100 m/ s. In addition, small bubbles 
are preferred to further minimiZe mechanical damage at the 
boundary of the surgical cut. 
[0049] In applications that involve the cutting of biological 
tissue, ioniZation begins and the discharge is predominant in 
front of tissue, i.e. in the areas Where tissue is located closer to 
electrode than the boundary of the vapor cavity in liquid. 
Therefore, using this approach, the uniformity of the original 
electric ?eld is not critical because the tissue Will only be 
exposed to electric current after ioniZation of the vapor cavity, 
Which Will occur substantially uniformly along the vapor 
cavity. For minimiZation of electroporation-related damage a 
burst of pulses should consist of pairs of symmetric bi-phasic 
or charge-balanced pulses, as described above. 

[0050] With high electric ?elds, When ioniZation of Water 
begins before vaporization, or When vapor cavity is ioniZed 
immediately after its formation, the disconnect of electrode 
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from liquid does not occur and thus this process of sequential 
creation of multiple vapor bubbles along the electrode Will 
not Work. 

Combination of Sharp Edge With a Burst of Pulses. 

[0051] A burst of pulses can be applied for vaporiZation of 
liquid along a sharp edge of a disk or blade electrode. If a 
sharp edge is produced along a blade that has a singular point 
(small planar radius of curvature) at its apex then ordinarily, 
the advantage of an enhanced electric ?eld associated With the 
sharp blade edge is tempered by the nonuniformity of the ?eld 
caused by the apex. HoWever, by using the approach 
described above for vaporiZing the region along the electrode 
prior to ioniZing the vapor bubble the problem of the ?eld 
non-uniformity can be ?xed. The sharp blade edge provides 
?eld enhancement that leads to a smaller damage Zone and 
loWer threshold energy and is mechanically supported by the 
thicker part of the insulated blade. The apex With an associ 
ated strong ?eld can be neutraliZed by application of a burst of 
pulses of optimal duration. 
[0052] FIGS. 8A-C shoW the use of a pulsed electric ?eld to 
?rst generate a vapor bubble around a sharp blade edge and 
then produce an electric discharge from the blade to the 
targeted biological tissue by ioniZation of the vapor. FIG. 8A 
shoWs the blade electrode before the vapor cavity is formed. 
FIG. 8B shoWs a vapor cavity forming over the portion of the 
blade electrode not covered by the insulator. When the elec 
trical potential is high enough, an electric discharge occurs 
betWeen the blade electrode and the tissue as shoWn in FIG. 
8C. As shoWn in FIG. 8C, the discharge is concentrated in the 
region of smallest separation (least resistance) betWeen the 
electrode and the tissue. 

Self-Sharpening of the Edge During “Controlled” Erosion of 
the Blade Electrode 

[0053] A thin electrode is rapidly etched during use, espe 
cially in the evaporation mode. A sharp blade edge of a blade 
electrode also is rapidly etched in use. Rounding the edge by 
etching, i.e., increasing the edge radius of curvature, leads to 
an increase in the threshold voltage and pulse energy, Which 
in turn, Will increase the extent of the collateral damage Zone. 
To prevent this effect a “controlled etching” leading to self 
sharpening can be implemented. 
[0054] Etching is most ef?cient inside the Zone of evapo 
ration (i.e., the vapor bubble); Therefore, the region of most 
e?icient etching can be determined by parameters of the 
driving Waveform, Which determine the siZe of the vapor 
bubble. Self-sharpening can be achieved by siZing the vapor 
bubble to include the tapering region near the blade edge. In 
such a case, e?icient etching occurs over the entire tapering 
region, and the blade edge can be maintained With an approxi 
mately constant edge radius of curvature. Optimal Width of 
the etching Zone is determined by the thickness of the blade 
and the desirable tapering angle. For a blade of thickness D 
outside of the tapering region, blade tapering angle 0t, and 
edge radius of curvature r0, the tapering region extends a 
distance rO+(D/2—rO)/tan(0t/2) inWard from the end of the 
blade edge. Ideally the vapor bubble should extend at least 
this far inWard from the end of the blade edge. Such a self 
sharpening regime keeps the electrode functional for a long 
time despite the erosion. Alternatively, blade 100 can be slid 
ably mounted betWeen insulators 210 and 220 such that ero 
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sion of blade 100 during operation can be compensated by 
extending a fresh section of blade 100 from between insula 
tors 210 and 220. 
[0055] Technology for fabrication of such a blade can be 
simpli?ed by using the electrical discharge itself to remove 
the insulators from the blade surfaces near the blade edge. 
Preferably, the blade is milled to achieve an appropriate blade 
tapering angle either before, or immediately after the blade 
surfaces are covered With thin layers of insulators. The blade 
is immersed into a conductive medium and electrical pulses 
are applied With Waveform parameters similar or identical to 
those appropriate for electrosurgery. The electrical discharge 
at discontinuities Will break and remove the insulator from the 
active surfaces of the electrode, but in other areas the insulator 
Will remain intact. As the blade edge is etched during use, the 
insulator in its proximity Will be removed as Well. FIG. 9 
shoWs the etching of a Tungsten blade by discharges at pulse 
settings that Would be appropriate for surgical cutting. The 
edge remains sharp as the blade gets shorter. 
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26. (canceled) 
27. (canceled) 
28: A method for cutting of biolo gical tissue along a cutting 

Zone of an electrode immersed in a liquid medium, the 
method comprising: 

a) delivering a burst of electrical pulses to said electrode to 
form a vapor layer of said liquid medium surrounding 
the cutting Zone of the electrode, Wherein a ?rst vapor 
cavity forms in a high electric ?eld region of said elec 
trode, and Wherein said electrical pulses do not ioniZe 
said ?rst vapor cavity, and Wherein said burst of electri 
cal pulses vaporiZes said liquid medium in regions of 
loWer electric ?eld Wherein said vapor layer is formed 
along the Whole cutting Zone before said ?rst vapor 
cavity collapses; and 

b) ioniZing said vapor layer resulting in plasma-mediated 
discharge into the biological tissue contacting said vapor 
layer. 

29: The method of claim 28, Wherein a total duration of said 
burst of pulses is less than 10 ms, Whereby thermal damage to 
said tissue is reduced. 

30: The method of claim 29, Wherein said total duration of 
said burst of pulses is less than 1 ms. 

31: The method of claim 30, Wherein said total duration of 
said burst of pulses is less than 0.1 ms. 

32: The method of claim 28, Wherein said pulses have a 
pulse duration between 10 ns and 10 us. 

33: The method of claim 28, Wherein each pulse in said 
burst of pulses has opposite polarity than the previous pulse. 

34: The method of claim 28, further comprising repeti 
tively performing said delivering a burst of electrical pulses, 
Wherein any tWo time-adjacent bursts are separated by an 
interval greater than 1 ms in duration. 

* * * * * 


