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3-D ULTRASOUND NAVIGATION DURING RADIO-FREQUENCY ABLATION

FIELD OF THE INVENTION

This invention relates to placement of catheters

within a body, and more particularly, to navigating and

monitoring the positions of catheters utilizing ultrasound

ation.

during radio-frequency tissue ab

DESCRIPTION OF RELATED ART

The location or position of an instrument oOr device

must be accurately determined before and during various
medical procedures and treatments within the body. Common
procedures within the body include treating heart

conditions, such as supra-ventricular tachycardia (SVT),

atrial fibrillation  (AF), atrial flutter (AFL) and

ventricular tachycardia (VT). SVT, AF, AFT and VT

conditions cause abnormal electrical signals to Dbe

generated in the endocardial tissue of the heart, which

cause irregular beating or arrhythmia of the heart.

Certain heart conditions can be treated by ablating

heart tissue using radio frequency (RF) energy. The

electrical activity of the heart may be measured using an

electrophysiology or “EP” catheter, which includes a

mapping electrode to measure the electrical activity.

A map of the electrical activity of the heart can be

created and shown on a display. A physician can use the

map of EP data to identify which region of the heart is
causing irregular activity. An ablation catheter 1is
inserted through the patient's vasculature CO the

identified target area of the heart. Current produced by a

RF generator is applied to target heart tissue to ablate

rhe tissue or form a lesion and treat the heart condition.

-1 -
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In other treatments, an ablation catheter is maneuvered

into an atrium of the heart to create elongated ablation

lesions in the heart and stop irregular beating and other

conditions.

Refore ablation and EP catheters can be utilized,

however, they must be inserted into the body and accurately

positioned within the heart. 1In order to ensure that RF
energy is directed to the correct location within the

heart, it is usually necessary to monitor or track the

position of the catheter before and during ablation.

In conventional systems, catheter monitoring and

tracking are typically performed using an imaging system,

such as conventional ultrasound imaging or fluoroscopy
systems. Once the catheter 1s positioned, ablation
procedures can be performed.

Conventional ultrasound and fluoroscopic imaging
systems, particularly when used in conjunction with RF

energy, can be improved. = For example, some known

fluoroscopy systems produce relatively poor quality images

that are only in two-dimensions  rather than three-
dimensions (3-D). These may not produce images having
sufficient information and clarity to enable a physiclan or

clinician to effeci:ively perform the procedure. As a

further example, known ultrasound imaging systems that

continuously monitor the position of a catheter during RF
ablation may not be effective since higher-powered RF

energy interferes with ultrasound energy. This 1s

particulafly:problematic when it i1s necessary to adjust the

position of the catheter during RF ablation since the

interference may preclude or inhibit a physician or

clinician from properly identifying present and future
locations of the catheter. Some systems attempt to address
this problem by periodically diverting RF energy to another

location. Other systems switch between a detection phase

-9 -
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of conventional visualization procedures using well known

ultragsound imaging equipment and application of RF energy.

These conventional systems, however, may zrequire

significant imaging equipment, produce low quality 1images,

and require switching equipment that re-routes RF energy to

different locations. Further, conventional ultrasound and

fluoroscopy devices are deficient since ablation catheters

are routed through the body without establishing the

position of the catheter relative to a known reference.

Consequently, even if heart tissue to be ablated can

be identified, there may be difficulties with navigating or

guiding an ablation catheter to the target or next location

within the heart due to an unavailable reference system,

low gquality wultrasound OX fluoroscopic images, and

interference caused by high-powered RF ablatlon energy.

Thus, it is desirable to provide a system and method by

which a position of a medical device may be accurately and

reliably guided to selected regions 1n thé body before and

during energy applications.

SUMMARY

In accordance with one embodiment, a system for

positioning a2 medical device and ablating a tissue within a
body include a power supply, a navigation system, and a
controller. The power supply generates a current that 18
suitable for ablating the tissue and provides the current
to an energy delivery device. The energy deliver device
provides thé current to the tissue. The navigation system
establishes a three-dimensional reference coordinate system

and determines a position of the energy delivery device

within the coordinate system. The controller switches

between the power supply and navigation system so that the

navigation system operates without significant interference

PCT/US2005/017558
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from the power supply current during ablation of the

tigsue.

In accordance with another embodiment, a system for

positioning a medical device and ablating a tissue within a
5 body includes a power supply, an energy delivery device, a
navigation system, and a controller. The power supply
generates current for ablating the tissue and provides the
current to the energy delivery device, which provides
current to the tissue. The energy deliver device includes

10 isotropic ultrasound transducers. The navigation system

includes a reference catheter having a plurality of

igsotropic ultrasound transducers. The reference catheter

rransducers emit ultrasound signals to establish a three-

dimensional reference coordinate system, and the position

15 of the energy delivery device is determined relative to the

coordinate system based on ultrasound signals transmitted
and received between the energy delivery device transducer

and the reference catheter transducers. The controller

switches between activating said power supply and said

20 transducers of the reference catheter and the energy

delivery device.

