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Systems , devices , and methods for electroporation ablation 
therapy are disclosed , with the device including a first jaw 
including a plurality of first electrodes and a second jaw 
including a plurality of second electrodes . The first jaw and 
the second jaw may be substantially rigid , elongate , and 
collectively define a longitudinal axis . The first jaw and the 
second jaw may be configured to engage tissue therebetween 
during use . 
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SYSTEMS , DEVICES , AND METHODS FOR 
ABLATION USING SURGICAL CLAMPS 

laterally with respect to the longitudinal axis . Each electrode 
of the plurality of first electrodes and the plurality of second 
electrodes may be configured to deliver a pulse waveform of 
at least about 200 Volts . BACKGROUND 

[ 0001 ] The embodiments described herein relate generally 
to medical devices for therapeutic electrical energy delivery , 
and more particularly to a surgical clamp device for deliv 
ering electrical energy to ablate tissue . 
[ 0002 ] In the past two decades , the technique of electropo 
ration has advanced from the laboratory to clinical applica 
tions , while the effects of brief pulses of high voltages and 
large electric fields on tissue has been investigated for the 
past forty years or more . Application of brief , high DC 
voltages to tissue , thereby generating locally high electric 
fields typically in the range of hundreds of Volts / centimeter , 
can disrupt cell membranes by generating pores in the cell 
membrane . While the precise mechanism of this electrically 
driven pore generation ( or electroporation ) is not well under 
stood , it is thought that the application of relatively large 
electric fields generates instabilities in the lipid bilayers in 
cell membranes , causing the occurrence of a distribution of 
local gaps or pores in the membrane . If the applied electric 
field at the membrane is larger than a threshold value , the 
electroporation is irreversible and the pores remain open , 
permitting exchange of material across the membrane and 
leading to necrosis and / or apoptosis ( cell death ) . Subse 
quently the tissue heals in a natural process . 
[ 0003 ] While pulsed DC voltages are known to drive 
electroporation under the right circumstances , known 
approaches do not provide for ease of navigation , placement 
and therapy delivery from one or more devices and for safe 
energy delivery , especially in the context of ablation therapy 
for cardiac arrhythmias with epicardial catheter devices . 
[ 0004 ] Thus , there is a need for devices that can effectively 
deliver electroporation ablation therapy selectively to tissue 
in regions of interest while minimizing damage to healthy 
tissue . In particular , there is a need for devices that can 
efficiently deliver electroporation therapy to desired tissue 
regions while at the same time minimizing the occurrence of 
irreversible electroporation in undesired tissue regions . Such 
elective and effective electroporation delivery methods with 
enhanced safety of energy delivery can broaden the areas of 
clinical application of electroporation including therapeutic 
treatment of a variety of cardiac arrhythmias . 

[ 0006 ] In some embodiments , each electrode of the plu 
rality of first electrodes and the plurality of second elec 
trodes may be independently addressable . In some embodi 
ments , the longitudinal axis has one or more of a straight 
portion and curved portion . In some embodiments , an elec 
trode of the plurality of first electrodes may be configured as 
an anode and an electrode from the plurality of second 
electrodes may be configured as a cathode , the anode being 
disposed directly across from the cathode . In some embodi 
ments , an electrode from the plurality of first electrodes may 
be configured as an anode and another electrode from the 
plurality of first electrodes is configured as a cathode . The 
anode may be spaced apart laterally from the cathode . In 
some embodiments , at least two of the plurality of first 
electrodes may be spaced apart by a first measure . The first 
jaw and the second jaw may be spaced apart by a second 
measure . A ratio of the second measure to the first measure 
may be between about 0.1 : 1 and about 12 : 1 . In some 
embodiments , a distance between a midpoint of at least two 
of the plurality of first electrodes in a cross - section orthogo 
nal to the longitudinal axis may be between about 1 mm and 
about 10 mm . 

[ 0007 ] In some embodiments , any two adjacent electrodes 
of the plurality of first electrodes may be spaced apart by a 
first measure of between about 0.5 mm and about 10 mm and 
any two adjacent electrodes of the plurality of second 
electrodes may be spaced apart by a second measure of 
between about 0.5 mm and about 10 mm . In some embodi 
ments , any two adjacent electrodes of the plurality of first 
electrodes may be spaced apart by a first measure and any 
two adjacent electrodes of the plurality of second electrodes 
are spaced apart by a second measure . A ratio of the first 
measure to the second measure may be between about 0.05 : 1 
and about 20 : 1 . 

[ 0008 ] In some embodiments , any two adjacent electrodes 
of the plurality of first electrodes may be spaced apart by a 
first measure and any two adjacent electrodes of the plurality 
of second electrodes may be spaced apart by a second 
measure . A ratio of the width of any electrode of the plurality 
of first electrodes to the width of any electrode of the 
plurality of second electrodes to the first measure may be 
between about 0.01 : 1 and about 10 : 1 . In some embodiments , 
each electrode of the plurality of first electrodes and the 
plurality of second electrodes may have a length of between 
about 10 mm and about 120 mm . 

[ 0009 ] In some embodiments , the first and second jaws 
may be configured to transition between a first configuration 
for positioning the first and second jaws through or around 
a body cavity , organ system , or anatomical structure and a 
second configuration for engaging the tissue . In some 
embodiments , the first and second jaws may be spaced apart 
by a spacing distance in the second configuration . In some 
embodiments , the cross - section of each electrode of the 
plurality of first electrodes and the plurality of second 
electrodes may be substantially rectangular . In some 
embodiments , each electrode of the plurality of first elec 
trodes and the plurality of second electrodes may include a 
curved portion . In some of these embodiments , the curved 

SUMMARY 

[ 0005 ] Described here are systems , devices , and methods 
for ablating tissue through irreversible electroporation . An 
apparatus may include a first jaw including a plurality of first 
electrodes . A second jaw may include a plurality of second 
electrodes . The first jaw and the second jaw may be sub 
stantially rigid , elongate , and may collectively define a 
longitudinal axis . The first jaw and the second jaw may be 
further configured to engage tissue therebetween during use . 
Each electrode of the plurality of first electrodes may have 
a width orthogonal to the longitudinal axis that is less than 
a length of that electrode measured parallel to the longitu 
dinal axis . The plurality of first electrodes may be spaced 
apart laterally with respect to the longitudinal axis . Each 
electrode of the plurality of second electrodes may have a 
width orthogonal to the longitudinal axis that is less than a 
length of that electrode measured parallel to the longitudinal 
axis . The plurality of second electrodes may be spaced apart 
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portion may have a radius of curvature of about 1 cm or 
larger . In some embodiments , the curved portion may have 
a J shape . 
[ 0010 ] In some embodiments , each electrode of the plu 
rality of first electrodes and the plurality of second elec 
trodes may include an exposed portion in electrical contact 
with the tissue during use . In some of these embodiments , 
the exposed portion of each electrode of the plurality of first 
electrodes and the plurality of second electrodes may be flat 
or convex . In some embodiments , the first and second jaws 
may be parallel . In some embodiments , a pulse generator 
may include a generator . The generator may be coupled to 
each electrode of the plurality of first electrodes and the 
plurality of second electrodes . The controller may include a 
processor and memory . The generator may be configured to 
generate a pulse waveform of at least about 200 Volts . A first 
set of electrodes of the plurality of first electrodes and the 
plurality of second electrodes may be configured for pulse 
waveform delivery . In some embodiments , the pulse wave 
form may be delivered to the first set of electrodes . In some 
of these embodiments , the generator may be further config 
ured to configure a second set of electrodes of the plurality 
of first electrodes and the plurality of second electrodes for 
receiving electrical activity of tissue , and receive signal data 
corresponding to electrical activity of the tissue using the 
second set of electrodes . Electrocardiography data may be 
generated using the signal data . 
[ 0011 ] In some embodiments , a handle may be coupled to 
the first jaw and the second jaw . In some of these embodi 
ments , the handle may include one or more of a jaw control , 
electrode selection control , and pulse waveform control . In 
some embodiments , a pivot may couple the first jaw to the 
second jaw . In some embodiments , a spring may be config 
ured to bias the first and second jaws closed . In some 
embodiments , one or more lead wires may be coupled to the 
plurality of first electrodes and the plurality of second 
electrodes . 
[ 0012 ] In some embodiments , an apparatus may include a 
first jaw including a first electrode and a second electrode . 
A second jaw may include a third electrode and a fourth 
electrode . The first jaw and the second jaw may be substan 
tially rigid , elongate , and collectively define a longitudinal 
axis . The first jaw and the second jaw may be further 
configured to engage tissue therebetween during use . The 
first electrode may be disposed directly across the third 
electrode . The second electrode may be disposed directly 
across the fourth electrode . A processor may be operably 
coupled to the first jaw and the second jaw . The processor 
may be configured to , during use , configure the first elec 
trode as an anode and the third electrode as a cathode . Pulsed 
electric field ablative energy may be delivered via the first 
electrode and the third electrode . 
[ 0013 ] In some embodiments , each of the first electrode , 
second electrode , third electrode , and fourth electrode are 
independently addressable . In some embodiments , the lon 
gitudinal axis may have one or more of a straight portion and 
a curved portion . In some embodiments , the first electrode 
and the second electrode may be spaced apart by a first 
measure of between about 0.5 mm and about 10 mm , and the 
third electrode and the fourth electrode may be spaced apart 
by a second measure of between about 0.5 mm and about 10 
mm . In some embodiments , the first electrode and the 
second electrode may be spaced apart by a first measure and 
the third electrode and the fourth electrode may be spaced 

apart by a second measure . A ratio of the first measure to the 
second measure may be between about 0.05 : 1 and about 
20 : 1 . In some embodiments , the first electrode and the 
second electrode may be spaced apart by a first measure . A 
ratio of a width of the first electrode to the first measure may 
be between about 0.01 : 1 and about 10 : 1 . In some embodi 
ments , the first , second , third , and fourth electrode may each 
have a length of between about 10 mm and about 120 mm . 
[ 0014 ] In some embodiments , the first and second jaws 
may be configured to transition between a first configuration 
for positioning the first and second jaws through or around 
a body cavity , organ system , or anatomical structure and a 
second configuration for engaging the tissue . In some of 
these embodiments , the first and second jaws may be spaced 
apart by a spacing distance in the second configuration . In 
some embodiments , the cross - section of the first , second , 
third , and fourth electrodes may be substantially rectangular . 
In some embodiments , the first , second , third , and fourth 
electrodes may include a curved portion . 
[ 0015 ] In some of these embodiments , the curved portion 
may have a radius of curvature of about 1 cm or larger . In 
some of these embodiments , the curved portion may have a 
J shape . In some embodiments , the first , second , third , and 
fourth electrodes may include an exposed portion in elec 
trical contact with the tissue during use . In some of these 
embodiments , the exposed portion of each of the electrodes 
may be flat or convex . In some embodiments , the first and 
second jaws may be parallel . 
[ 0016 ] In some embodiments , a pulse generator may 
include a controller . The pulse generator may be coupled to 
the first , second , third , and fourth electrodes . The controller 
may include a processor and memory . The generator may be 
configured to generate a pulse waveform of at least about 
200 Volts . A first set of electrodes of the first , second , third , 
and fourth electrodes may be configured for pulse waveform 
delivery . The pulse waveform may be delivered to the first 
set of electrodes . 
[ 0017 ] In some embodiments , the generator may be fur 
ther configured to configure a second set of electrodes of the 
first , second , third , and fourth electrodes for receiving elec 
trical activity of tissue . Signal data may be received corre 
sponding to electrical activity of the tissue using the second 
set of electrodes . Electrocardiography data may be gener 
ated using the signal data . 
[ 0018 ] In some embodiments , a handle may be coupled to 
the first jaw and the second jaw . In some of these embodi 
ments , the handle may include one or more of a jaw control , 
electrode selection control , and pulse waveform control . In 
some embodiments , a pivot may couple the first jaw to the 
second jaw . In some embodiments , a spring may be config 
ured to bias the first and second jaws closed . In some 
embodiments , one or more lead wires may be coupled to the 
first , second , third , and fourth electrodes . 
[ 0019 ] In some embodiments , a method of ablating tissue 
via irreversible electroporation may include the steps of 
clamping tissue between a first jaw and a second jaw of an 
apparatus . The first jaw may include a plurality of first 
electrodes and the second jaw may include a plurality of 
second electrodes . The first jaw and the second jaw may be 
substantially rigid , elongate , and may collectively define a 
longitudinal axis . Each electrode of the plurality of first 
electrodes may have a width orthogonal to the longitudinal 
axis that is less than a length parallel to the longitudinal axis 
of that electrode . The plurality of first electrodes may be 
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spaced apart laterally with respect to the longitudinal axis . 
Each electrode of the plurality of second electrodes may 
have a width orthogonal to the longitudinal axis that is less 
than a length parallel to the longitudinal axis of that elec 
trode . The plurality of second electrodes may be spaced 
apart laterally with respect to the longitudinal axis . An 
electrode of the plurality of first electrodes may be config 
ured as an anode . An electrode of the plurality of second 
electrodes may be configured as a cathode . The anode and 
the cathode may be disposed diagonally across the longitu 
dinal axis and may be spaced apart laterally with respect to 
the longitudinal axis . Ablative energy may be delivered to 
the tissue via the anode and the cathode . 
[ 0020 ] In some embodiments , the longitudinal axis may 
have one or more of a straight portion and curved portion . 
In some embodiments , clamping the tissue may include 
transitioning the first and second jaws between a first 
configuration for advancing the apparatus and a second 
configuration for clamping the tissue . In some embodiments , 
the tissue may be a region of the atrial base of a pulmonary 
vein . In some embodiments , the pulse waveform may 
include a first level of a hierarchy of the pulsed waveform 
includes a first set of pulses , each pulse having a pulse time 
duration , and a first time interval separating successive 
pulses . A second level of the hierarchy of the pulsed wave 
form may include a plurality of first sets of pulses as a 
second set of pulses , a second time interval separating 
successive first sets of pulses , the second time interval being 
at least three times the duration of the first time interval . A 
third level of the hierarchy of the pulsed waveform may 
include a plurality of second sets of pulses as a third set of 
pulses , a third time interval separating successive second 
sets of pulses , the third time interval being at least thirty 
times the duration of the second level time interval . 
[ 0021 ] In some embodiments , signal data may be received 
corresponding to electrical activity of the tissue using one or 
more of the plurality of first electrodes and the plurality of 
second electrodes . Electrocardiography data may be gener 
ated using the signal data . In some embodiments , the first 
and second jaws may be positioned through or around a 
body cavity , organ system , or anatomical structure . In some 
embodiments , each electrode of the plurality of first elec 
trodes and the plurality of second electrodes may be inde 
pendently addressable . 

[ 0027 ] FIG . 3A is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device , according to other 
embodiments . 
[ 0028 ] FIG . 3B is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the electrodes 
spaced further apart than those in FIG . 3A , according to 
other embodiments . 
[ 0029 ] FIG . 3C is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the electrodes 
spaced further apart than those in FIG . 3B , according to 
other embodiments . 
[ 0030 ] FIG . 4A is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device , according to other 
embodiments . 
[ 0031 ] FIG . 4B is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 4A , according to 
other embodiments . 
[ 0032 ] FIG . 4C is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 4B , according to 
other embodiments . 
[ 0033 ] FIG . 4D is a simulation result in the form of a 
shaded cor our plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 4C , according to 
other embodiments . 
[ 0034 ] FIG . 4E is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 4D , according to 
other embodiments . 
[ 0035 ] FIG . 5A is a schematic cross - sectional side view of 
an ablation device generating an electric field , according to 
other embodiments . 
[ 0036 ] FIG . 5B is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 5A , according to 
other embodiments . 
[ 0037 ] FIG . 5C is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 5B , according to 
other embodiments . 
[ 0038 ] FIG . 5D is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device using a higher 
voltage than applied in FIG . 5C , according to other embodi 
ments . 
[ 0039 ] FIG . 5E is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the jaws 
spaced further apart than those in FIG . 5D , according to 
other embodiments . 
[ 0040 ] FIG . 5F is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 

BRIEF DESCRIPTION OF THE DRAWINGS 

[ 0022 ] FIG . 1A is a schematic perspective view of an 
ablation device , according to embodiments . 
[ 0023 ] FIG . 1B is a schematic cross - sectional side view of 
an ablation device , according to other embodiments . 
[ 0024 ] FIG . 2A is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device , according to other 
embodiments . 
[ 0025 ] FIG . 2B is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the electrodes 
spaced further apart than those in FIG . 2A , according to 
other embodiments . 
[ 0026 ] FIG . 2C is a simulation result in the form of a 
shaded contour plot of the electric potential in a cross 
sectional side view of an ablation device with the electrodes 
spaced further apart than those in FIG . 2B , according to 
other embodiments . 



US 2019/0336198 A1 Nov. 7 , 2019 
4 

sectional side view of an ablation device using a higher 
voltage than applied in FIG . 5E , according to other embodi 
ments . 
[ 0041 ] FIG . 6 is a block diagram of an electroporation 
system , according to embodiments . 
[ 0042 ] FIG . 7 is a side view of an ablation device , accord 
ing to other embodiments . 
[ 0043 ] FIG . 8 is a perspective view of a distal end of an 
ablation device , according to embodiments . 
[ 0044 ] FIG . 9A is a perspective view of a distal end of an 
ablation device , according to embodiments . FIG . 9B is a 
perspective view of a distal end of an ablation device shown 
in FIG.9A having tissue disposed in between the arms of the 
device , according to embodiments . 
[ 0045 ] FIG . 10 is a perspective view of a distal end of an 
ablation device having a pulmonary vein disposed between 
the arms of the device , according to embodiments . 
[ 0046 ] FIG . 11 illustrates a method for tissue ablation , 
according to embodiments . 
[ 0047 ] FIG . 12 is an example waveform showing a 
sequence of voltage pulses with a pulse width defined for 
each pulse , according to embodiments . 
[ 0048 ] FIG . 13 schematically illustrates a hierarchy of 
pulses showing pulse widths , intervals between pulses , and 
groupings of pulses , according to embodiments . 
[ 0049 ] FIG . 14 provides a schematic illustration of a 
nested hierarchy of monophasic pulses displaying different 
levels of nested hierarchy , according to embodiments . 
[ 0050 ] FIG . 15 is a schematic illustration of a nested 
hierarchy of biphasic pulses displaying different levels of 
nested hierarchy , according to embodiments . 
[ 0051 ] FIG . 16 illustrates schematically a time sequence 
of electrocardiograms and cardiac pacing signals together 
with atrial and ventricular refractory time periods and indi 
cating a time window for irreversible electroporation abla 
tion , according to embodiments . 

a selected set of electrodes of an ablation device ( e.g. , clamp , 
clip , forcep , hemostat ) to deliver energy to a region of 
interest ( e.g. , portion of a pulmonary vein ) and provide a 
highly configurable a set of electrode channels ( e.g. , allow 
independent and arbitrary electrode selection ) . The ablation 
device may generally include a pair of opposable members 
configured to hold tissue therebetween . In some embodi 
ments , the opposable members may be movable relative to 
each other . The pulse waveforms disclosed herein may aid in 
therapeutic treatment of a variety of cardiac arrhythmias 
( e.g. , atrial fibrillation ) . In order to deliver the pulse wave 
forms generated by the signal generator , the ablation device 
may comprise one or more elongate parallel electrodes . In 
some embodiments , the electrodes may be independently 
addressable such that each electrode may be controlled ( e.g. , 
deliver energy ) independently of any other electrode of the 
device . For example , an anode - cathode energy delivery 
sequence may be selected to ablate desired regions of tissue 
and / or to reduce the possibility of shorting . In this manner , 
the electrodes may deliver different energy waveforms with 
different timing synergistically for electroporation of tissue . 
[ 0054 ] The term “ electroporation ” as used herein refers to 
the application of an electric field to a cell membrane to 
change the permeability of the cell membrane to the extra 
cellular environment . The term “ reversible electroporation ” 
as used herein refers to the application of an electric field to 
a cell membrane to temporarily change the permeability of 
the cell membrane to the extracellular environment . For 
example , a cell undergoing reversible electroporation may 
observe the temporary and / or intermittent formation of one 
or more pores in its cell membrane that close up upon 
removal of the electric field . The term “ irreversible elec 
troporation " as used herein refers to the application of an 
electric field to a cell membrane to permanently change the 
permeability of the cell membrane to the extracellular envi 
ronment . For example , a cell undergoing irreversible elec 
troporation may observe the formation of one or more pores 
in its cell membrane that persist upon removal of the electric 
field . 
[ 0055 ] Pulse waveforms for electroporation energy deliv 
ery as disclosed herein may enhance the safety , efficiency , 
and effectiveness of energy delivery to tissue by reducing the 
electric field threshold associated with irreversible elec 
troporation , thus yielding more effective ablative lesions 
with a reduction in total energy delivered . In some embodi 
ments , the voltage pulse waveforms disclosed herein may be 
hierarchical and have a nested structure . For example , the 
pulse waveform may include hierarchical groupings of 
pulses having associated timescales . In some embodiments , 
the methods , systems , and devices disclosed herein may 
comprise one or more of the methods , systems , and devices 
described in International Application Serial No. PCT / 
US2016 / 057664 , filed on Oct. 19 , 2016 , and titled “ SYS 
TEMS , APPARATUSES AND METHODS FOR DELIV 
ERY OF ABLATIVE ENERGY TO TISSUE , ” the contents 
of which are hereby incorporated by reference in its entirety . 
[ 0056 ] In some embodiments , the systems may further 
include a cardiac stimulator used to synchronize the gen 
eration of the pulse waveform to a paced heartbeat . The 
cardiac stimulator may electrically pace the heart with a 
cardiac stimulator and ensure pacing capture to establish 
periodicity and predictability of the cardiac cycle . A time 
window within a refractory period of the periodic cardiac 
cycle may be selected for voltage pulse waveform delivery . 

DETAILED DESCRIPTION 

[ 0052 ] Described herein are systems , devices , and meth 
ods for selective and rapid application of pulsed electric 
fields to ablate tissue by irreversible electroporation . Gen 
erally , the systems , devices , and methods described herein 
may be used to generate electric field magnitudes at desired 
regions of interest while tissue is clamped in order to treat 
atrial fibrillation via irreversible electroporation . An ablation 
device may include a set of jaws or arms each having a set 
of electrodes that may be configured to hold ( e.g. , clamp , 
grasp , compress ) a portion of tissue therebetween and pro 
vide tissue ablation with reduced energy delivery . The set of 
electrodes may be configured to contact tissue during use . 
The jaws may transition from a closed configuration to an 
open configuration for grasping tissue such as a pulmonary 
vein . It is understood that the set of jaws may be transformed 
into any intermediate configuration between the open and 
closed configurations , continuously or in discrete steps . For 
example , the jaws may transition from a closed configura 
tion to an open configuration to allow tissue to be placed 
between the jaws . Then , the jaws may be brought closer 
together to apply compression force to tissue disposed 
therebetween to target energy delivery to a desired portion 
of tissue . 
[ 0053 ] An irreversible electroporation system as described 
herein may include a signal generator and a processor 
configured to apply one or more voltage pulse waveforms to 
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Thus , voltage pulse waveforms may be delivered in the 
refractory period of the cardiac cycle to avoid disruption of 
the sinus rhythm of the heart . The ablation device may 
transform into different configurations ( e.g. , compact and 
expanded ) to navigate and position the device within a body 
cavity . In some embodiments , the system may optionally 
include one or more return electrodes . 
[ 0057 ] Generally , to ablate tissue , the device may be 
surgically placed at a target location . In a cardiac applica 
tion , the electrodes through which the voltage pulse wave 
form is delivered may be disposed on opposing sides of a 
pair of jaws of an ablation device . The methods described 
here may include placing tissue ( e.g. , pulmonary vein ) 
between the jaws in contact with the electrodes . A pulse 
waveform may be generated and delivered to one or more 
electrodes of the device to ablate tissue . In some embodi 
ments , the pulse waveform may be generated in synchroni 
zation with a pacing signal of the heart to avoid disruption 
of the sinus rhythm of the heart . In some embodiments , the 
electrodes may be configured in anode - cathode ( e.g. , bipole ) 
subsets . The pulse waveform may include hierarchical 
waveforms to aid in tissue ablation and reduce damage to 
healthy tissue . 

jaws to a closed configuration suitable for tissue ablation . 
Alternatively , a user may engage the actuator to transition 
the jaws from an open configuration to a closed configura 
tion to allow , for example , the device to be advanced into a 
body cavity . When the device is adjacent to a desired portion 
of tissue , the user may disengage the actuator to transition 
the jaws to an open configuration to allow the desired 
portion of tissue to be positioned between the open jaws . 
With the tissue disposed between the jaws , the user may then 
engage the actuator to transition the jaws to a closed 
configuration suitable for tissue ablation . 
[ 0060 ] In some embodiments , the actuator may be con 
figured for direct movement of the jaws such that when 
engaged , the actuator causes the jaws to move in a 1 : 1 ratio 
or some other ratio . That is , the actuator may be configured 
to limit , attenuate , and / or amplify a force applied by the jaws 
based on an amount of force applied to the actuator . In some 
embodiments , the ablation device ( 740 ) may include a 
spring configured to bias the jaws ( 710 , 720 ) between 
different configurations . For example , a spring may be 
coupled to the jaws ( 710 , 720 ) and be configured to bias the 
jaws ( 710 , 720 ) towards the tissue ablation configuration in 
order to apply a compressive force to tissue held between the 
jaws ( 710 , 720 ) when the ablation device is advanced into or 
retracted from a body cavity , the jaws may transition to a 
closed configuration where the jaws contact each other . 
[ 0061 ] FIG . 6 illustrates an ablation system ( 600 ) config 
ured to deliver voltage pulse waveforms for tissue ablation . 
The system ( 600 ) may include a signal generator ( 610 ) , 
ablation device ( 640 ) , and optionally a cardiac stimulator 
( 650 ) . The signal generator ( 610 ) may be coupled to at least 
one ablation device ( 640 ) , and optionally to the cardiac 
stimulator ( 650 ) . The ablation device ( 640 ) may include a 
first jaw ( 650a ) and a second jaw ( 650b ) . The first jaw 
( 650a ) may include a set of one or more electrodes ( 642a , 
642b , ... ... , 642n ) . The second jaw ( 650a ) may include a set 
of one or more electrodes ( 644a , 644b , . , 644n ) . 

I. Systems 

Overview 

[ 0058 ] Disclosed herein are systems and devices config 
ured for tissue ablation via the selective and rapid applica 
tion of voltage pulse waveforms to aid tissue ablation , 
resulting in irreversible electroporation . Generally , a system 
for ablating tissue described here may include a signal 
generator and an ablation device having one or more elec 
trodes for the selective and rapid application of DC voltage 
to drive electroporation . Voltages may be applied to a 
selected subset of the electrodes , with independent subset 
selections for anode and cathode electrode selections . The 
ablation device may be coupled to one or more electrode 
channels of the signal generator . Each electrode channel may 
be independently configured as an anode or cathode and a 
voltage pulse waveform may be delivered through one or 
more of the electrode channels in a predetermined sequence . 
A pacing signal for cardiac stimulation may be generated 
and used to generate the pulse waveform by the signal 
generator in synchronization with the pacing signal . 
[ 0059 ] Generally , the systems and devices described 
herein include one or more ablation devices configured to 
ablate tissue held between jaws of the device . FIG . 7 is a side 
view of an ablation device ( 700 ) configured to hold tissue 
and deliver energy for tissue ablation . The ablation device 
( 700 ) may include a first jaw ( 710 ) and a second jaw ( 712 ) 
coupled to a distal end of a body ( e.g. , shaft , elongate 
member ) ( 720 ) . A proximal end of the body ( 720 ) may be 
coupled to a handle ( 730 ) . In some embodiments , the handle 
( 730 ) may include an actuator ( 740 ) that may be configured 
to control one or more of the jaws ( 710 , 720 ) and energy 
delivery , as described in more detail herein . In some embodi 
ments , the actuator ( 740 ) may include an input device such 
as one or more of a lever , trigger , button , slide , switch , and 
the like . For example , a user may engage the actuator to 
transition and hold the jaws in an open configuration to 
permit the release of tissue held therebetween . When a 
desired portion of tissue is positioned between the open 
jaws , the user may disengage the actuator to transition the 

Signal Generator 
[ 0062 ] The signal generator ( 610 ) may be configured to 
generate pulse waveforms for irreversible electroporation of 
tissue , such as , for example , heart tissue . The signal gen 
erator ( 610 ) may be a voltage pulse waveform generator and 
deliver a pulse waveform to a set of electrodes ( 642a , 642b , 