Other embodimentgs of the gating or switching systems
will become apparent from consideration of the following

25 description taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings, in which like reference

numbers represent corresponding parts throughout, and 11

30 which:

Figure 1 illustrates a block diagram of an embodiment

of a gating system having a controller in a power supply
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rhat switches Dbetween ultrasound navigation and RF

ablation;

Figure 2 illustrates a block diagram of an embodiment

of a gating system having a controller in an ultrasound

navigation system = that switches Dbetween ultrasound
navigation and RF ablation;

Figure 3 illustrates timing siénals for switching
between ultrasound navigation and RF ablation;

Figure 4A illustrates timing signals that include a
delay Dbefore initiating wultrasound acquisition  for
switching between ultrasound navigation and RF ablation;

Figure 4B illustrates timing signals that include a

delay for use in alternative embodiments;

Figure 5 illustrates a more detailled block diagram of

n embodiment of a switching or gating system;

Q)

1

Figure 6 illustrates a more detalled block diagram oO:

an embodiment of switching or gating system having an

optional energy trap or RF decay circulit;

Figure 7 1is a circuit diagram corresponding to

portions of gating logic shown in Figures 5 and 6;

Figure 8 i1s a circuit diagram illustrating logic and

timing components of the gating logic circuit;

Figure 9 illustrates timing signals of the gating

logic circuit;
Figure 10 is a circuit diagram illustrating an optical
transmittef of the communications interface;

Figure 11 is a circuit diagram corresponding to

portions of an energy trap or AF decay circuit;

Figure 12 is circuit diagram illustrating connections

between gating system components;

Figure 13 is another circuit diagram illustrating

connections between gating system components;

Figure 14 is a schematic representation of major

components of an ultrasound navigation system;

-5 -
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Figure 15 is a schematic representation illustrating

rhe manner in which a 3-D reference coordinate system 1s

established;

Figure 16 is a side elevation view of a reference

catheter that can be used to establish a 3-D reference

coordinate system;

Figure 17 is a side elevation view of another

reference catheter;

Figure 18 is a side elevation view of an additional

reference catheter;

Figure 19 illustrates an elevation view of a further
reference catheter having a different suitable transducer

and electrode arrangement; and

Figure 20 illustrates an elevation view of another

sultable reference catheter with another sultable

transducer and electrode arrangement.

DETAILED DESCRIPTION OF ILLUSTRATED EMBODIMENTS

Fmbodiments of a system for gating, altermating or
switching between RF ablation of tissue and ultrasound
navigation or locali;ation. In the following description,
reference is made to the accompanying drawings, which show
by way of illustration specific embodiments. It is to be
understood that other embodiments may be utilized as
various changes to system components and configurations may
be made.

Referring to Figure 1, one embodiment of a gating
system 100 for switchingqbetween ultrasound navigation or
localization and RF ablation of tissue includes a power

source or supply 110, an energy delivery device 120, an

ultrasound navigation or localization system 130, a
communications interface 140, a display 150, and a
controller 160. The navigation system 130 wutilizes

reference catheters 132 having ultrasound transducers 131.

~6 -
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The energy delivery device 120 includes an ablation
catheter 122 with ultrasound transducers 121 and an
electrode 127 for delivering energy 112 from the RF
generator 111 of the power supply to the patient 170.

Persons of ordinary skill in the art will appreciate that

embodiments of a gating system can also be used with

navigation of non-ablation catheters. For example,

electrophysiology (EP) catheters, the gating system can be

used to guide “mapping catheters”. Thus, although some

catheters“may not support ablation and thermometry, they

can include electrodes and navigation transducers so that

their position can be tracked or navigated during RF

ablation with another catheter. This specification,

gr—
poni

however, refers to ablation catheters for purposes O

explanation, not limitation.

The controller 160 generates timing signals 162 for

driving the RF generator 111 of the power supply 110, and

timing signals 164 for driving the navigation system. If
necessary, the interface 140, such as an optical interface,

can format or configure the timing signals 164 into timing

signals 165 that are suitable for driving the navigation
system 130. The navigation system 130 establishes a
reference system 137 using ultrasound energy or signals 133
(generally “signals”) between transducers 131. The
navigation system also obtains and processes data 124

related to ultrasound energy or signals (generally

“gignals”) sent and received between ablation catheter

rransducers 121 of the energy delivery device 120 and

reference catheter transducers 131.

The=embodiment shown in Figure 1 includes a controller

160 that is a component of the power supply 110. Other

system configurations can also be utilized. For example,

1 1)

as shown in Figure 2, the controller 160 is a component o:

the navigation system 130. In the embodiment shown in

Ly

PCT/US2005/017558
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Figure 2, the controller 160 generates timing signals 264

to drive the navigation system 130 and timing signals 262

to drive the RF generator 111. If necessary, the interface

140 can format or configure the timing signals 262 into

timing signals 263 that are suitable for driving the RF

generator 111.

Persons of ordinary skill in the art will recognize

that various controller 160 configurations can be utilized.
For example, the navigation system 130 can have exclusive
control over timing signals, the power supply 110 can have
exclusive control over timing signals, or the control can

be distributed or shared between the power supply 110 and

the navigation system 130. For purposes of explanation and

illustration, but not limitation, this specification
primarily refers to the configuration shown in Figure 1, in
which the controller 160 is a component of the power supply

110.