642n , and 644a , 644b , ... , 644n ) of the ablation device ( 640 ) . The signal generator ( 610 ) may generate and deliver 
several types of signals including , but not limited to , radiof 
requency ( RF ) , direct current ( DC ) impulses ( such as high 
voltage , ultra - short pulses used in electroporation ) , stimulus 
range impulses , and / or hybrid electrical impulses . For 
example , the signal generator ( 610 ) may generate monopha 
sic ( DC ) pulses or biphasic pulses ( pulses of both polarities ) . 
The signal generator ( 610 ) may include a processor ( 620 ) , 
memory ( 622 ) , a set of electrode channels ( 624a , 624b , .. 
624n , and 625a , 625b , ... , 625n ) , energy source ( 626 ) , 

sensing circuit ( 628 ) , routing console ( 630 ) , and user inter 
face ( 632 ) . One or more signal generator components may 
be coupled using a communication bus . The processor ( 620 ) 
may incorporate data received from one or more of memory 
( 622 ) , electrode channels ( 624a , 624b , ... , 624n , and 625a , 
625b , ... , 625n ) , energy source ( 626 ) , sensing circuit ( 628 ) , 
routing console ( 630 ) , user interface ( 632 ) , ablation device 
( 640 ) , and cardiac stimulator ( 650 ) to determine the param 
eters ( e.g. , amplitude , width , duty cycle , timing , etc. ) of the 
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voltage pulse waveform to be generated by the signal 
generator ( 610 ) . The memory ( 622 ) may further store 
instructions to cause the processor ( 620 ) to execute modules , 
processes and / or functions associated with the system ( 600 ) , 
such as pulse waveform generation and delivery , electrode 
channel configuration , and / or cardiac pacing synchroniza 
tion . For example , the memory ( 622 ) may be configured to 
store anode / cathode configuration data , electrode channel 
configuration data , pulse waveform data , fault data , energy 
discharge data , heart pacing data , patient data , clinical data , 
procedure data , electromyography data , sensor data , tem 
perature data , and / or the like . 
[ 0063 ] In some embodiments , the ablation device ( 640 ) 
may include a catheter configured to receive and / or deliver 
the pulse waveforms described herein . For example , the 
ablation device ( 640 ) may be introduced into an epicardial 
space of the left atrium and positioned to align one or more 
electrodes ( 642a , 642b , ... , 642n , and 644a , 644b , .. 
644n ) to heart tissue ( e.g. , pulmonary vein ) , and then deliver 
the pulse waveforms to ablate tissue . The ablation device 
( 140 ) may include one or more electrodes ( 642a , 642b , .. 
642n , and 644a , 644b , ... , 644n ) , which may , in some 
embodiments , be a set of independently addressable elec 
trodes . For example , the electrodes ( 642a , 642b , ... , 642n , 
and 644a , 644b , ... , 644n ) may be grouped into one or more 
anode - cathode subsets such as , for example , a subset includ 
ing one anode and one cathode , a subset including two 
anodes and two cathodes , a subset including two anodes and 
one cathode , a subset including one anode and two cathodes , 
a subset including three anodes and one cathode , a subset 
including three anodes and two cathodes , and / or the like . 
The set of electrodes ( 642a , 642b , ... , 642n , and 644a , 
644b , ... , 644n ) may include any number of electrodes , for 
example , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 12 , or more electrodes . In 
some embodiments , the methods , systems , and devices 
disclosed herein may comprise one or more of the methods , 
systems , and devices described in U.S. patent application 
Ser . No. 15 / 499,804 , filed on Apr. 27 , 2017 , and titled 
“ SYSTEMS , DEVICES , AND METHODS FOR SIGNAL 
GENERATION , ” and International Application Serial No. 
PCT / US17 / 12099 , filed on Jan. 4 , 2017 , and titled “ SYS 
TEMS , DEVICES , AND METHODS FOR DELIVERY OF 
PULSED ELECTRIC FIELD ABLATIVE ENERGY TO 
ENDOCARDIAL TISSUE , ” and International Application 
Serial No. PCT / US2013 / 031252 , filed on Mar. 14 , 2013 , and 
titled “ CATHETERS , CATHETER SYSTEMS , AND 
METHODS FOR PUNCTURING THROUGH A TISSUE 
STRUCTURE AND ABLATING A TISSUE REGION , ” the 
contents of which are hereby incorporated by reference in its 
entirety . 
[ 0064 ] In some embodiments , the processor ( 620 ) may be 
any suitable processing device configured to run and / or 
execute a set of instructions or code and may include one or 
more data processors , image processors , graphics processing 
units , physics processing units , digital signal processors , 
and / or central processing units . The processor ( 620 ) may be , 
for example , a general purpose processor , Field Program 
mable Gate Array ( FPGA ) , an Application Specific Inte 
grated Circuit ( ASIC ) , and / or the like . The processor ( 620 ) 
may be configured to run and / or execute application pro 
cesses and / or other modules , processes and / or functions 
associated with the system and / or a network associated 
therewith ( not shown ) . In some embodiments , the processor 
may comprise both a microcontroller unit and an FPGA unit , 

with the microcontroller sending electrode sequence instruc 
tions to the FPGA . The underlying device technologies may 
be provided in a variety of component types , e.g. , metal 
oxide semiconductor field - effect transistor ( MOSFET ) tech 
nologies like complementary metal - oxide semiconductor ( CMOS ) , bipolar technologies like emitter - coupled logic 
( ECL ) , polymer technologies ( e.g. , silicon - conjugated poly 
mer and metal - conjugated polymer - metal structures ) , mixed 
analog and digital , and / or the like . 
[ 0065 ] In some embodiments , the memory ( 622 ) may 
include a database ( not shown ) and may be , for example , a 
random access memory ( RAM ) , a memory buffer , a hard 
drive , an erasable programmable read - only memory 
( EPROM ) , an electrically erasable read - only memory ( EE 
PROM ) , a read - only memory ( ROM ) , Flash memory , etc. 
The memory ( 622 ) may store instructions to cause the 
processor ( 620 ) to execute modules , processes and / or func 
tions associated with the system ( 600 ) , such as pulse wave 
form generation , electrode channel configuration , and / or 
cardiac pacing . 
[ 0066 ] In some embodiments , a set of electrode channels 
( 624a , 624b , ... , 624n , and 625a , 625b , ... , 625n ) may 
include a set of active solid - state switches . The set of 
electrode channels ( 624a , 624b , ... , 624n , and 625a , 625b , 

625n ) may be configured in a number of ways , 
including independent anode / cathode configuration for each 
electrode channel . For example , the electrode channels 
( 624a , 624b , ... , 624n , and 625a , 625b , ... , 625n ) may 
be grouped into one or more anode - cathode subsets such as , 
for example , a subset including one anode and one cathode , 
a subset including two anodes and two cathodes , a subset 
including two anodes and one cathode , a subset including 
one anode and two cathodes , a subset including three anodes 
and one cathode , a subset including three anodes and two 
cathodes , and / or the like . The set of electrode channels 
( 624a , 624b , ... , 624n , and 625a , 625b , ... , 625n ) may 
include any number of channels , for example , 2 , 3 , 4 , 5 , 6 , 
7 , 8 , 9 , 10 , 12 , or more electrode channels . Energy delivery 
may use any combination of electrode channels ( 624a , 624b , 

624n , and 625a , 625b , ... , 625n ) and any order for 
an energy delivery sequence . 
[ 0067 ] The set of electrode channels ( 624a , 624b , . 
624n , and 625a , 625b , 625n ) may be coupled to a 
routing console ( 630 ) to deliver energy to a set of electrodes 
( 642 ) coupled to the routing console ( 630 ) . The set of 
electrode channels ( 624a , 624b , . 624n , and 625a , 625b , 

625n ) may be coupled to an energy source ( 626 ) to 
receive energy ( e.g. , a pulse waveform ) . Processor ( 620 ) 
may be coupled to each electrode channel ( 624a , 624b , ... 
624n , and 625a , 625b , ... , 625n ) to configure an 

anode / cathode configuration for each electrode channel 
( 624 ) , which may be configured on a per pulse basis , per 
operator input , and / or the like . The processor ( 620 ) and 
energy source ( 626 ) may be collectively configured to 
deliver a pulse waveform to the set of electrodes ( 642 , 644 ) 
through the set of electrode channels ( 624a , 624b , .. 624n , 
and 625a , 625b , . . . , 625n ) . In some embodiments , each 
electrode channel ( 624a , 624b , .. , 624n , and 625a , 625b , 

625n ) may include an electronic switch ( e.g. , bipolar 
transistor ) and a drive circuit , as described in detail herein . 
In some embodiments , each electrode channel ( 624a , 624b , 

624n , and 625a , 625b , ... , 625n ) may have a bootstrap 
configuration for low and high frequency operation . For 
example , the pulse duration of voltage pulses delivered 
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through an electrode channel may be in the range of between 
about 1 microsecond and about 1000 microseconds . In 
biphasic mode , this corresponds to an approximate fre 
quency range of between about 500 Hz and about 500 KHz 
for the frequency associated with the voltage pulses . 
[ 0068 ] In some embodiments , a controller including the 
processor ( 620 ) and memory ( 622 ) may be coupled to each 
electrode of the set of first electrodes ( 642 ) and the set of 
second electrodes ( 644 ) . The controller may be configured to 
generate a pulse waveform , configure a first set of electrodes 
of the set of first electrodes ( 642 ) and the set of second 
electrodes ( 644 ) for pulse waveform delivery . The pulse 
waveform may be delivered to the first set of electrodes 
( 642 ) . In some embodiments , a second set of electrodes of 
the set of first electrodes ( 642 ) and the set of second 
electrodes ( 644 ) may be configured for receiving electrical 
activity of tissue . Signal data corresponding to the electrical 
activity of the tissue may be received using the second set of 
electrodes . Electrocardiography data may be generated 
using the signal data . 
[ 0069 ] In some embodiments , an energy source ( 626 ) may 
be configured to convert and supply energy to a set of 
electrodes ( 642 , 644 ) coupled to the signal generator ( 610 ) . 
The energy source ( 626 ) of the signal generator ( 610 ) may 
include a DC power supply and be configured as an AC / DC 
switcher . In some embodiments , an energy source ( 626 ) of 
the signal generator ( 610 ) may deliver rectangular - wave 
pulses with a voltage in the range between about 300 V and 
about 5000 V. In some of these embodiments , the energy 
source ( 626 ) may be configured to store energy . For 
example , the energy source ( 626 ) may include one or more 
capacitors to store energy from a power supply . While these 
examples are included for purely non - limiting illustrative 
purposes , it is noted that a variety of pulse waveforms with 
a range of pulse durations , intervals between pulses , pulse 
groupings , etc. may be generated depending on the clinical 
application . 
[ 0070 ] In some embodiments , a sensing circuit ( 628 ) may 
be configured to determine an amount of current being 
delivered to a device coupled to the signal generator ( 610 ) 
( e.g. , electrode ( 642 ) coupled to the electrode channel 
( 624 ) ) . As described in more detail herein , the sensing 
circuit ( 628 ) may also be used to classify an electrode 
channel fault , monitor capacitor discharge , and / or sense 
arcing . In some embodiments , the sensing circuit ( 628 ) may 
be a direct current sensing circuit and / or a low - side sensing 
circuit . The sensing circuit may include one or more opera 
tional amplifiers , difference amplifiers ( DA ) , instrumenta 
tion amplifiers ( IA ) , and / or current shunt monitors ( CSM ) . 
[ 0071 ] In some embodiments , the routing console ( 630 ) 
may be configured to electrically couple a set of electrodes 
( 642 ) of an ablation device ( 640 ) to a set of electrode 
channels ( 624a , 624b , ... , 624n , and 625a , 625b , . 
625n ) . The routing console ( 630 ) may be configured to 
selectively deliver energy to the set of electrodes ( 642 ) using 
the set of electrode channels ( 624a , 624b , ... , 624n , and 
625a , 625b , ... , 625n ) . One or more ablation devices ( 640 ) 
each having a set of electrodes ( 642 , 644 ) may be coupled 
to the routing console ( 630 ) . The set of electrodes ( 642 , 644 ) 
may include any number of electrodes , for example , 1 , 2 , 3 , 
4 , 5 , 6 , 7 , 8 , 9 , 10 , 12 , or more electrodes . In some 
embodiments , an ablation device ( 640 ) may include three 
electrodes with a first jaw ( 650a ) having a first electrode 

( 642a ) and a second jaw ( 650b ) having a second electrode 
( 644a ) and a third electrode ( 644b ) . 
[ 0072 ] In some embodiments , the electrode channels 
( 624a , 624b , 624n , and 625a , 625b , ... , 625n ) 
configured for energy delivery ( e.g. , configured as an anode / 
cathode pair of electrode channels ) may not be adjacent to 
each other . For example , the set of electrode channels ( 624a , 
624b , ... , 624n , and 625a , 625b , ... , 625n ) may include 
a set of N electrode channels ( 624a , 624b , ... , 624n , and 
625a , 625b , ... , 625n ) in a parallel array . In one embodi 
ment , a first electrode channel may correspond to first 
electrode channel ( 624a ) in the parallel array of N electrode 
channels ( 624a , 624b , 624n , and 625a , 625b , ... 
625n ) . One or more of a second and third electrode channel 
( 624b , 624c ) may not be adjacent to the first electrode 
channel ( 624a ) in the parallel array of N electrode channels 
( 624a , 624b , ... , 624n , and 625a , 625b , ... , 625n ) . 
[ 0073 ] A multi - electrode ablation device may allow tar 
geted and precise energy delivery to tissue . In some embodi 
ments , the electrodes ( 642 , 644 ) of an ablation device ( 640 ) 
may be configured for energy delivery ( e.g. , as an anode / 
cathode pair of electrodes ( 642 , 644 ) ) and may be disposed 
on opposing jaws on respective parallel arrays of the abla 
tion device ( 640 ) . For example , an ablation device ( 640 ) 
may include a first jaw ( 650a ) having a set of first electrodes 
( 642 ) as a parallel array of N electrodes ( 142n ) and a second 
jaw ( 650b ) having a set of second electrodes ( 644 ) as a 
parallel array of M electrodes ( 644n ) . The signal generator 
( 610 ) coupled to the ablation device ( 640 ) may include a set 
of electrode channels ( 624a , 624b , ... , 624n , and 625a , 
625b , ... , 625n ) having N electrode channels corresponding 
to the M electrodes ( 642n , 644n ) of the ablation device 
( 640 ) . In one embodiment , the first electrode channel ( 624a ) 
of the N electrode channels ( 624a , 624b , ... , 624n , and 
625a , 625b , ... , 625n ) may correspond to a first electrode 
( 642a ) in the parallel array of M electrodes ( 642n ) of the first 
jaw ( 650a ) . One or more of second and third electrode 
channel ( 624b , 624c ) of the N electrode channels ( 624n ) 
may not correspond to any of the electrodes adjacent to the 
first electrode ( 642a ) in the parallel array of M electrodes 
( 642n ) . For example , the second electrode channel ( 642b ) 
may correspond to a second electrode ( 644a ) in the parallel 
array of M electrodes ( 644n ) of the second jaw ( 650b ) . 
[ 0074 ] Configurable electrode channel and electrode 
selection may provide flexibility in positioning the elec 
trodes for ablating a desired region of interest , as described 
in more detail herein . In some embodiments , the routing 
console ( 630 ) may couple to a set of four or six electrodes 
( 642 , 644 ) of an ablation device ( 640 ) . The routing console 
( 630 ) may receive input from the processor ( 620 ) and / or 
user interface ( 632 ) for electrode channel selection and 
energy delivery to one or more electrodes ( 642 , 644 ) . 
Additionally or alternatively , the routing console ( 630 ) may 
couple to a cardiac stimulator ( 650 ) and be configured to 
receive data from devices ( e.g. , heart pacing data from a 
pacing device ) used for synchronization of a pulse wave 
form with a patient cardiac cycle . 
[ 0075 ] In some embodiments , a user interface ( 632 ) may 
be configured as a communication interface between an 
operator and the system ( 600 ) . The user interface ( 632 ) may 
include an input device and output device ( e.g. , touch 
surface and display ) . For example , patient data from 
memory ( 622 ) may be received by user interface ( 632 ) and 
output visually and / or audibly . Electric current data from 
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include , for example , a sterile drape configured to cover at 
least a portion of a system component . In one embodiment , 
a sterile covering ( e.g. , sterile drape ) may be configured to 
create a sterile barrier with respect to a user interface ( 632 ) 
of the system ( 600 ) . The sterile drape may be clear and allow 
an operator to visualize and manually manipulate the user 
interface ( 632 ) . The sterile covering may conform tightly 
around one or more system components or may drape 
loosely to allow components to be adjusted within the sterile 
field . 

Ablation Device 

sensing circuit ( 628 ) may be received and output on a 
display of user interface ( 632 ) . As another example , operator 
control of an input device having one or more buttons , 
knobs , dials , switches , trackball , touch surface , and / or the 
like , may generate a control signal to the signal generator 
( 610 ) and / or ablation device ( 640 ) . 
[ 0076 ] In some embodiments , an input device of the user 
interface ( 632 ) may include a touch surface for operator 
input and may be configured to detect contact and movement 
on the touch surface using any of a plurality of touch 
sensitivity technologies including capacitive , resistive , 
infrared , optical imaging , dispersive signal , acoustic pulse 
recognition , and surface acoustic wave technologies . Addi 
tionally or alternatively , the user interface ( 632 ) may include 
a step switch or foot pedal . 
[ 0077 ] In some embodiments , an output device of the user 
interface ( 632 ) may include one or more of a display device 
and audio device . The display device may include at least 
one of a light emitting diode ( LED ) , liquid crystal display 
( LCD ) , electroluminescent display ( ELD ) , plasma display 
panel ( PDP ) , thin film transistor ( TFT ) , and organic light 
emitting diodes ( OLED ) . An audio device may audibly 
output patient data , sensor data , system data , other data , 
alarms , warnings , and / or the like . The audio device may 
include at least one of a speaker , piezoelectric audio device , 
magnetostrictive speaker , and / or digital speaker . In one 
embodiment , the audio device may output an audible warn 
ing upon detection of a fault in the signal generator ( 610 ) 
and / or ablation device ( 640 ) . 
[ 0078 ] In some embodiments , the signal generator ( 610 ) 
may be mounted on a trolley or cart . In some embodiments , 
the user interface ( 632 ) may be formed in the same or 
different housing as the signal generator ( 610 ) . The user 
interface ( 632 ) may be mounted to any suitable object , such 
as furniture ( e.g. , a bed rail ) , a wall , a ceiling , or may be 
self - standing . In some embodiments , the input device may 
include a wired and / or wireless transmitter configured to 
transmit a control signal to a wired and / or wireless receiver 
of the signal generator ( 610 ) . 
[ 0079 ] In some embodiments , a cardiac stimulator ( 650 ) 
including a pacing device may be configured to generate a 
heart pacing signal to be delivered to a patient via the pacing 
device . An indication of the pacing signal may be transmit 
ted by the cardiac stimulator ( 650 ) to the signal generator 
( 610 ) . Based on the pacing signal , an indication of a voltage 
pulse waveform may be selected , computed , and / or other 
wise identified by the processor ( 620 ) and generated by the 
signal generator ( 610 ) . In some embodiments , the signal 
generator ( 610 ) may be configured to generate the voltage 
pulse waveform in synchronization with the indication of the 
pacing signal ( e.g. , within a common refractory window ) . 
For example , in some embodiments , the common refractory 
window may start substantially immediately following a 
ventricular pacing signal ( or after a very small delay ) and 
last for a duration of between about 150 ms and about 250 
ms thereafter . In such embodiments , an entire pulse wave 
form may be delivered within this duration . 
[ 0080 ] In some embodiments , the systems described 
herein may include one or more sterile coverings configured 
to create a sterile barrier around portions of the system 
( 600 ) . In some embodiments , the system ( 600 ) may include 
one or more sterile coverings to form a sterile field . For 
example , a sterile covering may be placed over the user 
interface of the signal generator . The sterile covering may 

[ 0081 ] The systems described here may include one or 
more multi - electrode ablation devices configured to ablate 
tissue for treating atrial fibrillation . Generally , the ablation 
devices may include a first jaw and a second jaw sized and 
shaped to physically engage , hold , and ( optionally ) com 
press tissue therebetween for delivery of ablation energy . In 
some embodiments , a distal end of the first jaw and the 
second jaw may be generally atraumatic to decrease the risk 
of damage to tissue through laceration , puncture , and other 
damage when releasably coupled thereto . For example , the 
first jaw and second jaw may form atraumatic surfaces and 
edges ( e.g. , rounded , blunt ) to contact and / or hold tissue 
without causing damage . A set of metallic electrodes dis 
posed on each of the jaws and may also be generally 
atraumatic to decrease the risk of damage to tissue through 
laceration and puncture . For example , the edges of the 
electrodes may be rounded to reduce tissue damage and to 
increase the uniformity of the electric field generated at a 
central portion and a peripheral portion of the electrodes . 
The electrodes may generally form an elongate member 
( e.g. , bar , strip ) that extends generally parallel to a length of 
the jaws . The electrodes may have a length greater than a 
width or height / depth dimension of the electrode . The jaws 
as described in more detail herein may be composed of an 
electrically insulating material such as a polymeric or 
ceramic material . 
[ 0082 ] In order to deliver the pulse waveforms generated 
by the signal generator , one or more electrodes of the 
ablation device may have an insulated electrical lead con 
figured for sustaining a voltage potential of at least about 
300 V without dielectric breakdown of its corresponding 
insulation . In some embodiments , the insulation on each of 
the electrical leads may sustain an electrical potential dif 
ference of between about 200 V to about 3,000 V across its 
thickness without dielectric breakdown , including all values 
and sub - ranges in between . In some embodiments , the 
electrodes may be independently addressable such that each 
electrode may be controlled ( e.g. , deliver energy ) indepen 
dently of any other electrode of the device . In this manner , 
the electrodes may deliver different energy waveforms with 
different timing synergistically for electroporation of tissue . 
The electrodes may , for example , be connected to an insu 
lated electrical lead leading to a handle to receive pulse 
waveforms generated by a signal generator as discussed 
above with respect to FIG . 6 . 
[ 0083 ] FIG . 1A is a schematic perspective view of an 
exemplary ablation device ( 100 ) including a first jaw ( 102 ) 
and a second jaw ( 104 ) that may be structurally and / or 
functionally similar to the ablation device in FIG . 6. The first 
jaw ( 102 ) may include a set of first electrodes ( 110a , 1106 , 

110n ) and the second jaw ( 104 ) may include a set of 
second electrodes ( 120a , 120b , ... , 120n ) , as shown in FIG . 
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1B . The first jaw ( 102 ) and the second jaw ( 104 ) may be 
spaced apart and substantially parallel and configured to 
engage tissue ( 130 ) therebetween during use . In some 
embodiments , the first jaw ( 102 ) and the second jaw ( 104 ) 
may transition between a set of configurations having dif 
ferent jaw measures ( 132 ) ( e.g. , spacing , distance ) . In some 
embodiments , the first jaw ( 102 ) and second jaw ( 104 ) may 
be configured to transition between a first configuration for 
passing the first and second jaws through a body cavity , 
organ system , or anatomical structure and a second configu 
ration for engaging the tissue ( 130 ) . The first jaw ( 102 ) and 
the second jaw ( 104 ) may be spaced apart by a spacing 
distance in the second configuration ( e.g. , third measure 
( 132 ) as described in more detail herein ) . The first jaw ( 102 ) 
and the second jaw ( 104 ) may be collectively configured to 
define a longitudinal axis ( 140 ) . The first jaw ( 102 ) and the 
second jaw ( 104 ) may be substantially rigid . 
[ 0084 ] The set of first electrodes ( 110 ) and the set of 
second electrodes ( 120 ) may be arranged parallel to the 
longitudinal axis ( 140 ) of the jaws ( 102 , 104 ) . Each of the 
first electrodes ( 110 ) may be spaced apart from an adjacent 
first electrode ( 110 ) by a first measure ( 106 ) ( e.g. , spacing , 
distance ) and each of the second electrodes ( 120 ) may be 
spaced apart from an adjacent second electrode ( 120 ) by a 
second measure ( 108 ) . The set of first electrodes ( 110 ) may 
be disposed on a side of the first jaw ( 102 ) facing the second 
jaw ( 104 ) with each of the set of first electrodes ( 110 ) spaced 
apart laterally with respect to the longitudinal axis ( 140 ) . 
Similarly , the set of second electrodes ( 120 ) may be dis 
posed on a side of the second jaw ( 104 ) facing the first jaw 
( 102 ) with each of the set of second electrodes ( 120 ) spaced 
apart laterally with respect to the longitudinal axis ( 140 ) . As 
shown in FIG . 1B , each electrode of the set of first electrodes 
( 110 ) and the set of second electrodes ( 120 ) may include an 
exposed portion in electrical contact with tissue ( 130 ) during 
use . The exposed portion of each electrode of the set of first 
electrodes ( 110 ) and the set of second electrodes ( 120 ) may 
be flat or convex . 
[ 0085 ] At least two of the set of first electrodes ( 110 ) may 
be spaced apart by a first measure ( 106 ) , and at least two of 
the set of second electrodes ( 120 ) may be spaced apart by a 
second measure ( 108 ) , as shown in FIG . 1B . The first jaw 
( 102 ) and the second jaw ( 104 ) may be spaced apart by a 
third measure ( 132 ) . For example , the set of first electrodes 
may be spaced apart by a distance between about 1 mm and 
about 6 mm , while the set of second electrodes may be 
spaced apart by a distance between about 1 mm and about 
4 mm . The first jaw and the second jaw may be spaced apart 
by a distance between about 1 mm and about 15 mm . 
[ 0086 ] In some abodiments , each electrode of the set of 
first electrodes ( 110 ) and the set of second electrodes ( 120 ) 
may have a width orthogonal to the longitudinal axis that is 
less than a length of that electrode that is parallel to the 
longitudinal axis ( 140 ) where the set of first electrodes ( 110 ) 
are spaced apart laterally with respect to the longitudinal 
axis ( 140 ) . In some embodiments , any two adjacent elec 
trodes of the set of first electrodes ( 110 ) may have a first 
measure of between about 0.5 mm and about 10 mm and any 
two adjacent electrodes of the set of second electrodes ( 120 ) 
may have a second measure of between about 0.5 mm and 
about 10 mm . 
[ 0087 ] In some embodiments , each electrode of the set of 
first electrodes ( 110 ) and the set of second electrodes ( 120 ) 
may have a length of between about 1 cm and about 8 cm , 

a width of between about 1 mm and about 5 mm , and a 
height of between about 0.5 mm and about 3 mm . In some 
embodiments , the set of first electrodes ( 110 ) and the set of 
second electrodes ( 120 ) may have a length to width ratio of 
at least about 3 : 1 . 
[ 0088 ] The set of first electrodes ( 110 ) and the set of 
second electrodes ( 120 ) may have a shape of an elongate 
electrode . In some embodiments , each electrode of the set of 
first electrodes ( 110 ) and the set of second electrodes ( 120 ) 
may be substantially rectangular . In other embodiments , 
each electrode of the set of first electrodes ( 110 ) and the set 
of second electrodes ( 120 ) may include a curved portion . 
[ 0089 ] In some embodiments , each electrode of the set of 
first electrodes ( 110 ) and the set of second electrodes ( 120 ) 
may be independently addressable . One or more lead wires 
may be coupled to the set of first electrodes ( 110 ) and the set 
of second electrodes ( 120 ) . In some embodiments , the 
electrodes may comprise a generally elliptical or circular 
cross - section . A length of a semi - major axis of the electrode 
may be between about 0.5 mm and about 5 mm . In some of 
these embodiments , a length to width ratio of the electrode 
may be at least about 3 : 1 . 
[ 0090 ] In some embodiments , an electrode of the set of 
first electrodes ( 110 ) may be configured as an anode and an 
electrode of the set of second electrodes ( 120 ) may be 
configured as a cathode . For example , the anode may be 
disposed directly across from the cathode . For example , a 
first electrode pairing may include electrodes ( 110a , 120a ) 
directly across from each other on opposing jaws ( 102 , 104 ) , 
a second electrode pairing may include electrodes ( 110b , 
120b ) directly across from each other on opposing jaws 
( 102 , 104 ) , and so forth for n electrodes . 
[ 0091 ] In other embodiments , the anode may be diagonal 
from the cathode . In some embodiments , the anode may 
generally be spaced apart laterally from the cathode . In some 
embodiments , a first electrode pairing may include elec 
trodes ( 110a , 120b ) spaced apart laterally from each other on 
opposing jaws ( 102 , 104 ) and a second electrode pairing 
may include electrodes ( 1105 , 120a ) spaced apart laterally 
from each other on opposing jaws ( 102 , 104 ) , and so forth 
for n electrodes . 
[ 0092 ] In some embodiments , one electrode of the set of 
first electrodes ( 110 ) may be configured as an anode while 
another electrode of the set of first electrodes ( 110 ) may be 
configured as a cathode . In some embodiments , one elec 
trode of one of the jaws may be configured as an anode while 
another electrode of the same jaw may be configured as a 
cathode . In some embodiments , a first electrode pairing may 
include electrodes ( 110a , 110b ) adjacent to each other on the 
same first jaw ( 102 ) , a second electrode pairing may include 
electrodes ( 120a , 120b ) adjacent to each other on the same 
second jaw ( 104 ) , and so forth for n electrodes . 
[ 0093 ] A pre - determined ablation sequence may include 
delivering ablation pulse waveforms over a sequence of 
pre - defined electrode pairings . In some embodiments , the 
sequenced delivery may be triggered from a cardiac stimu 
lator and / or pacing device . In some embodiments , the abla 
tion pulse waveforms may be applied in a refractory period 
of the cardiac cycle to avoid disruption of the sinus rhythm 
of the heart , as described in more detail herein . One or more 
of the electrodes may be configured to receive signal data 
corresponding to electrical activity of the tissue ( e.g. , elec 
trocardiography data ) . 
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[ 0094 ] In some embodiments , a handle such as the handle 
shown in FIG . 7 may be coupled to the first jaw ( 102 ) and 
the second jaw ( 104 ) . The handle may include one or more 
of a jaw control configured to control a spacing and / or angle 
between the first jaw ( 102 ) and the second jaw ( 104 ) , 
electrode selection control , and pulse waveform control . In 
some embodiments , the first jaw ( 102 ) and the second jaw 
( 104 ) may be coupled by a pivot ( not shown ) in which case , 
the jaws may form an angle with respect to each other . In 
some embodiments , the device ( 100 ) may include a spring 
( not shown ) configured to bias the first jaw ( 102 ) and the 
second jaw ( 104 ) toward each other . In some embodiments , 
the first jaw ( 102 ) may be fixed relative to the handle while 
the second jaw ( 104 ) is configured to move relative to the 
first jaw ( 102 ) . 
[ 0095 ] FIG . 8 is a perspective view of a distal end of an 
ablation device ( 800 ) that may be structurally and / or func 
tionally similar to the ablation device in FIG . 6. The ablation 
device ( 800 ) may include a body ( 830 ) having a lumen 
extending therethrough , a first jaw ( 810 ) , and a second jaw 
( 820 ) . The first jaw ( 810 ) may include a first shaft ( 814 ) that 
extends through the lumen of the body ( 830 ) . Likewise , the 
second jaw ( 820 ) may include a second shaft ( 824 ) that 
extends through the lumen of the body ( 830 ) . In some 
embodiments , one or both of the jaws ( 810 , 820 ) may move 
in a direction ( 840 ) relative to each other in order to modify 
a spacing between the first and second jaws ( 810 , 820 ) . In 
some embodiments , the jaws ( 810 , 820 ) may be movable 
relative to the body ( 830 ) such that the jaws ( 810 , 820 ) may 
advance and retract into and out of the body ( 830 ) . Retrac 
tion of the jaws ( 810 , 820 ) permits grasping a portion of 
tissue between the jaws . When the moveable jaw is released , 
the tissue may then be firmly held in place between the jaws . 
FIG . 8 shows a first jaw ( 810 ) and a second jaw ( 820 ) having 
a generally elliptical ( e.g. , arcuate ) shape . The jaws ( 810 , 
820 ) may be substantially rigid and parallel to each other . 
[ 0096 ] A distal end of the first jaw ( 810 ) may include a set 
of first electrodes such as the two electrodes ( 812a , 812b ) 
shown in FIG . 8. Likewise , a distal end of the second jaw 
( 812 ) may include a set of second electrodes such as the two 
electrodes ( 822a , 822b ) shown in FIG . 8. The pair of first 
electrodes ( 812a , 812b ) and the pair of second electrodes 
( 822a , 822b ) may be arranged to be parallel , although they 
may be arcuate along their lengths . A set of tangent vectors 
to the elongate shape of each jaw may be defined , and a local 
longitudinal axis may , for example , pass through the center 
of the cross - section of either jaw such that the local longi 
tudinal axis is parallel to the local tangent vector . Each of the 
first electrodes ( 812a , 812b ) may be spaced apart from each 
other and each of the second electrodes ( 822a , 822b ) may be 
spaced apart from each other . The local electrode cross 
section may be generally perpendicular to the local longi 
tudinal axis . The set of first electrodes ( 812 ) and the set of 
second electrodes ( 822 ) may be elongate electrodes . Some 
electrodes on opposite jaws may be directly across from 
each other , such that the normal to an electrode on one jaw 
points directly towards an electrode on the other jaw . In 
some embodiments , each electrode of the set of first elec 
trodes ( 812 ) and the set of second electrodes ( 822 ) may be 
substantially rectangular . In other embodiments , each elec 
trode of the set of first electrodes ( 812 ) and the set of second 
electrodes ( 822 ) may include a curved portion such as a 