The navigatioﬁ or localization system 130 generates a

3-D reference coordinate system 137, grid or map using the
ultrasound transducers 131 of the reference catheters 132.
The reference catheters 132 are inserted through the body

to a target area in the patient 170, such as 'the heart.

The system 100 can be used in other regions of the body,

but this specificatibn describes applications involving. the
heart for purposes of explanation, not limitation.

The transducers 131 carried by the reference catheters
132 send and receive signals (generally 133) to and from

each other. A processor 135 acquires data (generally 134)

related to the time it takes for the signals 133 to be

rranemitted and received between each of the reference

catheter transducers 131. The processor 135 uses this data

134 to determine the distances between transducers 131

within the Dbody using, for example, “time of flight”

calculations. The processor 135 triangulates these

- 8-
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distances to establish the positions of the reference
rransducers 132 relative to each other and to egstablish the

3-D coordinate system 137. The established coordinate

system 137 can be represented graphically in 3-D on the

5 graphics display 150 for use by a clinician or physician.

The time of flight and triangulation determinations are

explained in further detail with reference tO Figures 14

and 15.

Once a 3-D coordinate system 137 1is established, a
10 physician can guide an energy delivery device, such as a
mapping or ablation catheter 122, to the target area 170.

The location of an ultrasound transducer 121 of the

ablation catheter 122 can be determined 1in relation to the

established coordinate system 137 with signals 123 that are

15 txansmitted between one or more transducers 121 OC the

ablation catheter 122 and one oOr more transducers 131 of

rhe referenced catheters 132. The processor acquires data
124 related to the relative position of a transducer 121

relative to a transducer 131 to accurately determine the

20 position of the catheter 123 within the reference grid 137

and the heart 170.

After an ablation catheter 122 is properly positioned,
the RF generator 111 is activated to provide current 112

through an electrode 127 of the ablation catheter 120 to

25 the target heart tissue 170.
Thus, the transducers 121 and 131 used 1in the

navigation system 130 are different than typical ultrasound

cransducers of conventional imaging or visualization

systems. For example, the transducers 121 and 131 of the
30 ablation catheter 120 and the reference catheter 132 are

used to establish a reference system and to determine

positions with the reference gystem. Further, the

transducers 121 and 131 are isotropic, i.e., they emit

unfocused ultrasound energy in all directions so that the

-0~
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contrast, in conventional ultrasound imaging or

10

15

20

25

30

visualization systems, ultrasound transducers typically

emit focused, controlled ultrasound enexrgy, which 1is

directed to a particular target area. This focused energy

is reflected, detected, and processed to produce an image

pr—
—

of the target area.

Timing signals 162 and 164 activate the RF generator

p—
—m

ferent times, so that

111 and navigation system 130 at di:
the current 112 produced by the RF generator 111 does not
significantly interfere or does not interfere with the
transmission of ultrasound signals Dbetween varilous
rransducers, including the receiving and transmitting such

signals. Thus the RF current 112 does not significantly

interfere with ultrasound signals 123 that are transmitted

between ultrasound transducers 121 and 131 of catheters 120

and 132, signals 133 transmitted between various ultrasound

rransducers 131 of reference catheters, and acquisition o:

the corresponding data 124 by the processor 135.

The phase and duty cycle of the timing signals 162 and
164 are programmed so that they “alternate” with respect to
each other. Thus, the RF generator 111 and output 112 are
active when the navigation system 130 and ultrasound
signals 123 are 1nactive. Conversely, the ultrasound
signals 123 are active when the RF generator lli and output
112 are inactive.

As a result, the position of an ablation catheter 120
that includeg an ultrasoﬁnd transducer 121 can be monitored
and adjusted, as necessary, before and during RF ablation
since the position of the ultrasound transducer 121 of the

catheter 120 is accurately monitored relative to the

established 3-D reference coordinate system 137. The

position of the ablation catheter 120 can be presented as a

~10-
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graphic rendering or representation on the display 150 for

the clinician.

Persons of ordinary skill in the art will recognize

that the same “interference” problems and gating or

alternating technique can be used with other navigation

signals, including electromagnetic (EM) navigation or

localization systems. For example, high or maximum power

RF energy can interfere with EM signals emitted by

reference or ablation catheters. This specification,
however, refers to ultrasound transducer signals for
purposes of explanation, but not limitation.