generally arcuate shape or rounded edges . The electrodes 
may include a curvature that generally follows a curvature of 
its respective jaw . 
[ 0097 ] The first electrodes ( 812a , 812b ) may be disposed 
on a side of the first jaw ( 810 ) facing the second jaw ( 820 ) . 
Similarly , the second electrodes ( 822a , 822b ) may be dis 
posed on a side of the second jaw ( 820 ) facing the first jaw 
( 810 ) . Each electrode of the first electrodes ( 812a , 812b ) and 
the second electrodes ( 822a , 822b ) may include an exposed 
portion in electrical contact with tissue during use . The 
exposed portion of each electrode of the first electrodes 
( 812a , 812b ) and the second electrodes ( 822a , 822b ) may be 
flat or convex . Each electrode ( 812a , 8126 , 822a , 822b ) may 
have an insulated electrical lead associated therewith . The 
insulated electrical leads may be disposed in a correspond 
ing shaft . In some embodiments , each electrode of the set of 
first electrodes ( 812 ) and the set of second electrodes ( 822 ) 
may be independently addressable . In some embodiments , 
the electrodes ( 812a , 8126 , 822a , 822b ) may have a length 
of between about 1 cm and about 8 cm , a width of between 
about 1 mm and about 5 mm , and a height of between about 
0.5 mm and about 3 mm . In some embodiments the elec 
trodes ( 812a , 812b , 822a , 822b ) may have a length to width 
ratio of at least about 3 : 1 . 
[ 0098 ] In some embodiments , an electrode of the set of 
first electrodes ( 812 ) may be configured as an anode and an 
electrode of the set of second electrodes ( 822 ) may be 
configured as a cathode . For example , the anode may be 
disposed directly across from the cathode . In some embodi 
ments , a first electrode pairing may include electrodes 
( 812a , 822a ) directly across from each other on opposing 
jaws ( 810 , 820 ) and a second electrode pairing may include 
electrodes ( 812b , 822b ) directly across from each other on 
opposing jaws ( 810 , 820 ) . 
[ 0099 ] In other embodiments , the anode may be diagonal 
from the cathode such that the anode is laterally spaced apart 
from the cathode and / or does not intersect a line perpen 
dicular to the cathode . In some embodiments , a first elec 
trode pairing may include electrodes ( 812a , 822b ) spaced 
apart laterally from each other on opposing jaws ( 810 , 820 ) 
and a second electrode pairing may include electrodes 
( 812b , 822a ) spaced apart laterally from each other on 
opposing jaws ( 810 , 820 ) . This combination of electrode 
pairing may reduce , if not eliminate , the risk of the elec 
trodes electrically shorting in cases where tissue is incom 
pletely grasped between the jaws and / or portions of the jaws 
touch each other . 
[ 0100 ] In some embodiments , one electrode of one of the 
jaws may be configured as an anode while another electrode 
of the same jaw may be configured as a cathode . In some 
embodiments , a first electrode pairing may include elec 
trodes ( 812a , 812b ) adjacent to each other on the same jaw 
( 810 ) and a second electrode pairing may include electrodes 
( 822a , 822b ) adjacent to each other on the same jaw ( 820 ) . 
[ 0101 ] Generally in the embodiments described herein , 
pulsed electric field ablation is delivered in order to generate 
irreversible electroporation in the tissue between the jaws . A 
pre - determined ablation sequence may include delivering 
ablation pulse waveforms sequentially over a pre - defined set 
of electrode pairings , for example first and second electrode 
pairings when a set of two electrode pairings are configured . 
In some embodiments , the sequenced delivery may be 
triggered from a cardiac stimulator and / or pacing device . In 
some embodiments , the ablation pulse waveforms may be 
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applied in a refractory period of the cardiac cycle to avoid 
disruption of the sinus rhythm of the heart , as described in 
more detail herein . One or more of the electrodes may be 
configured to receive signal data corresponding to electrical 
activity of the tissue ( e.g. , electrocardiography data ) . 
[ 0102 ] In some embodiments , a handle such as the handle 
shown in FIG . 7 may be coupled to the first jaw ( 810 ) and 
the second jaw ( 820 ) . The handle may include one or more 
of a jaw control configured to control a spacing and / or angle 
between the first jaw ( 810 ) and the second jaw ( 820 ) , 
electrode selection control , and pulse waveform control . In 
some embodiments , the first jaw ( 810 ) and the second jaw 
( 820 ) may be coupled by a pivot ( not shown ) in which case , 
the jaws may form an angle with respect to each other . In 
some embodiments , the device ( 800 ) may include a spring 
( not shown ) configured to bias the first jaw ( 810 ) and the 
second jaw ( 820 ) toward each other . In some embodiments , 
the first jaw ( 810 ) may be fixed relative to the handle while 
the second jaw ( 820 ) is configured to move relative to the 
first jaw ( 810 ) . 
[ 0103 ] FIGS . 9A - 9B are perspective views of a distal end 
of an ablation device ( 900 ) that may be structurally and / or 
functionally similar to the ablation device in FIG . 6. The 
ablation device ( 900 ) may include a first jaw ( 910 ) and a 
second jaw ( 920 ) . In some embodiments , one or both of the 
jaws ( 910 , 920 ) may move in a direction relative to each 
other in order to modify a spacing between the first and 
second jaws ( 910 , 920 ) . FIGS . 9A - 9B show a first jaw ( 910 ) 
and a second jaw ( 920 ) having a generally elliptical ( e.g. , 
arcuate ) shape . The jaws ( 910 , 920 ) may be substantially 
rigid and parallel to each other . The jaws ( 910 , 920 ) may 
collectively define a curved longitudinal axis ( 950 ) . 
[ 0104 ] A distal end of the first jaw ( 910 ) may include a set 
of first electrodes such as the three electrodes ( 912a , 912b , 
912c ) shown in FIGS . 9A - 9B . Likewise , a distal end of the 
second jaw ( 912 ) may include a set of second electrodes 
such as the three electrodes ( 922a , 922b , 922c ) shown in 
FIGS . 9A - 9B . The trio of first electrodes ( 912a , 912b , 912c ) 
and the trio of second electrodes ( 922a , 922b , 9220 ) may be 
arranged parallel to the curve of a long edge of the jaws . 
[ 0105 ] Each of the first electrodes ( 912a , 912b , 912c ) may 
be spaced apart from each other and each of the second 
electrodes ( 922a , 922b , 9220 ) may be spaced apart from 
each other . The set of first electrodes ( 912 ) and the set of 
second electrodes ( 922 ) may be elongate electrodes . In some 
embodiments , each electrode of the set of first electrodes 
( 912 ) and the set of second electrodes ( 922 ) may be sub 
stantially rectangular . In other embodiments , each electrode 
of the set of first electrodes ( 912 ) and the set of second 
electrodes ( 922 ) may include a curved portion such as a 
generally arcuate shape or rounded edges . The electrodes 
may include a curvature such that generally each electrode 
follows the curvature of its respective jaw . 
[ 0106 ] The first electrodes ( 912a , 912b , 912c ) may be 
disposed on a side of the first jaw ( 910 ) facing the second 
jaw ( 920 ) . Similarly , the second electrodes ( 922a , 922b , 
9220 ) may be disposed on a side of the second jaw ( 920 ) 
facing the first jaw ( 910 ) . Each electrode of the first elec 
trodes ( 912a , 912b , 912c ) and the second electrodes ( 922a , 
922b , 9220 ) may include an exposed portion in electrical 
contact with tissue during use ( FIG . 9B ) . The exposed 
portion of each electrode of the first electrodes ( 912a , 912b , 
912c ) and the second electrodes ( 922a , 922b , 922c ) may be 
flat or convex . Each electrode ( 912a , 912b , 912c , 922a , 

922b , 9220 ) may have an insulated electrical lead associated 
therewith . The insulated electrical leads may be disposed in 
a corresponding shaft . In some embodiments , each electrode 
of the set of first electrodes ( 912 ) and the set of second 
electrodes ( 922 ) may be independently addressable . In some 
embodiments , the electrodes ( 912a , 912b , 912c , 922a , 922b , 
922c ) may have a length of between about 1 cm and about 
8 cm , a width of between about 1 mm and about 5 mm , and 
a height of between about 0.5 mm and about 3 mm . In some 
embodiments the electrodes ( 912a , 912b , 912c , 922a , 922b , 
922c ) may have a length to width ratio of at least about 3 : 1 . 
[ 0107 ] In some embodiments , an electrode of the set of 
first electrodes ( 912 ) may be configured as an anode and an 
electrode of the set of second electrodes ( 922 ) may be 
configured as a cathode . For example , the anode may be 
disposed directly across from the cathode . In some embodi 
ments , a first electrode pairing may include electrodes 
( 912a , 922a ) directly across from each other on opposing 
jaws ( 910 , 920 ) , a second electrode pairing may include 
electrodes ( 912b , 922b ) directly across from each other on 
opposing jaws ( 810 , 820 ) , and a third electrode pairing may 
include electrodes ( 912c , 922c ) directly across from each 
other on opposing jaws ( 910 , 920 ) . 
[ 0108 ] In other embodiments , the anode may be diagonal 
from the cathode such that the anode is laterally spaced apart 
from the cathode and / or does not intersect a line perpen 
dicular to the cathode . In some embodiments , a first elec 
trode pairing may include electrodes ( 912a , 922b ) spaced 
apart laterally from each other on opposing jaws ( 910 , 920 ) , 
a second electrode pairing may include electrodes ( 912b , 
922a ) spaced apart laterally from each other on opposing 
jaws ( 910 , 920 ) , a third electrode pairing may include 
electrodes ( 912b , 922c ) spaced apart laterally from each 
other on opposing jaws ( 910 , 920 ) , and a fourth electrode 
pairing may include electrodes ( 912c , 922b ) spaced apart 
laterally from each other on opposing jaws ( 910 , 920 ) . 
[ 0109 ] In some embodiments , one electrode of one of the 
jaws may be configured as an anode while another electrode 
of the same jaw may be configured as a cathode . In some 
embodiments , a first electrode pairing may include elec 
trodes ( 912a , 912b ) adjacent to each other on the same first 
jaw ( 910 ) , a second electrode pairing may include electrodes 
( 912b , 912c ) adjacent to each other on the same first jaw 
( 910 ) , a third electrode pairing may include electrodes 
( 922a , 922b ) adjacent to each other on the same second jaw 
( 920 ) , and a fourth electrode pairing may include electrodes 
( 922b , 922c ) adjacent to each other on the same second jaw 
( 920 ) . 
[ 0110 ] A pre - determined ablation sequence may include 
delivering ablation pulse waveforms sequentially over a 
pre - defined set of electrode pairings . In some embodiments , 
the sequenced delivery may be triggered from a cardiac 
stimulator and / or pacing device . In some embodiments , the 
ablation pulse waveforms may be applied in a refractory 
period of the cardiac cycle to avoid disruption of the sinus 
rhythm of the heart , as described in more detail herein . One 
or more of the electrodes may be configured to receive signal 
data corresponding to electrical activity of the tissue ( e.g. , 
electrocardiography data ) . 
[ 0111 ] FIG . 9B is a perspective view of the ablation device 
( 900 ) coupled to tissue ( 930 ) after undergoing one or more 
ablation sequences as described herein . In FIG . 9B , at least 
a portion of tissue ( 930 ) is held between the jaws ( 910 , 920 ) 
of the device ( 900 ) . In some embodiments , a tissue ablation 
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zone ( 932 ) may have a width ( 940 ) that substantially cor 
responds to at least an end - to - end width between the elec 
trodes ( 912a and 912c , 922a and 922c ) of a jaw ( 910 , 920 ) . 
In some embodiments , the tissue ( 930 ) may comprise a 
portion of a pulmonary vein as shown , for example , in FIG . 
10. Tissue between the jaws ( 910 , 920 ) may be compressed 
relative to other portions of tissue ( 940 ) . 
[ 0112 ] In some embodiments , a handle such as the handle 
shown in FIG . 7 may be coupled to the first jaw ( 910 ) and 
the second jaw ( 920 ) . The handle may include one or more 
of a jaw control configured to control a spacing and / or angle 
between the first jaw ( 910 ) and the second jaw ( 920 ) , 
electrode selection control , and pulse waveform control . In 
some embodiments , the first jaw ( 910 ) and the second jaw 
( 920 ) may be coupled by a pivot ( not shown ) in which case , 
the jaws may form an angle with respect to each other . In 
some embodiments , the device ( 900 ) may include a spring 
( not shown ) configured to bias the first jaw ( 910 ) and the 
second jaw ( 920 ) toward each other . In some embodiments , 
the first jaw ( 910 ) may be fixed relative to the handle while 
the second jaw ( 920 ) is configured to move relative to the 
first jaw ( 910 ) . 
[ 0113 ] The electrodes as described may be composed of 
any suitable biocompatible conductive material including , 
but not limited to , one or more of silver , palladium , stainless 
steel , platinum , titanium , platinum - iridium alloys , gold , cop 
per , nickel , combinations thereof , and the like . In some 
embodiments , the electrode materials may be plated , coated , 
and / or otherwise applied in an appropriately thick layer on 
top of a different substrate material . In some embodiments , 
electrode portions may be coupled using annealing , solder 
ing , welding , crimping , lamination , combinations thereof , 
and the like . The jaws and body of the ablation devices 
disclosed may be composed of any suitable electrically 
insulating biocompatible material including polymers , 
ceramics , glasses , combinations thereof , and the like . 