General timing principles are illustrated in Figures 3

and 4A, and a specific implementation is illustrated in
Figure 4B. These signals and control of the timing can be
implemented in hardware and/or software to drive the RF
generator 111 and ultrasound transducers 121 and 131 so
that the current produced by the RF generator does not

interfere or does not gignificantly interfere with the

transmitting and/or receiving of ultrasound signals by the
navigation / localization system 130.
In one embodiment, ag shown generally in Figure 3, the

RF generator 111 is active to perform RF ablation 300 when

a )
the timing signal 162 to the RF generator 111 in the power

supply 110 is high 302, whereas the RF generator 111 and RF

ablation 300 are inactive when the timing signal 162 is low
304. In one embodiment, the RF generator 111 is active for
a longer time relative to the ultrasound signals. For
example, the control circuit 160 can be programmed to have
a 80%-90% duty cycle. In other words, the RF generator 111
(and RF ablation 300) are active for aboﬁt 80-90% of a time
period and inactive for about 10-20% of the time period.
For example, for every 1 ms, the RF generator 111 and

ablation 300 are active for about 800-900 microseconds,

preferably about 825-875 microseconds, and inactive for

-1 -
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about 100-200 microseconds, preferably for about 125-175

br?

microseconds. Other heat treatment of the tissue, e€.9.,

10

15

20

25

30

convective heating, may also continue during the oOff

periods 304 since heat energy remaining in the tissue may

sti11]l treat the tissue during the short time that the power
supply RF generator 111 and RF ablation are de-activated.
Similarly, ultrasound signals and acquisition  and
navigation 310 are inactive during periods 312 (when the RF
generator 111 is on) and active during periods 314 (when
the RF generator 111 is off).

The power over time or average or “RMS” power

resulting from these duty cycles has been determined to

provide sufficient current and power tO effectively ablate
tissue, while reducing or preventing tilssue charring and

blood coagulation. These duty cycles also allow a

sufficient amount of ultrasound information 121 to be

acquired so that the position of the ablation catheter 120
can be accurately determined and monitored before and
during RF ablation. If variable ablation capabilities are
necessary, the peak power level of the power supply 110 can
be adjusted, as necessary, to provide more or less ablation
power. For example, an operator can adjust the “average
power” or “rms power” setting on the power supply 120,

which resulte in the peak power being adjusted to provide

the selected average or rms power output.

Persons of ordinary skill in the art will recognize

that a beginning of an ultrasound cycle may not perfectly

align with an end of a RF ablation cycle due to, for

example, system or component tolerances. Thus, while

Figure 3 illustrates substantially non-overlapping timing
signals, in use, there may be a small degree of overlap

that can be tolerated, while still effectively switching

between RF ablation 300 and ultrasound navigation 310.

-12 -
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In an alternative embodiment, as shown generally in

Figure 4A, the ultrasound navigation timing signals 164 may

be delayed as necessary in order to compensate for residual

RF signals and system and component tolerances. For

example, as shown in Figure 4A, the controller 160 may

introduce a delay 400, e.g., about 0 to about 100

microseconds, preferably about 25 microseconds, before

activating signals between transducers and ultrasound
acquisition. The delay 400 ensures that residual RF
signals that exist in filter and magnetic components of the
power supply 110 decay to a zero or substantially low level
so that they do not interfere with the ultrasound signals

121 and acquisition 124. In an alternative embodiment, the

system 100 includes an ‘“energy Ctrap” circuit that

accelerates the decay of residual RF signals Dbefore

beginning an ultrasound cycle, as discusgsed 1in further

detail below with reference to Figures 6 and 1l.

1]

A more sgpecific timing implementation of one

embodiment is shown in Figure 4B. This embodiment provides
flexibility to change the time that the navigation /

localization system 130 activates a transducer to transmit

ultrasound signals. This flexibility 1s particularly

useful if ultrasound signals are transmitted for longer

distances. For example, typical ultrasound transmission

distances may be for about 200 mm, and longer distances,
such as from about 150 mm to about 300 mm may result from
receivers being placed on the skin of the patient.

Accordingly, various embodiments are adaptable to systems

rhat use internal ultrasound transmitters and receivers and

2 mixture of internal and external transmitters and

receivers.

Referring to Figure 4B, four signals are utilized to

control the timing of RF ablation and ultrasound

transmissions: RF Control (RFC) 450, RF On/Off 460,

~13-
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Transmit 470 and Receilive 480. The RFC signal 450 1is
provided from the power supply 110 or RF generator 111 and

—

to the navigation / localization system 130. The RF On/Off

signal 460 is the output of the power supply 110 or RF

'

Hh

5 generator 111. As illustrated in Figure 4B, the RF On/Of:
signal 460 is an “active high” signal. In other words, the

RF generator 111 is off when low and on when high. In

practice, the RF On/Off signal 460 may be active low - the

RF generator 111 is on when the signal 460 is low and off
10 when the signal is high. The Transmit signal 470 1is a
signal generated by the navigation / localization system
130 to control when a transducer is activated toO emit
ultrasound signals. The Receive signal 480 1s also
generated by the navigation / localization system 130 CO

15  enable the receiver detection circuitry during a recelive

window 482.
'Tn use, the transition of the RFC signal 450 from low

to high serves to mark the beginning of a window 455 (100

microseconds in this example) before which the RF generator

20 111 is activated by the RF on/Off signal 460. Thus, as

illustrated, the ultrasound navigation system 130 triggers
the Transmit signal 470 shortly after the RF generator 111
is turned off - about 25 microseconds 465 after the RF
generator 111 is de-activated 1in this example. Similarly,

25 the ultrasound / navigation systerﬁ 130 provides the

Receive signal 480 to actilivate one Or more transducers to.
enable receiver detection circuits during the receive

window 482 of about 129 microseconds.