ablation device , such as the ablation device ( 100 ) , and / or 
any of the ablation devices ( 200 , 300 , 400 , 500 , 640 , 700 , 
800 , 900 , 1000 ) into a chest cavity of a patient by any 
suitable means at step ( 1102 ) . The chest of the patient may 
be surgically exposed to provide access to a desired ablation 
site , for example pulmonary vein in the region of the 
posterior left atrium . For example , the jaws / arms and body 
of the ablation device may enter the chest cavity at an 
oblique angle . It may be helpful to angle the jaws / arms in a 
manner that permits access to a posterior side of a patient's 
body ( where the pulmonary veins may be located ) through 
access from an anterior side of the patient's body . For 
example , a surgical excision may open and expose the chest 
cavity . In some embodiments , the ablation device may be 
advanced in a first configuration where the jaws / arms are 
closely spaced and / or in contact with each other to aid 
advancement of the ablation device towards a target tissue 
( e.g. , pulmonary vein ) . For example , FIG . 10 is a perspec 
tive view of a distal end of an ablation device ( 1000 ) having 
a first jaw ( 1010 ) and a second jaw ( 1012 ) coupled to a 
pulmonary vein ( 1030 ) at a basal location ( at the portion of 
tissue connecting the pulmonary vein to the left atrium ) on 
a posterior side of the left atrium ( 1040 ) . The ablation device 
( 1000 ) may be transformed to contact tissue between the 
jaws / arms at step ( 1104 ) . For example , the jaws of the 
ablation device ( 1000 ) may transition from a closed con 
figuration to an open configuration to allow a portion of the 
pulmonary vein ( 1030 ) to be held between the jaws ( 1010 , 
1020 ) . Saline may be introduced into the chest cavity to at 
least partially surround the electrodes and create an electri 
cally conductive environment for optimal delivery of current 
to tissue . 
[ 0116 ] Returning to FIG . 11 , at step 1106 , the electrodes of 
the device may be configured in one or more anode / cathode 
subsets using , for example , the signal generator as described 
with respect to FIG . 6. For example , electrodes on opposing 
jaws and which are laterally spaced apart from each other 
may be configured in anode - cathode sets , as described with 
respect to FIGS . 8 and 9. This configuration may reduce the 
risk of shorting and may help generate uniform ablation 
across the compressed portion of tissue . In some embodi 
ments , one or more electrodes may be configured to receive 
signal data corresponding to electrocardiography data . Elec 
trocardiography data may be generated for display from the 
recorded signal data . 
[ 0117 ] In some embodiments , a pacing signal may be 
generated for cardiac stimulation of the heart . The pacing 
signal may then be applied to the heart . For example , the 
heart may be electrically paced with a cardiac stimulator to 
ensure pacing capture to establish periodicity and predict 
ability of the cardiac cycle . One or more of atrial and 
ventricular pacing may be applied . An indication of the 
pacing signal may be transmitted to a signal generator . A 
time window within the refractory period of the cardiac 
cycle may then be defined within which one or more voltage 
pulse waveforms may be delivered . In some embodiments , 
a refractory time window may follow a pacing signal . For 
example , a common refractory time window may lie 
between both atrial and ventricular refractory time windows . 
[ 0118 ] A pulse waveform may be generated in synchro 
nization with the pacing signal ( 1108 ) . For example , a 
voltage pulse waveform may be applied in the common 
refractory time window . In some embodiments , the pulse 
waveform may be generated with a time offset with respect 

II . Methods 

[ 0114 ] Also described here are methods for ablating tissue 
( e.g. , pulmonary vein ) using the systems and devices 
described above . The ablation devices described herein may 
be used for ablation of cardiac features / structures identified 
to cause arrhythmia . The pulmonary vein may be connected 
to the left atrium of the heart . Generally , the methods 
described here include introducing and disposing a device in 
contact with one or more pulmonary vein regions . A pulse 
waveform may be delivered by one or more electrodes of the 
device to ablate tissue . In some embodiments , a cardiac 
pacing signal may synchronize the delivered pulse wave 
forms with the cardiac cycle . Additionally or alternatively , 
the pulse waveforms may include a set of levels of a 
hierarchy . The tissue ablation thus performed may be deliv 
ered in synchrony with paced heartbeats . It should be 
appreciated that any of the ablation devices described herein 
may be used to ablate tissue using the methods discussed 
below as appropriate . 
[ 0115 ] As a non - limiting example , in some embodiments , 
a system may include any of the devices described in the 
disclosure herein . FIG . 11 is a method ( 1100 ) for one 
embodiment of a tissue ablation process . In some embodi 
ments , the voltage pulse waveforms described herein may be 
applied during a refractory period of the cardiac cycle to 
avoid disruption of the sinus rhythm of the heart . Generally , 
the method ( 1100 ) includes introduction of a device ( e.g. , 
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to the indication of the pacing signal . For example , the start 
of a refractory time window may be offset from the pacing 
signal by a time offset . The voltage pulse waveform ( s ) may 
be applied over a series of heartbeats over corresponding 
common refractory time windows . 
[ 0119 ] In some embodiments , hierarchical voltage pulse 
waveforms having a nested structure and a hierarchy of time 
intervals as described herein may be useful for irreversible 
electroporation , providing control and selectivity in different 
tissue types . A pulse waveform may be generated by a signal 
generator ( e.g. , the signal generator 610 ) and may include a 
set of levels in a hierarchy . A variety of hierarchical wave 
forms may be generated with a signal generator as disclosed 
herein . For example , the pulse waveform may include a first 
level of a hierarchy of the pulse waveform including a first 
set of pulses . Each pulse has a pulse time duration and a first 
time interval separating successive pulses . A second level of 
the hierarchy of the pulse waveform may include a plurality 
of first sets of pulses as a second set of pulses . A second time 
interval may separate successive first sets of pulses . The 
second time interval may be at least three times the duration 
of the first time interval . A third level of the hierarchy of the 
pulse waveform may include a plurality of second sets of 
pulses as a third set of pulses . A third time interval may 
separate successive second sets of pulses . The third time 
interval may be at least thirty times the duration of the 
second level time interval . 
[ 0120 ] It is understood that while the examples herein 
identify separate monophasic and biphasic waveforms , it 
should be appreciated that combination waveforms , where 
some portions of the waveform hierarchy are monophasic 
while other portions are biphasic , may also be generated . A 
voltage pulse waveform having a hierarchical structure may 
be applied across different anode - cathode subsets ( option 
ally with a time delay ) . As discussed above , one or more of 
the waveforms applied across the anode - cathode subsets 
may be applied during the refractory period of a cardiac 
cycle . The generated pulse waveform may be delivered to 
tissue . Accordingly , in the embodiments described herein , a 
contiguous , transmural zone of ablated tissue may be gen 
erated to electrically isolate the pulmonary vein from a main 
body of the left atrium . 
[ 0121 ] In some embodiments , the pulse waveform may be 
delivered to pulmonary vein of a heart of a patient via one 
or more electrodes of a set of jaws of an ablation device . In 
other embodiments , voltage pulse waveforms as described 
herein may be selectively delivered to electrode subsets such 
as paired anode - cathode subsets for ablation and isolation of 
the pulmonary vein . For example , a first electrode of a first 
jaw may be configured as an anode and a second electrode 
of a second jaw may be configured as a cathode . These steps 
may be repeated for a desired number of pulmonary vein 
regions to be ablated . 

the second jaw ( 204 ) may be spaced apart and substantially 
parallel , and configured to engage tissue ( 260 ) therebetween 
during use . The first jaw ( 202 ) and the second jaw ( 204 ) may 
be spaced apart by a third measure ( 262 , 264 , 266 ) . The first 
electrode ( 210 ) and the second electrode ( 220 ) may be may 
be disposed on a side of the first jaw ( 202 ) facing the second 
jaw ( 204 ) . Similarly , the third electrode ( 230 ) and the fourth 
electrode ( 240 ) may be disposed on a side of the second jaw 
( 204 ) facing the first jaw ( 202 ) . Each electrode ( 210 , 220 , 
230 , 240 ) may include an exposed portion in electrical 
contact with tissue ( 260 ) during use . The first electrode 
( 210 ) and the second electrode ( 220 ) may be spaced apart by 
a first measure ( 203 , 206 ) . The third electrode ( 230 ) and the 
fourth electrode ( 240 ) may be spaced apart by a second 
measure ( 205 , 207 ) . The electrodes ( 210 , 220 , 230 , 240 ) 
may be elongate electrodes as described herein . In some 
embodiments , each electrode ( 210 , 220 , 230 , 240 ) may be 
independently addressable . 
[ 0123 ] In some embodiments , the electrodes configured to 
deliver energy to tissue ( 260 ) may be adjacent electrodes on 
the same jaw . For example , a first electrode ( 210 ) may be 
configured as an anode and a second electrode ( 220 ) may be 
configured as a cathode . In FIGS . 2A - 2C , the first jaw ( 202 ) 
may deliver 200 V to tissue ( 260 ) between first electrode 
( 210 ) and second electrode ( 220 ) to generate respective 
ablation zones ( 270 , 272 , 274 ) having an electric field 
strength of about 460 V / cm . The first measure ( 203 , 206 ) 
may be 1 mm in FIG . 2A , 2 mm in FIG . 2B , and 3 mm in 
FIG . 2C . As shown in FIGS . 2A - 2C , decreasing separation 
between electrodes ( 210 , 220 ) may generate an ablation 
zone of lesser width and greater depth . 
[ 0124 ] FIGS . 3A - 3C depict a set of simulation results in 
the form of a shaded contour plot of the electric potential in 
a cross - sectional side view of an ablation device ( 300 ) . The 
plots in FIGS . 3A - 3C simulate higher voltages and greater 
separation between electrodes than the plots in FIGS . 
2A - 2C . The ablation device ( 300 ) includes a first jaw ( 302 ) 
and a second jaw ( 304 ) . The first jaw ( 302 ) may include a 
first electrode ( 310 ) and a second electrode ( 320 ) . The 
second jaw ( 304 ) may include a third electrode ( 330 ) and a 
fourth electrode ( 340 ) . The first jaw ( 302 ) and the second 
jaw ( 304 ) may be spaced apart and substantially parallel and 
configured to engage tissue ( 360 ) therebetween during use . 
The first jaw ( 302 ) and the second jaw ( 304 ) may be spaced 
apart by a third measure ( 360 , 362 , 364 ) . The first electrode 
( 310 ) and the second electrode ( 320 ) may be may be 
disposed on a side of the first jaw ( 302 ) facing the second 
jaw ( 304 ) . Similarly , the third electrode ( 330 ) and the fourth 
electrode ( 340 ) may be disposed on a side of the second jaw 
( 304 ) facing the first jaw ( 302 ) . Each electrode ( 310 , 320 , 
330 , 340 ) may include an exposed portion in electrical 
contact with tissue ( 360 ) during use . The first electrode 
( 310 ) and the second electrode ( 320 ) may be spaced apart by 
a first measure ( 303 , 306 , 308 ) . The third electrode ( 330 ) and 
the fourth electrode ( 340 ) may be spaced apart by a second 
measure ( 305 , 307 , 309 ) . The electrodes ( 310 , 320 , 330 , 
340 ) may be elongate electrodes as described herein . In 
some embodiments , each electrode ( 310 , 320 , 330 , 340 ) may 
be independently addressable . 
[ 0125 ] In some embodiments , the electrodes configured to 
deliver energy to tissue ( 360 ) may be adjacent electrodes on 
the same jaw . For example , a first electrode ( 310 ) may be 
configured as an anode and a second electrode ( 320 ) may be 
configured as a cathode . In FIGS . 3A - 3C , the first jaw ( 302 ) 

Examples 
[ 0122 ] FIGS . 2A - 2C depict a set of simulation results in 
the form of a shaded contour plot of the electric potential in 
a cross - sectional side view of an ablation device ( 200 ) that 
may be structurally and / or functionally similar to the abla 
tion device in FIG . 6. The ablation device ( 200 ) includes a 
first jaw ( 202 ) and a second jaw ( 204 ) . The first jaw ( 202 ) 
may include a first electrode ( 210 ) and a second electrode 
( 220 ) . The second jaw ( 204 ) may include a third electrode 
( 230 ) and a fourth electrode ( 240 ) . The first jaw ( 202 ) and 
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may deliver 300 V to tissue ( 360 ) between first electrode 
( 310 ) and second electrode ( 320 ) to generate respective 
ablation zones ( 370 , 372 , 374 ) having an electric field 
strength of about 460 V / cm . The first measure ( 303 , 306 , 
308 ) may be 3 mm in FIG . 3A , 4 mm in FIG . 3B , and 5 mm 
in FIG . 3C . As shown in FIGS . 3A - 3C , decreasing separa 
tion between electrodes ( 310 , 320 ) may generate an ablation 
zone of lesser width and greater depth . A separation of 5 mm 
in FIG . 3C may generate non - contiguous ablation zones 
( 374 ) . 
[ 0126 ] FIGS . 4A - 4E depict a set of simulation results in 
the form of a shaded contour plot of the electric potential in 
a cross - sectional side view of an ablation device ( 400 ) . The 
plots in FIGS . 4A - 4E generate electric fields using elec 
trodes on opposing jaws rather than adjacent electrodes on 
the same jaw as shown in FIGS . 2A - 3C . The ablation device 
( 400 ) includes a first jaw ( 402 ) and a second jaw ( 404 ) . The 
first jaw ( 402 ) may include a first electrode ( 410 ) and a 
second electrode ( 420 ) . The second jaw ( 404 ) may include 
a third electrode ( 430 ) and a fourth electrode ( 440 ) . The first 
jaw ( 402 ) and the second jaw ( 404 ) may be spaced apart and 
substantially parallel and configured to engage tissue ( 460 ) 
therebetween during use . The first jaw ( 402 ) and the second 
jaw ( 404 ) may be spaced apart by a third measure ( 460 , 462 , 
464 , 466 , 468 ) . The first electrode ( 410 ) and the second 
electrode ( 420 ) may be may be disposed on a side of the first 
jaw ( 402 ) facing the second jaw ( 404 ) . Similarly , the third 
electrode ( 430 ) and the fourth electrode ( 440 ) may be 
disposed on a side of the second jaw ( 404 ) facing the first 
jaw ( 402 ) . Each electrode ( 410 , 420 , 430 , 440 ) may include 
an exposed portion in electrical contact with tissue ( 460 ) 
during use . The first electrode ( 410 ) and the second elec 
trode ( 420 ) may be spaced apart by a first measure ( 403 ) . 
The third electrode ( 430 ) and the fourth electrode ( 440 ) may 
be spaced apart by a second measure ( 405 ) . The electrodes 
( 410 , 420 , 430 , 440 ) may be elongate electrodes as described 
herein . In some embodiments , each electrode ( 410 , 420 , 
430 , 440 ) may be independently addressable . 
[ 0127 ] In some embodiments , the electrodes configured to 
deliver energy to tissue ( 460 ) may be electrodes that directly 
oppose each other on different jaws . For example , a second 
electrode ( 420 ) may be configured as an anode and a fourth 
electrode ( 440 ) may be configured as a cathode . In FIG . 4A , 
the first jaw ( 402 ) may deliver 200 V to tissue ( 460 ) between 
second electrode ( 420 ) and fourth electrode ( 440 ) to gener 
ate ablation zones ( 470 ) having an electric field strength of 
about 460 V / cm across a depth of the tissue ( 460 ) held by 
between the jaws ( 402 , 404 ) . In FIGS . 4B - 4E , the first jaw 
( 402 ) may deliver 300 V to tissue ( 360 ) between second 
electrode ( 420 ) and fourth electrode ( 440 ) to generate 
respective ablation zones ( 470 , 472 , 474 , 476 , 478 ) having 
an electric field strength of about 460 V / cm . The third 
measure ( 460 ) may be 2 mm in FIG . 4A , third measure ( 462 ) 
may be 3 mm in FIG . 4B , third measure ( 464 ) may be and 
4 mm in FIG . 4C , third measure ( 466 ) may be 5 mm in FIG . 
4D , and third measure ( 468 ) may be 6 mm in FIG . 4E . As 
shown in FIGS . 4B - 4E , decreasing separation between elec 
trodes ( 420 , 440 ) may generate an ablation zone of greater 
intensity . A separation of 6 mm in FIG . 4E may generate 
non - contiguous ablation zones ( 478 ) . 
[ 0128 ] FIGS . 5A - 5F depict a set of simulation results in 
the form of a shaded contour plot of the electric potential in 
a cross - sectional side view of an ablation device ( 500 ) . The 
plots in FIGS . 5A - 5F generate electric fields using elec 