If longer transmission distances are utilized, the

30 Transmit signal 470 can be triggeréd earlier. For example,

the Transmit signal 470 can be triggered earlier, i.e.,
while the RF generator is:étill on, as shown by 475. In

other words, the trigger can be activated during the 100

microsecond window 455 and while the RF generator 1is on.

~14 -
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prier

As a result, the ultrasound signals can be transmitted for

a longer time, and thus, a longer distance, while being

received during the window 482 and while the RF generator

ig not active.

5 Indeed, persons of ordinary skill 1in the art will

appreciate that the previous exemplary durations of signals
are merely representative of other durations that can be

used with various embodiments and applications.

Accordingly, the specific examples involving 25, 100, 125,

10 129 and 254 microsecond timing intervals are not to be

considered to limit the various embodiments.

Figure 5 illustrates a gating system 100 in further

detail. The illustrated embodiment includes the interface
140 within the power supply 110, however, the interface 140
15 can also be external to the power supply 110, as shown in
Figure 1. 1In the illustrated embodiment, the system 100
includes a controller 160, such as a micro-controller,
microprocessor, programmable logic device (PLD), discrete
logic or other suitable logic device (generally, “gating
20 logic” 500). Various logic languages can be used to
program different logic devices, as necessary, including

nut not limited to Hardware Description Language (HDL) and

VHSIC Hardware Description Language (VHDL).

The gating logic 500 is initially activated by a user
25 via a switch 502. An indicator 504 informs the user that
the gating logic 500 has been activated. The indicator 504

may be, for example, a visual indicator, such as a Light

Emitting Diode (LED), or an audible indicator, such as a
beep or a tone.

30 The gating logic 500 generates timing éignals 162 (RF
Clock) to drive the RF generator 111 and timing signals 164
(Gating Sync - Optical Out) to drive the navigation system
130. The timing signals 162 and 164 are synchronized SO

that during a gating intexval 510, the RF Clock timing
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signal 162 is switched low to de-activate the RF generator

111, and the Gating Sync timing signal 164 is switched high

ro drive the ultrasound transducers 121 and 131 and

ultrasound acquisition. As a result, ultrasound

rransmissions and detections of signals between transducers
121 and 131 can occur during the “quiet” gating period 510
without interference from ablation current 112. This data
124 can be acquired by the processor 135 to determine the

location of the ablation catheter transducer 121 relative

to the reference system 137.

The RF generator 111 can be various known switching
generators that provide electrical current 112 having
frequencies between about 200 kHz and about 800 kHz,
preferably about 500 kHz, and up to 2 A of current and 170

V. The RF generator output 112 is Coupled by a transformer
530. A bandpass filter 540 (a series LC network) shapes

the transformed output 112 to a 0-170 volt sinusoidal

signal having a frequency of about 500 kHz for the ablation

catheter 120.

Referring to Figure 6, an alternative embodiment of a

gating system includes an “energy trap” or RF decay circuilt

600, such as a solid state switch. The energy trap circuit

600 accelerates the decay of residual RF signals that exist

in, for example, the bandpass filter 540 and magnetic

components of the transformer 530, arfter the RF energy has
been de-activated, i.e., at the beginning of each “gating”
period 510 prior to ultrasound acquisition 124. :

More particularly, during a gating interval 510, the
gating logic 500 stops the RF clock 162 and closgses the

energy trap switch 00. As a result, RF energy within a

127 output. The energy trap 600 provides a faster
rransition from an active or high RF signal to a zero or

low level that does not interfere with ultrasound signals

~-16-
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121 and 131 and acquisition 124. If necessary, the gating

logic 500 can introduce a small delay, e.g., about one

microsecond, after the RF generator 111 is switched off and

before closing the energy trap switch 600, to ensure that

1

the RF generator 111 is turned off.

Figures 7-13 illustrate circuit, Ilogic and timing

diagrams that correspond to portions of components of the
system block diagrams of Figures 1, 2, 5 and 6. These
particular circuit diagrams are configured for use with
existing ultrasound navigation products, including PAM
model no. 8200 and PAMi part no. 09-1685-000 manufactured
by Boston Scientific Corporation 2710 Orchard Parkway, San
Jose, California 95134, and generally described 1in U.S.
Patent No. 6,490,474. Accordingly, persons of ordinary

skill in the art will recognize that embodiments of a

gatihg system can include different circuilt components and

can be configured for other navigation systems and

applications as necessary. Thus, the circuit and logic

schematics shown in Figures 7-13 are illustrative of

various other circuit designs that can be utilized to
implement switching between ultrasound navigation 300 and

RF ablation 310. The manner 1in which the ultrasound

navigation system 130 components operate CO generate the 3-

D reference coordinate system using time of flight and

triangulation determines 1is now described in further

detail.

Referring to Figure 14, as previously discussed

generally, the navigation or localization system 300 and

procedure utilize ultrasound transducers 131 of reference
catheters 132 to establish a 3-D reference coordinate
system 137 within a patient's heart 170. Each reference

catheter 132 includes a plurality of ultrasound transducers

131 - preferably at least four such transducers 131. The

reference catheter transducers 131 function as ultrasound

~17 -
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receivers by converting acoustic pressure to voltage, and
as ultrasound transmitters by converting voltage toO

acoustic pressure.

Using known techniques and calculations, the distance
between each reference catheter transducer 131 and other

ones of the reference catheter transducers 131 may be

computed by measuring the time for an ultrasound pulse to

travel from a transmitting transducer 131 to each receiving

transducer 131. These distance measurements are preferably

carried out in parallel so that when an ultrasound pulse 1s

emitted by a reference catheter transducer 131, the system

pr——

simultaneously measures the respective times 1t takes for

the pulse to reach each of the other transducers being used

in the system.

These determinations are made based on the velocity of

an acoustic signal in the heart being approximately 1570-

1580 mm/msec, with small variations caused by, for example,
blood and tissue. The time for an acoustic pulse to travel
from one transducer 131 to another may thus be converted to

the distance between the transducers 131 by multiplying the

time of flight by the velocity of an acoustic pulse in the
heart (i.e. by 1570-1580 mm/msec) . |

Time of flight principals, in combination with the
geometric principal of triangulation, establish the 3-D
coordinate system 137 using the processor 135, amplifier

and localization hardware 1400 and catheters (generally

1410) . One or more of the reference catheters 132 1s
introduced into the Theart 170 or the surrounding

vasculature (or other areas such as the esophagus) and 1is |

left in place for the duration of the procedure. Once

reference catheter(s) 132 are positioned within or near a

patient's heart 170, the system first measures the

distances between each of the reference catheter

transducers 131 using "time of flight" principles. The

~18-
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processor 135 uses these distances to establish the

relative positions of the reference transducers 131 and to

establish a 3-D coordinate system 137.

For example, referring to Figure 15, a 3-D coordinate

system 137 is established by using a reference catheter 132

rhat includes at least four reference transducers 131,

designated T1-4. These transducers T1-T4 define a 3-D
coordinate system 137 as follows: Tl through T3 define the

plane P at z=0; one reference transducer TI1 defines the

origin of the coordinate system; a line between T3 and T2

defines the x-axis of the system; and T3 lies in the plane

-=0. The fourth reference transducer, T4, lies on one side

p—
—

of the plane P, at z>0.

The reference catheter 132 preferably 1includes at

least four such transducers 131 so that a 3-D coordinate

system 137 can be established using a single reference

catheter 132. If desired, the reference catheter 132 may

have more transducers 131 or it may have fewer transducers

131 1if more than one reference catheter 132 is to be used

ro establish the three-dimensional coordinate system 137.

Using more than four reference transducers 131 is

advantageous in that it adds redundancy to the system and

trhus enhances the accuracy of the system. When more than

four reference transducers 131 are used, the problem of

determining the location of catheter transducers 131 18
over determined. The additional redundancy may provide

greater accuracy if the measured distances between the

reference transducers 131 and catheter transducers 121 are
noisy. The overdetermined problem can be solved using
multi-dimensional scaling as described in "Use of
Sonomicrometry and Multidimensional Scaling to Determine 3D
Coordinates of Multiple Cardiac Locations: feasgibility and
implementation", Ratciffle et. al, IEEE Transactions

Biomedical Engineering, Vol. 42, no. 6, June 1995.

-19-
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The coordinates of the reference transducers 131 can

be computed using the law of cosines. See, for example,

Advanced Mathematics, A preparation for calculus, 2nd Ed.,

Coxford, A. F., Payne J. N., Harcort Brace Jovanovich, New

York, 1978, p. 160. Each reference transducer 131 must be
capable of both receiving and transmitting vltrasound

pulses, and is separately made to emit acoustic pulses that

are received by each of the other reference transducers

131. The distances dl through d6 shown in FIG. 15 are

calculated using the respective times 1t takes for an
acoustic pulse to travel between each pair of the reference
transducers 131. These distances are triangulated to

establish the positions of the reference transducers 131

relative to each other, and therefore CO eétablish a 3-D

coordinate system 137.

Referring again to Figure 14, once a 3-D coordinate
system 137 is established, the location ol an additional
rransducer 121 of a medical device 120, such as a mapping
or an ablation catheter (generally 1410 in Figure 14)
placed near or within the heart can be calculated within

the 3-D coordinate system 137 as follows. First, using the

P

"time of flight" method, the distances between each of the

reference transducers 131 Tl through T4 and the additional

catheter transducer 121 (designated TCATH in FIG. 15) are

established, in parallel. These distances are preferably
also performed in parallel with the distance measurements
rhat are made to establish the coordinate system 137.
Next, using basic algebra and the law of cosines (see,
e.g., the Advanced Mathematics text cited above), the
coordinates of TCATH 121 relative to the retference
transducers 131 are calculated using the measured distances

from T1 through T4 to TCATH 121, referred ¢to as

triangulation.

~20 -
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The locations of all or portions of the reference

catheters 132 may be displayed as well. The system 1is

preferably programmed to extrapolate catheter position from

rhe coordinates of the transducer locations based on models
of the wvarious catheters pre-programmed 1into the system,
and to display each catheter's position and orientation on

a graphical user display (see display 150 in FIG. 1) . The

locations of all or portions of the additional catheters

120 and transducers 121 (such as, for example, their distal
tips, their electrodes or ablation sections, 1f any, oOr

other sections which may be of interest) are displayed.