trodes disposed diagonally on opposing jaws rather than 
adjacent electrodes on the same jaw as shown in FIGS . 
2A - 3C . The ablation device ( 500 ) includes a first jaw ( 502 ) 
and a second jaw ( 504 ) . The first jaw ( 502 ) may include a 
first electrode ( 510 ) and a second electrode ( 520 ) . The 
second jaw ( 504 ) may include a third electrode ( 530 ) and a 
fourth electrode ( 540 ) . The first jaw ( 502 ) and the second 
jaw ( 504 ) may be spaced apart and substantially parallel and 
configured to engage tissue ( 560 ) therebetween during use . 
The first jaw ( 502 ) and the second jaw ( 504 ) may be spaced 
apart by a third measure ( 560 , 562 , 564 , 566 , 568 , 569 ) . The 
first electrode ( 510 ) and the second electrode ( 520 ) may be 
disposed on a side of the first jaw ( 502 ) facing the second 
jaw ( 504 ) . Similarly , the third electrode ( 530 ) and the fourth 
electrode ( 540 ) may be disposed on a side of the second jaw 
( 504 ) facing the first jaw ( 502 ) . Each electrode ( 510 , 520 , 
530 , 540 ) may include an exposed portion in electrical 
contact with tissue ( 560 ) during use . The first electrode 
( 510 ) and the second electrode ( 520 ) may be spaced apart by 
a first measure ( 503 ) . The third electrode ( 530 ) and the 
fourth electrode ( 540 ) may be spaced apart by a second 
measure ( 505 ) . The electrodes ( 510 , 520 , 530 , 540 ) may be 
elongate electrodes as described herein . In some embodi 
ments , each electrode ( 510 , 520 , 530 , 540 ) may be indepen 
dently addressable . 
[ 0129 ] In some embodiments , the electrodes configured to 
deliver energy to tissue ( 560 ) may be electrodes that are 
laterally spaced apart and adjacent on opposing different 
jaws . For example , a second electrode ( 520 ) may be con 
figured as an anode and a third electrode ( 530 ) may be 
configured as a cathode . This anode - cathode configuration 
of the electrodes reduces the risk of electrical shorting since 
the anode and cathode will not contact each other even if the 
jaws are brought into contact with each other . In FIG . 5A , 
the first jaw ( 502 ) may deliver 200 V to tissue ( 560 ) between 
second electrode ( 520 ) and third electrode ( 540 ) to generate 
ablation zone ( 560 ) having an electric field strength of about 
460 V / cm across a depth of the tissue ( 460 ) held between the 
jaws ( 502 , 504 ) . In FIGS . 5B - 5C , the first jaw ( 502 ) may 
deliver 300 V to tissue ( 560 ) between second electrode ( 520 ) 
and third electrode ( 530 ) to generate respective ablation 
zones ( 572 , 574 ) having an electric field strength of about 
460 V / cm . In FIGS . 5D - 5E , the first jaw ( 502 ) may deliver 
400 V to tissue ( 560 ) between second electrode ( 520 ) and 
third electrode ( 530 ) to generate respective ablation zones 
( 576 , 578 ) having an electric field strength of about 460 
V / cm ) . In FIG . 5F , the first jaw ( 502 ) may deliver 500 V to 
tissue ( 560 ) between second electrode ( 520 ) and third elec 
trode ( 530 ) to generate ablation zone ( 579 ) having an 
electric field strength of about 460 V / cm . Thus , by increas 
ing the applied voltage , deeper ablation zones may be 
produced which may be useful when the tissue between the 
clamps is relatively thicker . As a set of non - limiting 
examples , the third measure ( 560 ) may be 2 mm in FIG . 5A , 
third measure ( 562 ) may be 4 mm in FIG . 5B , third 
( 564 ) may be and 5 mm in FIG . 5C , third measure ( 566 ) may 
be 5 mm in FIG . 5D , third measure ( 568 ) may be 6 mm in 
FIG . 5E , and third measure ( 569 ) may be 6 mm in FIG . 5F . 

measure 

Pulse Waveform 

[ 0130 ] Disclosed herein are methods , systems and appa 
ratuses for the selective and rapid application of pulsed 
electric fields / waveforms to effect tissue ablation with irre 
versible electroporation . The pulse waveform ( s ) as disclosed 
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herein are usable with any of the systems ( 600 ) , devices 
( e.g. , 200 , 300 , 400 , 500 , 640 , 700 , 800 , 900 , 1000 ) , and 
methods ( e.g. , 1100 ) described herein . Some embodiments 
are directed to pulsed high voltage waveforms together with 
a sequenced delivery scheme for delivering energy to tissue 
via sets of electrodes . In some embodiments , peak electric 
field values may be reduced and / or minimized while at the 
same time sufficiently large electric field magnitudes may be 
maintained in regions where tissue ablation is desired . This 
also reduces the likelihood of excessive tissue damage or the 
generation of electrical arcing , and locally high temperature 
increases . In some embodiments , a system useful for irre 
versible electroporation includes a signal generator and a 
processor capable of being configured to apply pulsed 
voltage waveforms to a selected plurality or a subset of 
electrodes of an ablation device . In some embodiments , the 
processor is configured to control inputs whereby selected 
pairs of anode - cathode subsets of electrodes may be sequen 
tially triggered based on a pre - determined sequence , and in 
one embodiment the sequenced delivery may be triggered 
from a cardiac stimulator and / or pacing device . In some 
embodiments , the ablation pulse waveforms are applied in a 
refractory period of the cardiac cycle to avoid disruption of 
the sinus rhythm of the heart . One example method of 
enforcing this is to electrically pace the heart with a cardiac 
stimulator and ensure pacing capture to establish periodicity 
and predictability of the cardiac cycle , and then to define a 
time window well within the refractory period of this 
periodic cycle within which the ablation waveform is deliv 
ered . 

[ 0131 ] In some embodiments , the pulsed voltage wave 
forms disclosed herein are hierarchical in organization and 
have a nested structure . In some embodiments , the pulsed 
waveform includes hierarchical groupings of pulses with a 
variety of associated timescales . Furthermore , the associated 
timescales and pulse widths , and the numbers of pulses and 
hierarchical groupings , may be selected to satisfy one or 
more of a set of Diophantine inequalities involving the 
frequency of cardiac pacing . 
[ 0132 ] Pulsed waveforms for electroporation energy 
delivery as disclosed herein may enhance the safety , effi 
ciency and effectiveness of the energy delivery by reducing 
the electric field threshold associated with irreversible elec 
troporation , yielding more effective ablative lesions with 
reduced total energy delivered . This in turn may broaden the 
areas of clinical application of electroporation including 
therapeutic treatment of a variety of cardiac arrhythmias . 
[ 0133 ] FIG . 12 illustrates a pulsed voltage waveform in 
the form of a sequence of rectangular double pulses , with 
each pulse , such as the pulse ( 1200 ) being associated with a 
pulse width or duration . The pulse width / duration may be 
about 0.5 microseconds , about 1 microsecond , about 5 
microseconds , about 10 microseconds , about 25 microsec 
onds , about 50 microseconds , about 100 microseconds , 
about 125 microseconds , about 140 microseconds , about 
150 microseconds , including all values and sub - ranges in 
between . The pulsed waveform of FIG . 12 illustrates a set of 
monophasic pulses where the polarities of all the pulses are 
the same ( all positive in FIG . 12 , as measured from a zero 
baseline ) . In some embodiments , such as for irreversible 
electroporation applications , the height of each pulse ( 1200 ) 
or the voltage amplitude of the pulse ( 1200 ) may be in the 
range of about 300 volts , about 1,000 volts , or about 5,000 
volts , including all values and sub ranges in between . As 

illustrated in FIG . 12 , the pulse ( 1200 ) is separated from a 
neighboring pulse by a time interval ( 1202 ) , also sometimes 
referred to as a first time interval . The first time interval may 
be about 10 microseconds , about 50 microseconds , about 
100 microseconds , about 200 microseconds , about 500 
microseconds , about 800 microseconds , about 1 millisecond 
including all values and sub ranges in between , in order to 
generate irreversible electroporation . 
[ 0134 ] FIG . 13 introduces a pulse waveform with the 
structure of a hierarchy of nested pulses . FIG . 13 shows a 
series of monophasic pulses such as pulse ( 1300 ) with pulse 
width / pulse time duration w , separated by a time interval 
( also sometimes referred to as a first time interval ) such as 
( 1302 ) of duration t , between successive pulses , a number 
m , of which are arranged to form a group of pulses ( 1310 ) 
( also sometimes referred to as a first set of pulses ) . Further 
more , the waveform has a number m , of such groups of 
pulses ( also sometimes referred to as a second set of pulses ) 
separated by a time interval ( 1312 ) ( also sometimes referred 
to as a second time interval ) of duration t2 between succes 
sive groups . The collection of my such pulse groups , marked 
by ( 1320 ) in FIG . 13 , constitutes the next level of the 
hierarchy , which may be referred to as a packet and / or as a 
third set of pulses . The pulse width and the time interval t? 
between pulses may both be in the range of microseconds to 
hundreds of microseconds , including all values and sub 
ranges in between . In some embodiments , the time interval 
tz may be at least three times larger than the time interval t? . 
In some embodiments , the ratio tz / t? may be in the range 
between about 3 and about 300 , including all values and 
sub - ranges in between . 
[ 0135 ] FIG . 14 further elaborates the structure of a nested 
pulse hierarchy waveform . In this figure , a series of my 
pulses ( individual pulses not shown ) form a group of pulses 
( 1400 ) ( e.g. , a first set of pulses ) . A series of m2 such groups 
separated by an inter - group time interval ( 1410 ) of duration 
tz ( e.g. , a second time interval ) between one group and the 
next form a packet 132 ( e.g. , a second set of pulses ) . A series 
of mz such packets separated by time intervals ( 1412 ) of 
duration tz ( e.g. , a third time interval ) between one packet 
and the next form the next level in the hierarchy , a super 
packet labeled ( 1420 ) ( e.g. , a third set of pulses ) in the 
figure . In some embodiments , the time interval tz may be at 
least about thirty times larger than the time interval tz . In 
some embodiments , the time interval tz may be at least fifty 
times larger than the time interval tz . In some embodiments , 
the ratio tz / t? may be in the range between about 30 and 
about 800 , including all values and sub - ranges in between . 
The amplitude of the individual voltage pulses in the pulse 
hierarchy may be anywhere in the range from 300 volts to 
7,000 volts or higher , including all values and sub ranges in 
between . 
[ 0136 ] FIG . 15 provides an example of a biphasic wave 
form sequence with a hierarchical structure . In the example 
shown in the figure , biphasic pulses such as ( 1500 ) have a 
positive voltage portion as well as a negative voltage portion 
to complete one cycle of the pulse . There is a time delay 
( 1502 ) ( e.g. , a first time interval ) between adjacent cycles of 
duration t? , and n , such cycles form a group of pulses ( 1510 ) 
( e.g. , a first set of pulses ) . A series of n2 such groups 
separated by an inter - group time interval ( 1512 ) ( e.g. , a 
second time interval ) of duration tz between one group and 
the next form a packet ( 1520 ) ( e.g. , a second set of pulses ) . 
The figure also shows a second packet ( 1530 ) , with a time 
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delay ( 1532 ) ( e.g. , a third time interval ) of duration tz 
between the packets . Just as for monophasic pulses , higher 
levels of the hierarchical structure may be formed as well . 
The amplitude of each pulse or the voltage amplitude of the 
biphasic pulse may be anywhere in the range from 300 volts 
to 7,000 volts or higher , including all values and sub ranges 
in between . The pulse width / pulse time duration may be in 
the range from nanoseconds or even sub - nanoseconds to 
tens of microseconds , while the delays t , may be in the range 
from zero to several microseconds . The inter - group time 
interval t? may be at least ten times larger than the pulse 
width . In some embodiments , the time interval tz may be at 
least about twenty times larger than the time interval tz . In 
some embodiments , the time interval tz may be at least fifty 
times larger than the time interval tz . 
[ 0137 ] Embodiments disclosed herein include waveforms 
structured as hierarchical waveforms that include waveform 
elements / pulses at various levels of the hierarchy . The 
individual pulses such as ( 1300 ) in FIG . 13 includes the first 
level of the hierarchy , and have an associated pulse time 
duration and a first time interval between successive pulses . 
A set of pulses , or elements of the first level structure , form 
a second level of the hierarchy such as the group of 
pulses / second set of pulses ( 1310 ) in FIG . 13. Among other 
parameters , associated with the waveform are parameters 
such as a total time duration of the second set of pulses ( not 
shown ) , a total number of first level elements / first set of 
pulses , and second time intervals between successive first 
level elements that describe the second level structure / 
second set of pulses . In some embodiments , the total time 
duration of the second set of pulses may be between about 
20 microseconds and about 10 milliseconds , including all 
values and subranges in between . A set of groups , second set 
of pulses , or elements of the second level structure , form a 
third level of the hierarchy such as the packet of groups / third 
set of pulses ( 1320 ) in FIG . 13. Among other parameters , 
there is a total time duration of the third set of pulses ( not 
shown ) , a total number of second level elements / second set 
of pulses , and third time intervals between successive sec 
ond level elements that describe the third level structure ! 
third set of pulses . In some embodiments , the total time 
duration of the third set of pulses may be between about 60 
microseconds and about 200 milliseconds , including all 
values and sub ranges in between . The generally iterative or 
nested structure of the waveforms may continue to a higher 
plurality of levels , such as ten levels of structure , or more . 
[ 0138 ] In some embodiments , hierarchical waveforms 
with a nested structure and hierarchy of time intervals as 
described herein are useful for irreversible electroporation 
ablation energy delivery , providing a good degree of control 
and selectivity for applications in different tissue types . A 
variety of hierarchical waveforms may be generated with a 
suitable pulse generator . It is understood that while the 
examples herein identify separate monophasic and biphasic 
waveforms for clarity , it should be noted that combination 
waveforms , where some portions of the waveform hierarchy 
are monophasic while other portions are biphasic , may also 
be generated / implemented . 
[ 0139 ] In some embodiments , the ablation pulse wave 
forms described herein are applied during the refractory 
period of the cardiac cycle to avoid disruption of the sinus 
rhythm of the heart . In some embodiments , a method of 
treatment includes electrically pacing the heart with a car 
diac stimulator to ensure pacing capture to establish peri 