The reference catheter(s) 132 thereby establish an internal

]

coordinate system 137 by which the relative positions of EP
catheter transducers 121 in the heart may be calculated

using triangulation and shown in real-time on a three

dimensional display 150.

A location of a distal tip of a catheter 122 (and thus

rhe location of the anatomical site) can also Dbe

extrapolated from the transducer 121 location using a pre-
programmed model of the catheter 122. For example, the
processor 135 can graphically reconstruct a representation

of a heart chamber based on anatomical points acquired by

the mapping / ablation catheter 122. More specifically,

the processor 135 deforms a spherical surface model to the

anatomical points as each is acquired within the heart.

These constructed representations or renderings can be more

accurate and useful than images generated by known

ultrasound visualization systems, which typically generate

images of a heart using conventional ultrasonic generation,

reflection and detection, and image formation techniques.

Additional details regarding a navigation system can be

found in U.S. Patent No. 6,490,474.

Figures 16-18 illustrate exemplary catheters.

Referring to Figure 16, one exemplary reference catheter

-21-
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1600 that can be used in an ultrasound navigation system

300 is an elongate catheter having a plurality of

ultrasound transducers 131 positioned at its distal end.

The transducers 131 are piezoelectric transducers capable

of transmitting and receiving ultrasound signals. The

‘reference catheter 1600 can be integrated with typical EP

catheters by providing the ultrasound transducers described

above. This allows  the system to utilize the localization

and navigation functions using catheters which are already
needed for the EPoprocedure. Thus, use of the system does
not require the physician to use more catheters than would
be used had the EP procedure been carried out without the

localization function.

Another exemplary catheter is shown in FIG. 17. The

reference catheter 1700 may be an RV apex catheter having a
distal pair of EP electrodes 1710, an ultrasound transducer

131 at the distal tip, and additional ultrasound

transducers 131 proximally of the distal tip. A further

alternative catheter is a coronary sinus reference catheter

1800 (FIG. 18) that includes at least three bipole pairs of

FP electrodes 1710 distributed over the section of the

catheter that is positioned in the coronary sinus, and
having at 1least three ultrasound transducers also
distributed over the section of the catheter that i1s in the
coronary sinus. Réference catheters that db utilize distal
electrodes 1711, can also Dbe utilized, such as the
reference catheters.shown in Figures 19 and 20.

The optimal operating frequency for the navigation
system is determined by considering the resonant
frequencies of the ultrasound transducers 121 and 131. It
has been found that, given the dimenéions and thus the

gr—

resonances of the transducers being used in the system, the

transducers are most preferably operated at a frequency of

approximately 0.5 MHz, which can be the transducer

-2~
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resonance in the length mode. The transducers 121 and 131
are isotropic and have a beam width of approximately 114

degrees, where the beam width is defined as the angle over

which the signal amplitude does not drop below 6 dB from
the peak amplitude. If desired, a diverging lens in the
form of a spherical bead of epoxy or other material may be
formed over the ceramic cylinder to make the signal

strength more uniform over the beam width.

A location of a distal tip of a catheter 122 (and thus

the location of the anatomical site) can also be

extrapolated from the transducer 121 location using a pre-

programrﬁed model of the catheter 122. The processor 135
can graphically reconstruct a representation of a heart
chamber 170 based on anatomical points acquired by the
mapping / ablation catheter 122. More specifically, the
processor 135 deforms a spherical surface model to the
anatomical points as each 1is acquired within the heart.

These constructed representations or renderings can be more

sccurate and useful than images generated Dby known

ultrasound visualization systems, which typically generate

images of a heart using conventional ultrasonic generation,
reflection and detection, and image formation techniques.

EP data can be acquired by positioning a mapping /

ablation catheter 122 within an appropriate mapping

location and activating the system to record EP data oOr
activation points, which are sensed Dby pertinent mapping
electrodes. Mapping electrode coordinates can Dbe
approximated and associated within the acquired EP data.

If desired, an isochronal map (i.e., a color-coded image of

activation time for underlying cardiac tissue) can be
generated from the EP data and displayed in a 3-D context
by superimposing the EP data over a graphical

reconstruction of a heart chamber.

-3
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Alternatively, the physician can display a discrete

map of activation points, in which case, the reconstructed

heart chamber will not be displayed. Once the EP data 1s

acquired and mapped onto the heart model surface, the

5 mapping / ablation catheter can be steered to target sites

identified by the EP data, and then operated to

therapeutically ablate tissue at these sites.

Tn addition to monitoring the position of mapping oOr

ablation catheters in the heart, impedance and temperature

10 can be monitored during ablation. The system can be
operated so that a power level or impedance level can alter

| i
-

the peak power of the power supply 110. For example, 1t

the RF energy begins to char the heart tissue or if blood

coagulates, the impedance and power wattage may increase,
15 thereby signaling to the clinician that the power level

should be reduced or the catheter can be re-positioned.