odicity and predictability of the cardiac cycle , and then 
defining a time window within the refractory period of the 
cardiac cycle within which one or more pulsed ablation 
waveforms may be delivered . FIG . 16 illustrates an example 
where both atrial and ventricular pacing is applied ( for 
instance , with pacing leads or catheters situated in the right 
atrium and right ventricle respectively ) . With time repre 
sented on the horizontal axis , FIG . 16 illustrates a series of 
ventricular pacing signals such as ( 1600 ) and ( 1610 ) , and a 
series of atrial pacing signals ( 1620 , 1630 ) , along with a 
series of ECG waveforms ( 1640 , 1642 ) that are driven by the 
pacing signals . As indicated in FIG . 16 by the thick arrows , 
there is an atrial refractory time window ( 1622 ) and a 
ventricular refractory time window ( 1602 ) that respectively 
follow the atrial pacing signal ( 1622 ) and the ventricular 
pacing signal ( 1600 ) . As shown in FIG . 16 , a common 
refractory time window ( 1650 ) of duration T , may be 
defined that lies within both atrial and ventricular refractory 
time windows ( 1622 , 1602 ) . In some embodiments , the 
electroporation ablation waveform ( s ) may be applied in this 
common refractory time window ( 1650 ) . The start of this 
refractory time window ( 1622 ) is offset from the pacing 
signal ( 1600 ) by a time offset ( 1604 ) as indicated in FIG . 16 . 
The time offset ( 1604 ) may be smaller than about 25 
milliseconds , in some embodiments . At the next heartbeat , a 
similarly defined common refractory time window ( 1652 ) is 
the next time window available for application of the 
ablation waveform ( s ) . In this manner , the ablation waveform 
( s ) may be applied over a series of heartbeats , at each 
heartbeat remaining within the common refractory time 
window . In one embodiment , each packet of pulses as 
defined above in the pulse waveform hierarchy may be 
applied over a heartbeat , so that a series of packets is applied 
over a series of heartbeats , for a given electrode set . 
[ 0140 ] It should be understood that the examples and 
illustrations in this disclosure serve exemplary purposes and 
departures and variations such as the shape and size of the 
jaws and electrodes , number of electrodes , and so on may be 
built and deployed according to the teachings herein without 
departing from the scope of this invention . 
[ 0141 ] As used herein , the terms “ about " and / or “ approxi 
mately ” when used in conjunction with numerical values 
and / or ranges generally refer to those numerical values 
and / or ranges near to a recited numerical value and / or range . 
In some instances , the terms “ about ” and “ approximately ” 
may mean within + 10 % of the recited value . For example , 
in some instances , “ about 100 [ units ] ” may mean within 
+ 10 % of 100 ( e.g. , from 90 to 110 ) . The terms “ about ” and 
" approximately ” may be used interchangeably . 
[ 0142 ] Some embodiments described herein relate to a 
computer storage product with a non - transitory computer 
readable medium ( also may be referred to as a non - transitory 
processor - readable medium ) having instructions or com 
puter code thereon for performing various computer - imple 
mented operations . The computer - readable medium ( or pro 
cessor - readable medium ) is non - transitory in the sense that 
it does not include transitory propagating signals per se ( e.g. , 
a propagating electromagnetic wave carrying information on 
a transmission medium such as space or a cable ) . The media 
and computer code ( also may be referred to as code or 
algorithm ) may be those designed and constructed for the 
specific purpose or purposes . Examples of non - transitory 
computer - readable media include , but are not limited to , 
magnetic storage media such as hard disks , floppy disks , and 
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magnetic tape ; optical storage media such as Compact 
Disc / Digital Video Discs ( CD / DVDs ) , Compact Disc - Read 
Only Memories ( CD - ROMs ) , and holographic devices ; 
magneto - optical storage media such as optical disks ; carrier 
wave signal processing modules ; and hardware devices that 
are specially configured to store and execute program code , 
such as Application - Specific Integrated Circuits ( ASICs ) , 
Programmable Logic Devices ( PLDs ) , Read - Only Memory 
( ROM ) and Random - Access Memory ( RAM ) devices . 
Other embodiments described herein relate to a computer 
program product , which may include , for example , the 
instructions and / or computer code disclosed herein . 
[ 0143 ] The systems , devices , and / or methods described 
herein may be performed by software ( executed on hard 
ware ) , hardware , or a combination thereof . Hardware mod 
ules may include , for example , a general - purpose processor 
( or microprocessor or microcontroller ) , a field program 
mable gate array ( FPGA ) , and / or an application specific 
integrated circuit ( ASIC ) . Software modules ( executed on 
hardware ) may be expressed in a variety of software lan 
guages ( e.g. , computer code ) , including C , C ++ , Java , 
Ruby , Visual Basic® , and / or other object - oriented , proce 
dural , or other programming language and development 
tools . Examples of computer code include , but are not 
limited to , micro - code or micro - instructions , machine 
instructions , such as produced by a compiler , code used to 
produce a web service , and files containing higher - level 
instructions that are executed by a computer using an 
interpreter . Additional examples of computer code include , 
but are not limited to , control signals , encrypted code , and 
compressed code . 
[ 0144 ] The specific examples and descriptions herein are 
exemplary in nature and embodiments may be developed by 
those skilled in the art based on the material taught herein 
without departing from the scope of the present invention , 
which is limited only by the attached claims . 

1. An apparatus , comprising : 
a first jaw including a first plurality of electrodes ; 
a second jaw including a second plurality of electrodes , 

the first jaw and the second jaw being substantially 
rigid , elongate , and collectively defining a longitudinal 
axis , the first jaw and the second jaw further configured 
to engage tissue therebetween during use , 

each electrode of the first plurality of electrodes having , 
within a cross - section of the apparatus that is orthogo 
nal to the longitudinal axis , a width that is less than a 
length of that electrode , the first plurality of electrodes 
spaced apart laterally with respect to the longitudinal 
axis , 

each electrode of the second plurality of electrodes , within 
the cross - section , having a width that is less than a 
length of that electrode , the second plurality of elec 
trodes spaced apart laterally with respect to the longi 
tudinal axis ; and 

a processor operatively coupled to the first plurality of 
electrodes and the second plurality of electrodes , the 
processor configured to configure a first electrode of the 
first plurality of electrodes as an anode and a second 
electrode of the second plurality of electrodes as a 
cathode , the first electrode disposed diagonally across 
from the second electrode within the cross - section and 
spaced apart laterally with respect to the longitudinal 
axis from the second electrode , 

the processor configured to deliver the pulse waveform to 
the first and second electrodes such that the first and 
second electrodes deliver ablative energy to the tissue 
to generate irreversible electroporation in the tissue that 
forms a contiguous ablation zone extending diagonally 
from the first electrode to the second electrode . 

2. The apparatus of claim 1 , wherein the longitudinal axis 
has one or more of a straight portion and curved portion . 

3-4 . ( canceled ) 
5. The apparatus of claim 1 , wherein at least two elec 

trodes of the first plurality of electrodes are spaced apart by 
a first measure and the first jaw and the second jaw are 
spaced apart by a second measure , when the tissue is 
engaged between the first jaw and the second jaw during use , 
wherein a ratio of the second measure to the first measure is 
between about 0.1 : 1 and about 12 : 1 . 

6. The apparatus of claim 1 , wherein a distance between 
a midpoint of at least two electrodes of the first plurality of 
electrodes in the cross - section orthogonal to the longitudinal 
axis is between about 1 mm and about 10 mm . 

7. The apparatus of claim 1 , wherein any two adjacent 
electrodes of the first plurality of electrodes are spaced apart 
by a first measure of between about 0.5 mm and about 10 
mm and any two adjacent electrodes of the second plurality 
of electrodes are spaced apart by a second measure of 
between about 0.5 mm and about 10 mm . 
8. The apparatus of claim 1 , wherein any two adjacent 

electrodes of the first plurality of electrodes are spaced apart 
by a first measure and any two adjacent electrodes of the 
second plurality of electrodes are spaced apart by a second 
measure , wherein a ratio of the first measure to the second 
measure is between about 0.05 : 1 and about 20 : 1 . 

9. The apparatus of claim 1 , wherein any two adjacent 
electrodes of the first plurality of electrodes are spaced apart 
by a first measure and any two adjacent electrodes of the 
second plurality of electrodes are spaced apart by a second 
measure , wherein a ratio of the width of any electrode of the 
first plurality of electrodes to the width of any electrode of 
the second plurality of electrodes to the first measure is 
between about 0.01 : 1 and about 10 : 1 . 

10. The apparatus of claim 1 , wherein each electrode of 
the first plurality of electrodes and the second plurality of 
electrodes has a length of between about 10 mm and about 
120 mm . 

11-19 . ( canceled ) 
20. The apparatus of claim 1 , further comprising : 
a pulse generator comprising a controller , the controller 

comprising the processor and a memory , the pulse 
generator configured to 
generate the pulse waveform , the pulse waveform hav 

ing an amplitude of at least about 200 Volts . 
21. The apparatus of claim 1 , wherein the pulse generator 

is further configured to : 
configure a second set of electrodes including electrodes 

of the first plurality of electrodes and the second 
plurality of electrodes for receiving electrical activity 
of the tissue ; and 

receive signal data corresponding to the electrical activity 
of the tissue using the second set of electrodes ; and 

generate electrocardiography data using the signal data . 
22-26 . ( canceled ) 
27. An apparatus , comprising : 
a first jaw including a first electrode and a second elec 

trode ; 
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a second jaw including a third electrode and a fourth 
electrode , the first jaw and the second jaw being 
substantially rigid , elongate , and collectively defining a 
longitudinal axis , the first jaw and the second jaw 
further configured to engage tissue therebetween dur 
ing use , wherein , within a cross - section of the appara 
tus that is orthogonal to the longitudinal axis , the first 
electrode is disposed diagonally across from the fourth 
electrode is spaced apart laterally from the fourth 
electrode ; and 

a processor operably coupled to the first jaw and the 
second jaw , the processor configured to , during use : 
configure the first electrode as an anode and the fourth 

electrode as a cathode ; and 
deliver a pulse waveform to the first electrode and the 

fourth electrode such that the first electrode and the 
fourth electrode generate a pulsed electric field that 
delivers ablative energy to the tissue to generate 
irreversible electroporation in the tissue that forms a 
contiguous ablation zone with greater width closer to 
a surface of the tissue adjacent to the first and second 
electrodes than at a central portion of the tissue . 

28. The apparatus of claim 27 , wherein the longitudinal 
axis has one or more of a straight portion and a curved 
portion . 

29. The apparatus of claim 27 , wherein the first electrode 
and the second electrode are spaced apart by a first measure 
of between about 0.5 mm and about 10 mm , and the third 
electrode and the fourth electrode are spaced apart by a 
second measure of between about 0.5 mm and about 10 mm . 

30. The apparatus of claim 27 , wherein the first electrode 
and the second electrode are spaced apart by a first measure 
and the third electrode and the fourth electrode are spaced 
apart by a second measure , wherein a ratio of the first 
measure to the second measure is between about 0.05 : 1 and 
about 20 : 1 . 

31. The apparatus of claim 27 , wherein the first electrode 
and the second electrode are spaced apart by a first measure , 
wherein a ratio of a width of the first electrode to the first 
measure is between about 0.01 : 1 and about 10 : 1 . 

32. The apparatus of claim 27 , wherein the first , second , 
third , and fourth electrodes each have a length of between 
about 10 mm and about 120 mm . 

33. The apparatus of claim 27 , wherein the first and 
second jaws are configured to transition between a first 
configuration for positioning the first and second jaws 
through or around a body cavity , organ system , or anatomi 
cal structure and a second configuration for engaging the 
tissue . 

34. The apparatus of claim 33 , wherein the first and 
second jaws are spaced apart by a spacing distance in the 
second configuration . 

35. The apparatus of claim 27 , wherein a cross - section of 
the first , second , third , and fourth electrodes are substan 
tially rectangular . 

36. The apparatus of claim 27 , wherein the first , second , 
third , and fourth electrodes include a curved portion . 

37-41 . ( canceled ) 
42. The apparatus of claim 27 , further comprising : 
a pulse generator coupled to the first , second , third , and 

fourth electrodes , the pulse generator configured to 
generate the pulse waveform , the pulse waveform hav 
ing an amplitude of at least about 200 Volts . 

43. The apparatus of claim 27 , wherein the processor is 
further configured to : 

configure a second set of electrodes including one or more 
of the first second , third , and fourth electrodes for 
receiving electrical activity of the tissue ; 

receive signal data corresponding to the electrical activity 
of the tissue using the second set of electrodes ; and 

generate electrocardiography data using the signal data . 
44-48 . ( canceled ) 
49. A method of ablating tissue via irreversible electropo 

ration comprising : 
clamping the tissue between a first jaw and a second jaw 
of an apparatus , the first jaw including a first plurality 
of electrodes , the second jaw including a second plu 
rality of electrodes , the first jaw and the second jaw 
being substantially rigid , elongate , and collectively 
defining a longitudinal axis , 

each electrode of the first plurality of electrodes having a 
width orthogonal to the longitudinal axis that is less 
than a length parallel to the longitudinal axis of that 
electrode , the first plurality of electrodes spaced apart 
laterally with respect to the longitudinal axis , 

each electrode of the second plurality of electrodes having 
a width orthogonal to the longitudinal axis that is less 
than a length parallel to the longitudinal axis of that 
electrode , the plurality of second electrodes spaced 
apart laterally with respect to the longitudinal axis ; 

configuring a first electrode of the first plurality of elec 
trodes as an anode ; 

configuring a second electrode of the second plurality of 
electrodes as a cathode , the first and second electrodes , 
within a cross - section of the apparatus that is orthogo 
nal to the longitudinal axis , being disposed diagonally 
across from one another and being spaced apart later 
ally from one another ; 

generating , using a pulse generator , a pulse waveform 
having an amplitude of at least 200 Volts ; 

delivering the pulse waveform to the first and second 
electrodes such that the first and second electrodes 
generate a pulsed electric field that causes irreversible 
electroporation in the tissue and generates an ablation 
zone that forms non - centrally in the tissue . 

50. ( canceled ) 
51. The method of 49 , wherein clamping the tissue 

comprises transitioning the first and second jaws between a 
first configuration for advancing the apparatus and a second 
configuration for clamping the tissue . 

52. The method of claim 49 , wherein the tissue is a region 
of an atrial base of a pulmonary vein . 
53. The method of claim 49 , wherein the pulse waveform 

includes : 
a first level of a hierarchy including a first set of pulses , 

each pulse of the first set of pulses having a pulse time 
duration and a first time interval separating successive 
pulses ; 

a second level of the hierarchy including a plurality of the 
first sets of pulses as a second set of pulses , a second 
time interval separating the second sets of pulses , the 
second time interval being at least three times the 
duration of the first time interval ; and 

a third level of the hierarchy including a plurality of the 
second sets of pulses as a third set of pulses , a third time 
interval separating the third sets of pulses , the third 
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time interval being at least thirty times the duration of 
the second level time interval . 

54. The method of 49 , further comprising : 
receiving signal data corresponding to electrical activity 

of the tissue using one or more electrodes of the first 
plurality of electrodes and of the second plurality of 
electrodes ; and 

generating electrocardiography data using the signal data . 
55. The method of 49 , further comprising positioning the 

first and second jaws through or around a body cavity , organ 
system , or anatomical structure . 

56-58 . ( canceled ) 