U.S. Patent  No. 6,490,474 includes additional

information relating to the 3-D reference coordinate

system, time of flight, triangulation, reference catheters,

20 and exemplary mapping and ablation catheter configurations

1500.

Persons of ordinary skill in the art will recognize
rhat illustrated embodiments can be utilized to treat body
rigsues other than heart tissues. Further, other circuits

25 and system configurations can be utilized as needed, as the
illustrated circuit diagrams '‘are provided to illustrate
exemplary circuit components. Additionally, although this

specification  describes embodiments primarily  with

reference to reducing or eliminating interference with
30 ultrasound signals, the same or similar principles and

components can be used with electromagnetic signals.

Further control over the timing signals can be exclusive or
shared, and other duty cycles and delays can be utilized as

necessary for different applications. Accordingly, the

~24 -
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gating system is not limited to the particular exemplary

embodiments described and illustrated, but modifications,

alterations, and substitutions can be made to the described

embodiments without departing from the accompanying claims.
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CLAIMS

1. A system for positioning a medical device and ablating

5 a tissue within a body, comprising:
a power supply, the power supply generating a current
rhat is suitable for ablating the tissue and providing the
current to an energy delivery device, the energy delivery

device configured to provide the current to the tissue to

10 ablate the tissue;

a navigation system, the navigation system

establishing a three-dimensional reference coordinate

system and determining a position of the energy delivery

device within the reference coordinate system; and

15 4 controller, the controller switching between

interference from the power supply current during ablation

of the tissue.

20 2. The system of claim 1, the power supply including a

radio-frequency generator.

3. The system of claim 1, the current having a frequency

"

of about 500 kHz.

4 . The system of claim 1, the power supply having a

25 variable average or RMS power.

5. The system of claim 4, the average or RMS power being

user adjustable.

-6 -



WO 2005/112775

10

15

20

CA 02567294 2006-11-20
PCT/US2005/017558

6 . The system of claim 1, the navigation system including

a reference catheter positionable within the body, the
reference catheter having a plurality of wultrasound

transducers mounted thereon, signals between the plurality

of ultrasound transducers being used to establish the

reference coordinate system.

7 . The system of claim 6, the reference catheter having

at least four ultrasound transducers.

8. The system of claim 6, the plurality of ultrasound

transducers being isotropic.

9. The system of claim 6, the plurality of ultrasound

transducers sending and receiving signals between each of

the other of the plurality of ultrasound transducers.

10. The system of claim 1, the controller comprising a

{

microprocessor.

11. The sgystem of claim 1, the controller being a

1

programmable logic device or discrete logic.

12. The system of claim 1, the controller providing timing

v having a duty cycle of about

signals for the power supp

80%-90%.

13. The system of claim 12, for a duration of about 1 ms,

the power supply being activated for about 800-300

microseconds.
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14. The system of claim 12, the controller providing

timing signals for the navigation system having a duty

cycle of about 10%-20%.

15. The system of claim 14, for a duration of about 1 ms,

the navigation system being activated for about 100-200

microseconds.

16. The system of claim 12, the duty cycle beilng

programmed in the controller.

17. The gsystem of claim 12, the duty cycle being fixed.

18. The system of claim 1, the navigation system including

a transmitting transducer and a receiving transducer, the

transmitting transducer emitting signals and the recelving

rransducer receiving the emitted signals while the power

supply is does not generate current.

19. The system of claim 1, the navigation system including
a transmitting transducer and a receiving transducer, ‘the
transmitting transducer emitting signals while the power
supply generates current, and the receiving transducer
receiving the emitted signals while the power supply does

not generate current.

20. The system of claim 1, the controller being a

\

compohent of the power supply.

21. The system of claim 1, the controller being a

component of the navigation system.

-28-
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22. The system of «claim 1, the controller being

distributed between the power supply and the navigation

system.

23. The system of claim 1, the controller further
comprising a circuit for accelerating a decay of the

current provided by the power supply before activating the

navigation system.

24. The system of claim 23, the decay circuit comprising a

solid state switch.

25. The system of claim 1, further comprising an interface

between the controller and the mnavigation system,

controller signals being sent and received thrdugh the

interface.

26. The system of claim 25, the interface comprising an

optical interface.

27. The system of claim 1, the navigation system operating

without interference from the power supply during ablation

of the tissue.

28. The system of claim 1, the tissue comprising heart

tigsue.

it

claim 1, the energy delivery device

29. The system O

comprising an ablation catheter.

~29-
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30. The system of claim 1, further comprising:
the energy delivery device, wherein“ the energy
delivery device has an isotropic ultrasound transducer
mounted thereon;
> wherein the navigation system 1ncludes a reference
catheter having a plurality of igotropic ultrasound
rransducers mounted thereon, the reference catheter

rransducers emitting ultrasound signals toO establish the

reference coordinate system, the position of the energy

10 delivery device being determined relative to the reference

coordinate system based on ultrasound signals transmitted

and received between the energy delivery device transducer

and the reference catheter t ransducers;

wherein the controller is configured O switching
15  between activating the power supply and the transducers of
rhe reference catheter and the energy delivery device SO

that the navigation system operates without significant

interference from the power supply current during ablation

of the tissue.

20
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